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1 CHAPTER

Introduction

he common need for accurate and efficient control of today’s indus-

trial applications is driving the system identification field to face the
constant challenge of providing better models of physical phenomena.
Systems encountered in practice are often nonlinear or have time-varying
nature. Dealing with models of such kind without any structure is of-
ten found infeasible in practice. This rises the need for system descrip-
tions that form an intermediate step between Linear Time-Invariant (LTI)
systems and nonlinear/time-varying plants. To cope with these expecta-
tions, the model class of Linear Parameter-Varying (LPV) systems provides
an attractive candidate. The philosophy of LPV systems is to represent
the physical reality as a set of LTI systems from which one is selected at
every time instance to describe the continuation of the signal trajectories.
The LPV system class has a wide representation capability of physical
processes and this framework is also supported by a well worked out and
industrially reputed control theory. Despite the advances of the LPV con-
trol field, identification of such systems is still in its immature state, due
to many open problems of LPV system theory. This thesis focusses on the
development of a unified system theoretic view on general LPV systems.
Using this unified framework, it proposes a novel way to identify LPV
systems, as models of an underlying physical system. In this introduc-
tory chapter, the problem statement of this thesis is explained together
with a brief overview of the state-of-the-art in the LPV field, underlying
the need for improvement. This forms the starting point for motivating
the followed research strategy. The chapter finishes with a brief overview
of the context and the main contributions.

1.1 New challenges of system identification

Today, the need to optimize efficiency of plants in terms of performance or en-
ergy consumption and to improve reliability of automatization results in increas-

1



2 Chapter 1 Introduction

ing expectations towards automatic control applications. Engineers working in
the control field have to face challenges in terms of operating industrial process
in a more accurate way but at the same time with a lower cost in terms of used
energy. For example in lithography, moving stages of wafer stepper machines to-
day require fast and accurate positioning in the nanometer scale. In the emerging
alternative energy field, the coupled nonlinear nature of wind turbines and the
rapidly changing conditions of wind and grid load require more efficient and also
easily reconfigurable control solutions. On the other hand, economical efficiency
also drives the control field to replace existing control designs with solutions that
require less sensors or actuators, but still provide the same performance. Like
in the case of induction motors, high performance control based on less built-in
sensors, like speed-sensorless drives, has great economical importance. To cope
with these challenges, well applicable theoretical solutions have been developed
like optimal, robust, and nonlinear (NL) control approaches, trying to refine and
extend the results of Linear Time-Invariant (LTI) control theory, widely used in au-
tomatization. However to achieve the aimed objectives by these approaches, it is
vital that an accurate, compact, and reliable mathematical description of the actual
physical phenomenon is available.

First principle laws of physics, chemistry, biology etc. are commonly used to
construct a dynamic model of the system of interest. However, such a procedure
requires detailed process knowledge from specialists. Often it is a challenge to
assemble the existing knowledge into a coherent and compact mathematical de-
scription. Usually, this results in a very complex model of the system dynamics,
as it is hard to decide which effects are relevant and must be included in the final
model and which are negligible. Such an approach is also often found to be very
laborious and expensive. If the specialist’s knowledge is lacking, like in case of
poorly understood systems, the derivation of a model from first principles is even
impossible. Moreover, certain quantities, like coefficients, rates, etc. required to
build the model are often unknown, and have to be estimated by performing ded-
icated experiments.

Descriptions of systems can alternatively be derived by system identification,
where the estimation of a dynamical model is accomplished directly from mea-
sured input-output data. The expert knowledge still has a major role, as it gives
the basic source of information that is used in the decision on parameterization,
model-structure selection, experiment design, and the actual way of deriving the
estimate. This knowledge also helps in judging the quality and applicability of the
obtained models. Even if system identification requires human intervention and
expert knowledge to arrive at appropriate models, it also gives a general frame-
work in which most of the steps can be automated, providing a less laborious and
cost intensive modeling process.

Starting from frequency domain approaches in the early 1940s, over the years
considerable attention has been given to the identification of LTI systems, which
have proven their usefulness in many engineering applications. Today LTI sys-
tem identification has become a strongly founded framework considering issues
of uncertainty and closed-loop identification with a vast theory on experiment de-

sign (for an overview see Pintelon and Schoukens (2001)). But the need to operate




1.2 The birth of LPV systems 3

processes with higher accuracy/efficiency, has soon resulted in the realization that
the commonly NL and Time-Varying (TV) nature of many physical systems must
be handled by the control designs. This required better models, which initiated a
significant research effort spent on identification and modeling of NL and Linear
Time-Varying (LTV) systems (see |Ginnakis and Sgrpediﬂ (2001) and Niedzwiecki
(2000) about the developed approaches). Despite many theoretical solutions, deal-
ing with NL models without any structure has been found infeasible in practice
both in terms of identification and control. Today, engineers working in the in-
dustry still prefer the application of LTI control-designs, due to the attractive ap-
proaches of optimal and robust control. These approaches are preferred as they
guarantee high performance and reliability, have easy and quick design schemes,
and engineers have a vast experience in their application. Additionally, it has
been also observed in practice that many NL systems can be well approximated
by multiple LTI models that describe the behavior of the plant around some opera-
tion points. The recognition manifested in the 1980s, that instead jumping into the
deep-space of NL and TV systems, a model class is needed which can serve as an
extension of the existing LTI control approaches, but is still able to incorporate NL
and TV dynamical aspects. This recognition and the observation of multiple LTI
modeling have led to the birth of Linear Parameter-Varying (LPV) systems through

the idea of gain-scheduling (Shamma and Athans 1992).

1.2 The birth of LPV systems

In gain-scheduling, the basic concept is to linearize the NL system model at differ-
ent operating points resulting in a collection of local LTI descriptions of the plant
(see Figure [LT). Then subsequently, LTI controllers are designed for each local
aspect. These controllers are irﬁolated to give a global control solution to the
entire operation regime ). The used interpolation function is called the
scheduling function in this framework and it is dependent on the current operating
point of the plant. To describe the changes of the operating point, a signal is in-
troduced, which is called the scheduling signal and often denoted by p. In this way,
the parameters of the resulting controller are dependent on the varying signal p,
hence the name parameter-varying, while the dynamic relation between the system
signals is still linear. Due to many successful applications of this design methodol-
ogy (Spong1987;Whatley and Pot 1984; Stein[1980), gain-scheduling has become
popular in industrial applications, even if guarantees for overall stability of the
designed LPV controllers have not been available and the possibility of malfunc-
tion has existed. After 20 years, this has been resolved when interpolation based
methods appeared that guarantee global stability (Stilwell and Rugh2000; Korba
and Werner 2001). Soon it has been realized that in general many NL systems can
be converted into an LPV form. Approaches have appeared that provided direct
LPV models for galn—scheduhng w1thout the laborious process of NL system mod-
eling or 1dent1f1cat10n ;Nemani et al|[1995; Carter and
Shamma [1996; (Tarl ). LPV control has gained momentum during the 1990s,
when the flrst results about the extension of H, and Hs optimal control through
Linear Matrix Inequalities (LMIs) based optimization appeared (see Scheret );
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Scheduling
functions
(interpolation )

Figure 1.1: The mechanism of gain-scheduling: interpolation of local LTI mod-
els/controllers of the plant to approximate the global behavior on the entire oper-
ation regime, i.e. scheduling space.

|Apkarian and Gahinet (1995); and (1994)) together with robust LTI con-

trol originated y-synthesis approaches (Zhou and Doyld [1998). Contrary to the
former methods, these approaches guarantee stability, optimal performance, and
robustness over the entire operating regime of LPV models. Since then, the LPV
field has evolved rapidly in the last 15 years and became a promising framework
for modern industrial control with a growing number of applications like aircrafts

12004; Verdult et all[2004), wind turbines (Bianchi et all[2007;
ILescher et al![2006), induction motors (Téth and Fodor2004;Prempain et al|2002),
COMPIessors (Giarré et al! 2006), servo systems dWiinheijmer et all[2006), wafer
steppers (Wassink et al!2004; |Steinbuch et al! 2003), internet web servers (Qin
and Wang 2007), and CD-players (Dettori and Scherer 2001). Unfortunately, LPV
system identification and modeling could barely keep up with the advances of the
control field. Only very recently, initiatives have been taken to explore many open
problems and questions in this area.

1.3 The present state of LPV identification

In the following, a general picture about the state-of-the-art in LPV system iden-
tification is presented. However, before going into details, we establish the key
steps of the classical identification framework where the specifics of the LPV iden-
tification methods can be positioned and categorized.

1.3.1 The identification cycle

Identification of dynamical systems on the basis of experimentally measured data
consists of several design steps, which need careful treatment in order to produce
a desired model of the system. These steps are summarized in the so called iden-
tification cycle presented in Table[L.T] This set of steps is referred as a cycle, due to
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Table 1.1: The identification cycle

Step1. Experiment design, data collection, and data manipulation.

Step 2.  Selection of model structure and parametrization.

Step 3. Choice of the identification criterion.

Step 4. Estimation of a model that is optimal with respect to the criterion.

Step 5. Validation of the resulting model estimate.

the fact that several iterations might take place, using the knowledge gathered in
the previous attempts, till the desired model is delivered. In the following a brief

overview of each step is given based onm (1999).

Step 1. Experiment design and data preprocessing

Experiment design focuses on the choice of the excitation of the system to be iden-
tified in order to maximize the information content in the measured signals. The
design procedure is commonly accomplished with respect to a selected model
class to minimize the variance, i.e. the estimation error, of the resulting model es-
timate. One of the most important problems, is how to choose input signals that
are Persistently Exciting (PE), i.e. they result in output signals which have enough
information content to describe the dynamical relation of the system. A similarly
important notion is the use of adequately exciting inputs that result in informative
data sets which have enough information content to distinguish between different
models in the considered model class. White noise inputs are in general consid-
ered to be optimal, e.g. they excite all frequencies of an LTI system. As physical
actuation by such signals is often infeasible, in practice random binary noises, fre-
quency sweeps, and multisines are considered. Beside experiment design, data
preprocessing is focusing on the attenuation of disturbances, noises or other de-
fects in the measured data.

Step 2. Choice of the model structure

The choice of an appropriate model structure is the most crucial part of the iden-
tification cycle. It determines the set in which a suitable description of the system
is searched for. General questions considered in this step are the selection of the
model structure in terms of the representation form (state-space (SS), input-output
(IO), series-expansion, etc.), parametrization, and the type of noise modeling. In
terms of the well known bias/variance trade-off, the size of the model set is also
important, like the number of parameters or order of the model structure. To
obtain an adequate choice, the complexity of the algorithm delivering the model
estimate or undesired local solutions of the estimation, non-uniqueness of the op-
timum, etc., also need to be considered.
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Step 3. Choice of the identification criterion

Selection of the identification criterion, the mathematical formulation of the per-
formance measure of the model estimates, defines the user’s purpose or expecta-
tion towards the model of the plant. In the literature, many identification criteria
are presented, but the most commonly applied is the mean squared error of the
output prediction of the model estimate.

Step 4. Model Estimation

The model estimation phase is the consequence of the previous choices of the
identification cycle. Commonly the algorithmic solution of the estimation prob-
lem, defined in terms of the model structure and the identification criterion, are
considered here.

Step 5. Model (in)validation

A crucial question in identification is wether the obtained model is “good enough”
for the intended purpose of the user. Prior knowledge and experimental data are
both used to confront the estimated model for answering this question. By using
experimental data, validation is often accomplished by comparing simulation re-
sults of the model estimates to the measurements or by analyzing the model as a
predictor of future outputs of the system based on measured past data.

1.3.2 General picture of LPV identification

Next, the LPV identification problem is discussed, defining the notion of LPV sys-
tems and formulating the LPV model structures that are currently used in the lit-
erature. This sets the stage for the introduction of the state-of-the-art identification
approaches.

LPV systems and the task of identification

Based on the original gain-scheduling principle, LPV systems are often viewed as
a linear dynamical relation between input signals v and output signals y, where the
relation itself is dependent on an external variable, the so called scheduling signal
p. This provides the schematic view presented in Figure The relation can be
formalized as a convolution in terms of u and p, which reads in discrete-time (DT)
as

y=> g u (1.1)
=0

where ¢ denotes the time shift operator, i.e. ¢ *u(k) = u(k — i), u : Z — R™ is the
DT input, y : Z — R is the DT output, and p : Z — P is the DT scheduling signal
of the system with a scheduling space P C R"®. The coefficients g; of (L) are



1.3 The present state of LPV identification 7

lp

—» v =

Figure 1.2: Input-output signal flow of LPV systems

functions of the scheduling variable and they define the varying linear dynami-
cal relation between v and y. If the functions g; are considered to be dependent
only on the instantaneous value of the scheduling signal, i.e. g; : P — R™*"v,
then their functional dependence is called static. An important property of LPV
systems is that for a constant scheduling signal, i.e. p(k) = p forall k € Z, (LI) is
equal to an convolution describing an LTI system as each g;(p) is constant. Thus,
LPV systems can be seen to be similar to LTI systems, but their signal behavior
is different due to the variation of the g; parameters. Note that in the literature
there are many formal definitions of LPV systems, commonly based on particular
model structures and parameterizations. The convolution form (L.I) can be seen
as their generalization.

In identification, we aim to estimate a dynamical model of the system based
on measured data, which corresponds to the estimation of the coefficients g; in
(@IJ). This estimation is formalized in terms of a model structure, an abstraction
of (LT)), and an identification criterion.

Model structures in LPV identification, input-output models

One particular type of model structure, which is used in some LPV identification
approaches, originates from the IO type of models of the LTI prediction-error set-
ting. These LPV-IO models are commonly defined in a filter form

y==> aip)g 'y+ Y _ bi(p)g u+e, (12)
i=1 j=0

where e is a noise process, n, > 0 and n, > 0, and the coefficients {a;};*, and
{bi};2 are functions of p with static dependence. e is commonly considered to be
a zero-mean white noise.

Model structures in LPV identification, state-space models

Other type of model structures are inspired by the classical SS representation
based LTI models. These so called LPV-SS models are often given with a inno-
vation type of noise model:

qr = A(p)x+ B(p)u+ E1(p)e, (1.3a)
y = C(p)z+ D(p)u+ Ex(p)e, (1.3b)
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|j A(p) ‘j

u LTI Yy
— | ——-o»

Figure 1.3: Input-output signal flow of LFT models

where x : Z — R"* is the state-variable, e is a vector of independent zero-mean
white noise processes, and (4, B, C, D, E;, E5) are matrix functions with static de-
pendence on p. It is commonly assumed that the noise part is not dependent on
p, i.e. £y and E, are constants, however there are recent initiatives with varying
noise models. Additionally, the matrices are often considered with linear depen-
dence. In case of A, such a dependence is defined as

A(p) = Ao + Z Aipr, (1.4)
=1
where A; € R™*™ andp=[ p1 ... pue |'. This type of dependence is called

affine, and used as a core assumption in many LPV control-design approaches.

Alternatively, the process part of LPV-SS models is considered in an equiva-
lent Linear Fractional Transform (LFT) realization, which originates from the robust
control inspired p-synthesis approaches. In this formalization, the scheduling de-
pendence is extracted into a feedback gain, while the remaining part of the system
is formulated as a LTI system (see Figure[L.3|for an upper LFT form). This formu-
lation is described mathematically as:

qr A1 B1 B2 X
w | =| Ci Dii Dia z |, z=A(puw, (1.5)
Y Cy Do Do U

where w and z are auxiliary variables and {4,..., Dy} are constant matrices,

while A is a function of p with static dependence. An equivalent SS realization of
(@L5) is defined as

A(p) = A+ BiA(p)(I - DuA(p))™ ' C,
B(p) = By+DBiA(p) (I — DuA(p) ™" Dia,
C(p) = Co+DuAlp)(I—DuAp) ' Ch,
D(p) = Do+ Da1Alp) (I — D11 A(p)) ' D,

if the matrix function I — D11 A(p) is invertible.

1.3.3 LPV-IO representation based methods

The existing LPV identification approaches are almost exclusively formulated in
discrete-time, they assume static dependence, and they are mainly characterized
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by the type of model structure LPV-IO or LPV-SS. In this way, the identification
methods of the LPV field can be categorized based on the model structures. The
resulting categories together with their main properties are summarized in Figure
[[4 and investigated in the following. First we treat LPV-IO approaches which
extend the results of LTI prediction-error identification. A common mark of these
methods that the approaches are derived only in the Single-Input Single-Output
(SISO) case, i.e. when ny = ny = 1. The following subcategories are distin-
guished:

A. Linear regression methods

Methods that fall into this category use the LPV-IO model structure (I.2) which
corresponds to a noise model

v+ Z ai(p)g v =e, (1.6)

where v is the additive output noise. This results in an Auto-Regressive model with
eXogenous input (ARX), well known in the LTI identification framework. How-
ever, in the LPV case, the coefficients are functions of a varying p. Additionally,
the approaches use a linear parametrization of {a;};*; and {b;}2, with polyno-
mial scheduling dependence. In case of np = 1, this reads for a; as

ai(p) = aio + »_ aup, (1.7)
=1

where a;; € R. As the resulting model is linear-in-the-parameters, the estimation
%ail} and {b;;} can be obtained by linear regression (see Wei and Del Re (2006);

(2006); Bamieh and Giarré (2000); and Bamieh and Giarré (1999)). In analogy,
recursive least-squares or instrumental variable methods can also be applied to
refine the estimate, building on the concepts of the LTI prediction-error identifica-
tion framework (see!Giarré et al! (2006) and Bamieh and Giarré (2002)). Extending
the LTI concepts, some conditions of PE for LPV-ARX models are derived in Wei
and Del Re (2006) and [Bamieh and Giarré (2002). It is important to note that other
popular model structure concepts of the LTI prediction error framework, like Box-
Jenkins, Output-Error, etc. have not been used to identify LPV systems.

B. Nonlinear optimization methods

In this branch of IO approaches (see Figure [[4), the coefficients {a;} and {b,} of
the LPV-IO model (I.Z) are estimated by using nonlinear optimization to minimize
the mean-squared prediction error. The aim is to give better estimates than the
linear regression methods by using a nonlinear parametrization

a;(p) = a0 + ai1 2, (1.8)

where a;0,a;1 € R and z is the output of a feed-forward hidden layer neural net-
work with inputs {y,q¢"'y,...}, {u,q 'u,...}, and {p,q 'p,...}. The estimation
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is accomplished via either a mixed linear/nonlinear procedure or by a separable
least-squares approach. In the former case, the functional dependencies of the co-
efficients are identified through a neural-network approach while the linear part
of the model is estimated by linear regression (Previdi and Lovera 2003, 2001,
1999). The approach is developed further in [Previdi and Lovera (2004), where the
parallel estimation problem of the neural-network model and the linear part is
solved by a separable least-squares strategy.

1.3.4 LPV-SS representation based methods

Other type of approaches use the LPV-SS model structure (I.3alb) or its LFT equiv-
alent (L5). In applications, these approaches are generally more appreciated, as
LPV control theory requires a state-space representation and most of the LPV-SS
identification methods can also easily handle MIMO plants. The methods of LPV-
SS approaches fall into the following sub-categories (see Figure [[.4):

A. Gradient methods

These approaches formulate the estimation of the parameter-varying SS matrices
as a NL optimization problem solved via gradient-search-based algorithms. Due
to the nature of gradient-search optimization, the resulting estimate is often a lo-
cally optimal solution of the involved cost function. In f@ (1997) and Lee and
Poolla (1996), an LFT type of SS model structure is used where the scheduling de-
pendence is extracted as A(p) = diag(Ip1, ..., Ipne). The estimation of the linear
part is formulated as a NL optimization, which is solved in an iterative scheme
based on the gradients of the mean-squared output error. In every step of the esti-
mation, the system matrices can be estimated in a different state basis, i.e. a family
of matrix estimates can be given which are all related by state transformations. To
eliminate the non-uniqueness of the estimation, in each iteration step, the matrix
estimates are restricted to a specific structure. Identifiability issues of such LFT
structures are investigated in [Lee and Poolla (1997). Other methods have also
been developed which use the same methodology, but on the LPV-SS form

b) with radial-basis functions based scheduling dependence (Verdult et all ,
2003). In this parametrization, the matrices are formulated as

A(p) = Ao+ Y _a(p) A (1.9)
1=0
where A; € R™**"= and each g; : P — [0, 1] is a radial basis function.

B. Full-state measurement approaches

These methods assume that the state x of the LPV-SS model, considered in the
LFT form (L.5), is measurable. In this setting, if A(p) is parameterized linearly,
the estimation problem reduces to a linear regression. In Nemani et al! (1995),
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the one-dimensional case of this approach has been treated, assuming a white
noise scheduling signal and using recursive least-squares to obtain the estimate.
Conservative conditions of persistency of excitation have also been derived. In
Mazzaro et all (1999), the robust extension of the method has been worked out,
while in|Lovera et al! (1998) and [Lovera (1997) the approach has been generalized

to LFT structures with more complicated scheduling dependencies.

C. Multiple model approaches

These methods apply the classical gain-scheduling inspired approach: identifica-
tion for constant scheduling and interpolation. However, this approach is often
used in an intuitive manner. In some methods, the identified LTI models, or so
called “frozen” models, are transformed into canonical SS forms (Wassink et al.

2004;lvan der Voor2002;Young 2002; Steinbuch et all2003) or internally balanced
modal form (Lovera and Mercére 2007) to perform interpolation on P. Some of

the methods also apply model reduction independently on the obtained LTI mod-

els before interpolation (Lovera and Merce re 2007; Steinbuch et al“&ﬁ) or they
use LTI discretization of the estimated frozen models (Wassink et al!2004; Stein-
buch et al. 2003). In other approaches, interpolation is accomplished via pole lo-
cations (Paijmans et all[2008). As issues of noise and parametrization are dealt
with in a local sense, i.e. by the applied LTI identification, these approaches focus
on the question: how to accomplish interpolation in a more efficient sense. These
approaches closely relate to the local-linear-modeling framework (Murray-Smith

and Johansen [1997).

D. Linear-Matrix-Inequalities based optimization method

IniSznaier et all (2000), identification of LPV-SS models is considered in a LFT form
with a linear dependence: A(p) = diag(Ip1, ..., Ipn,). The noise/disturbance v of
the system is assumed to be output additive with a moving average structure

v=> Eiq e, (1.10)
1=0

where F; € R and e is a /o sequence. This noise model is considered to be
known. Under this assumption, the estimation problem of the LTI part is formu-
lated as a LMIs based optimization. Based on a similar mechanism, validation of
a LFT model with a linearly parameterized dependence can be formulated as a
LMI feasibility problem if norm bounds and structural properties of the noise are
known.

E. Global subspace techniques

The family of these methods builds strongly on the concepts of the LTI Multi-

variable Output-Error State-Space (MOESP) algorithm (see Verhaegen and Dewildé
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(1992); Verhaegen (1994)). During the estimation process, a generalized data equa-
tion of the LPV-SS model (I.3a)) is formulated to obtain both an estimate of the state

evolution and the state-space matrices. In most methods, £, and E» are consid-
ered to be constant. The estimation is based on a discrete-time state-observability
matrix of (I.3a) that is reconstructed from the measured data using a similar mech-
anism as in the MOESP algorithm. This identification strategy also enables the
estimation of the system order, similar to the LTI case. Also common marks of the
LPV subspace approaches are the assumption of affine scheduling dependence
(see (L4)) and the resemblance with bilinear system-identification methods.

® The early approaches have used certain approximations during the recon-
struction of the state, possibly leading to biased estimates (Verdult and Ver-

haegen 2005; 2002;Verdult and Verhaegen2002). The computational
load of these methods has been found rather demanding in practice, as ma-
trix dimensions quickly explode with an increasing number of scheduling
variables and block dimensions. This has been the reason why the kernel
method based modification has been proposed in [Verdult an rh
(2005) to regulate the computational load.

* To overcome the resulting bias, non-approximative methods have been de-
rived by restricting the variation of the scheduling signals in the measured
data to be periodic (Felici et al/[2007,2006) or to be piece-wise constant (van
Wingerden et al. ). While the former method is similar to periodic LTV
identification like in [Verhaegen and Yu (1995) and m), the latter ap-
proach extends the approximative method of [Verdult and Verhaegen (2004).
For these special scheduling signals, it is possible to find parameter-varying
state-transformations such that the states in the subspace calculation are at
the same basis at every time instant. Thus, no approximation is needed for
the state-reconstruction in the noiseless case. However, identifiability of SS
models is not understood with such a restricted class of scheduling signals
and problems concerning non-unique solutions of the estimation may result.

e In the work of ldos Santos et al! (2007), LPV-SS models [[3alb) with affine
dependence are formulated as LTI models by assuming white noise p, in-
dependent white noise u, and independent noise signals e; and e; in (T.3a)
respectively (L.3B). Then the estimation is solved as a bilinear identification
problem via a Picard type of iterative scheme. In this approach, the state
is reconstructed by a Kalman filter at each time instant, where the filter is
based on the model obtained in the previous time-steps. The disadvantage
of the method is that it only provides a meaningful estimate in case the white
noise assumptions of v and p are satisfied, which is hard to verify in practice.

E. Observer based grey-box techniques

These approaches like IGaspar et all (2007, 2005) and Angglié (2001), formulate

the LPV identification problem as a parameter estimation of a known NL model
structure. In that case, it is possible to use an adaptive observer to find the un-
known parameters of the model based on measured data. The used observer is
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commonly an extended Kalman filter, which is applied on the augmented form
of the NL model, where the state is extended with unknown parameters as vari-
ables. If the estimation has converged, then the obtained NL model is processed
further, using the gain-scheduling approach to derive a LPV-SS form with affine

coefficient dependence (Angelis )-

1.3.5 Similarity to other system classes

LPV systems are often considered to be similar in some aspects to other system
classes. It has already been mentioned that LPV subspace techniques were in-
spired by the identification approaches of bilinear systems. These systems can be
considered as LPV systems where the scheduling signal is equal to the input of
the system.

LPV systems can also be seen as the extension of LTV systems. By restricting
the coefficients of an LPV system to depend on a fixed linear trajectory of time,
instead on a prior unknown trajectory of the scheduling variable, an LTV system
results. Due to the undoubtable structural similarity, many LPV approaches have
been inspired by the ideas of the LTV framework (IO methods, periodic identifica-
tion) which do not exploit the prior known linear variation of the time trajectory.

In the fuzzy framework, Takagi-Sugeno (TS) dynamic fuzzy models with linear
signal relation are often considered as LPV systems d@ ). However, due to
the if-then structure of the fuzzy rules, commonly LPV control cannot be applied
on such systems and due to other structural differences such an equality of TS and
LPV systems is dubious in the general sense. Thus, in the following, TS dynamic
fuzzy models are treated as non-LPV systems.

1.4 Challenges and open problems

In the previous part, we have seen that a wide variety of identification methods
is available, approaching the underlying LPV identification problem (see Section
[32) from different viewpoints. Many of these approaches are built around an
assumed model structure and focusing only on the estimation task, which is just
one step of the classical identification cycle. Due to these and many other issues,
several challenges and open problems exist, which deserve further research. The
most crucial questions are collected into the following list:

e The current methods use different identification settings, model structures,
and even different views about what an LPV system is. So it is an obvious
question how these concepts and ideas can be brought to a common ground,
where they can be analyzed, compared, and refined?

¢ Often, the validity of the used identification concepts is not investigated. For
example in prediction-error methods, like the least-squares LPV-IO meth-
ods, the formulation of the predictor, or even description and analysis of the
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Figure 1.4: Available methods of LPV identification.
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assumed noise structure of ARX models is omitted. Many approaches use
linear regression, which is applied as an optimization tool instead of esti-
mation in a stochastic sense. How to formulate the prediction-error setting
in the LPV case and how to derive well-founded identification approaches
that dwell on the concepts of the classical framework remain questions to be
investigated.

e In the SS variants of the gain-scheduling principle based identification meth-
ods, state-transformations are applied independently on each LTI-SS model
estimate. For example the frozen models are transformed to a canonical or
balanced form and then they are interpolated. However, such transformed
models do not have a common state, making the consequences of interpola-
tion to be unpredictable. Similarly, the problem of local transformations ap-
plies when model reduction is used independently on the frozen models or
the interpolation is based only on their pole locations. Unexpected problems
can also occur in the interpolation process, if the McMillan degree of the local
models changes at some interpolation points. Thus it is also important to
investigate how the gain-scheduling principle can be used in identification
such that the interpolation is well structured and issues of local transforma-
tions do not apply.

e Many LPV identification approaches, especially sub-space and gradient-se-
arch methods, have significant computational load which renders their pi-
ratical use to be hopeless in case of large scale systems. To assist practical
use, it is important to develop approaches that solve the estimation problem
efficiently and which are less effected by the curse of dimensionality.

e Selection of model structure and parametrization is often entirely skipped.
The way how possible first-principle knowledge about the data-generating
system is transformed to a discrete-time LPV form to assist at least the order
selection is generally ad-hoc. The main reasons are the absence of sound
results on LPV discretization theory or on the conversion of NL differential
equations to LPV representations.

® The cardinal question, concerning the choice of the scheduling variable for a
given physical system is commonly not investigated. As the entire dynamics
of LPV systems depends on this variable, its choice should also be part of
model structure selection. This also implies the question when a given NL
system can be efficiently described by a LPV model.

e In LTV system theory, it has been shown in discrete-time that equivalence
transformations between SS and IO models result in coefficients that are con-
structed from time-shifted versions of the original coefficients (Guidorzi and
Diversi M). If this is true for LTV systems, which can be considered as a
special cases of LPV systems, may the same phenomenon hold in the LPV
case? This would suggest that equivalent models in different representation
forms depend on the time-shifted versions of the scheduling, which is called
dynamic dependence.
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e In LPV identification, many approaches build upon the assumption that
LPV-SS and IO models with static dependence are equivalent representa-
tions of the same system. If in terms of the previous phenomenon, equiv-
alence relations, like state-transformations and IO realization, result in dy-
namic dependence, then it becomes a cardinal question how this phenome-
non effects the basic view of LPV identification and validity of the used ap-
proaches.

¢ In the view of the previous observation, further questions arise about how to
define LPV systems, what kind of representations these systems have, what
the equivalence relations are between these representations and how they
correspond to the previously used concepts of LPV system theory. Answers
to these questions are required to understand what LPV models correspond
to, how they are related, what is the restriction of specific parameterizations
and how the identification approaches can be compared.

e As LPV control is based on LPV-SS models it is also a question how to con-
vert the model estimates to equivalent forms on which LPV control can be
applied on directly.

¢ Beside these issues, it is a general mark of the LPV field that many ap-
proaches try to build intuitively on the concepts of the LTI theory. However,
is it true that relations of the LTI framework apply directly to the LPV case?
If not, then what are the merits of using the LTI concepts?

In conclusion, the current solutions of the field are not addressing the LPV
identification problem in general well-founded sense due to the restricted class
of model structures, the gaps of system theory, and the neglected steps of the
identification cycle. This motivates the current thesis to fulfill some of these gaps
and establish a well-posed identification setting of LPV systems.

1.5 Perspectives of OBF models

In view of the previous observations, a central problem of the field is the absence
of a model structure which has good representation capabilities with a limited
number of parameters, useful for control, and its identification represents a low
complexity problem. The latter means for example that the model structure is
either well applicable in a gain-scheduling type of approach, i.e. it is easily inter-
polatable without the need of local transformations, or its estimation is available
trough linear regression.

Perspectives of OBF models, gain-scheduling

From the gain-scheduling perspective, Orthonormal Basis Functions (OBF)s-based
model representations offer an easily interpolatable structure with a well worked-
out theory in the context of LTI system approximation and identification (Heu-
berger et al. 2005). The basis functions, that provide bases for the space Hs



1.5 Perspectives of OBF models 17

(Hilbert space of complex functions that are squared integrable on the unit cir-
cle), are generated by a cascaded network of stable all-pass filters, whose pole
locations represent the prior knowledge about the system at hand. This approach
characterizes the transfer function of a proper SISO LTI system as

oo

F(z) =Y witi(2), 1.11)

=0

where {w;}?° is the set of constant coefficients and ®., = {¢;},-, with ¢g = 1
represents the sequence of OBFs. This implies that every transfer function F; that
corresponds to (L) for constant scheduling p(k) = p can be represented as a
linear combination of a given ®_. In LTI identification, only a finite number of
terms in (LI) is used, like in Finite Impulse Response (FIR) models. In contrast
with FIR structures, the OBF parametrization can achieve almost zero modeling
error with a relatively small number of parameters, due to the infinite impulse-
response characteristics of the basis functions. In this way, it is always possible to
find a finite ®,, C ¢, with a relatively small number of functions » € N, such that
the representation error for all F; is negligible. Then, based on experiments with
constant p, frozen aspects of (II) can be identified in the form (LII) with finitely
many terms, resulting in a set of local basis coefficients. Due to the linearity of
(TI7) in these coefficients, model interpolation can easily be accomplished on the
scheduling space P without the need of any local transformations, resulting in the
LPV model:

§=> wi(p)¢i (q) u. (1.12)
i=0
This type of interpolation would also be well structured against local changes of
the McMillan degree as the coefficients in (LTT) are not related directly to the order
of the system. By using SS realizations of the basis functions {¢;}, in (LI2)
a direct LPV-SS realization of this model is available, which means that model
estimates can be directly used for control.

Perspectives of OBF models, global identification

OBF-based model structures have many attractive properties in the LTI case. In
the prediction-error framework, they correspond to output-error type of mod-
els with a linear-in-the-parameter property, which implies that their estimation is
available through linear regression. They generally need less parameters than FIR
models with similar properties. Non-asymptotic variance and bias bounds of the
estimates are also available. These fruitful properties imply that direct identifica-
tion of LPV systems may be beneficial in terms of the model structure (L.I2) used
in a prediction-error setting. In such a setting, parameterizing the coefficients as

wi(p) = Z Qi (p), (1.13)
1=0
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where 60;; € R and 1);; are prior chosen functions of p, would yield that estimation

of {0 }ig: Zw is available by linear regression, based on experimental data with
varying p. However, for the investigation of this approach, first an LPV prediction
error framework needs to be established. This would provide an identification
method with low complexity, like the IO approaches, but with direct SS realization

of the model estimates.

Perspectives of OBF models, approximation

Based on the work of Boyd and Chud (1985), it has been proved for nonlinear
Wiener models (LTI system followed by a static nonlinearity), that if the LTI part

is an OBF filter bank ®,,, then such models are general approximators of nonlinear
systems with fading memory (NL dynamic systems with convolution representa-
tion). This means that, if the number of the OBFs in ®,, approaches to infinity,
then the best achievable approximation error of the output trajectories in terms of
the choice of the static nonlinearity converges to zero in an arbitrary norm. It is
obvious that (I12) is similar to these general approximators, which means that,
if the same property can be shown for the LPV case, then these models have a
wide representation capability of LPV systems. Based on the general approxima-
tor property and the attractive identification properties of OBF models, successful
identification approaches based on these structures have been introduced in the
NL and the fuzzy field (seelGémez and Baeyens (2004) and Sbarbaro and Johansen
(1997)). These methods provide low complexity and reliable estimates for the con-
sidered classes of systems, giving the hope that similar mechanisms could also be
successfully applied in the LPV case.

It is well known in the LTI case that the approximation error, i.e. the resulting
bias of the model estimate directly depends on how well the chosen basis func-
tions ®,, can represent the dynamics of the system. In terms of gain-scheduling,
this refers to the size of the representation error of ®,, with respect to each Fj. This
refers back to the observation that model structure selection has a prime impor-
tance in the LPV case, and as for other type of LPV models, this choice influences
the achievable maximal accuracy of the estimates.

In conclusion, the above discussed perspectives yield the observation that iden-
tification of LPV systems with OBF models like (I.I2) could provide answers to
the current challenges of the identification field.

1.6 Problem statement

In the previous part, it has been shown that LPV modeling and system identifi-
cation has many open issues and raises a lot of questions, which have not been
answered yet. The underlying family of problems needs and deserves a unified
treatment and much more research. Based on this observation, we formulate the
aim of our research as the development of an effective LPV identification mecha-
nism that overcomes the drawbacks of the existing state-of-the-art solutions (see
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Section [[4), but still deliverers low complexity models in a computationally at-
tractive way. The procedure is intended to handle the identification cycle from
model structure selection until delivering the model estimate. This results in the
following problem statement:

- Primary research objective -

Develop a framework and a structural approach for the iden-
tification of general LPV systems as models of an underlying
physical process.

Based on our previous observations and in the view of this objective, we identify
the following subgoals:

1. Investigate model-structure selection for LPVsystems

(a) Explore how LPV models relate to each other. What is the role of dy-
namic dependence and what are the corresponding equivalence trans-
formations. These investigations are needed to compare and analyze
representation capabilities and choices of model parameterization.

(b) Study how first-principle information, like NL system descriptions can
assist the choices of model structure.

(c) Due to the promising properties of OBF model structures, investigate
how these structures approximate/describe general LPV systems. What
are the representation capabilities and how can adequate selection of
the OBFs be accomplished with respect to a LPV system.

2. Formulate the prediction-error framework for LPV identification
(a) Investigate how low complexity LTI identification approaches, like the
OBFs-based method, can be extended to the LPV case.
(b) Investigate how the issues of noise, variance, and bias can be under-

stood in this framework.

3. Based on the results of the previous investigations, possibly by the use of
OBF models, develop estimation approaches that provide reliable LPV model
estimates with low computation load.

(a) Investigate how the gain-scheduling principle can be effectively used
for LPV identification without the need of local transformations.

(b) Explore how direct model estimates can be obtained using the predic-
tion error framework.

These subgoals are explained in detail in the following subsections:
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Subgoal 1, Model-structure selection

The first subgoal corresponds to the observation that model-structure selection in
terms of representation capabilities and parameterizations must be well explored,
i.e. clarified, before formulation of an LPV identification approach. It has been
revealed that the main obstacle in the comparison of representation capabilities
originates from the gaps of LPV system theory, i.e. absence of equivalence trans-
formations between different models. It has also been observed that dynamic de-
pendence may play an important role in such a relation. This has the consequence
that the concept of LPV systems and representations must be reviewed and for-
mally defined. In the LTI case, the behavioral approach (Polderman and Willems
@{mvesﬂgates these questions and gives a powerful framework where these
concepts can be clearly formulated. This framework also incorporates most re-
sults of LTI system theory in a simple and efficient way. To give a unified sys-
tem theoretical framework in the LPV case, which enables the investigation and
comparison of model structures, the extension of the LTI behavioral approach has
been considered. This theoretical framework is intended to serve as a tool in the
formulation of a well-posed identification framework.

It has been also observed that to assist model-structure selection, a clear under-
standing how LPV systems correspond to NL systems must be obtained. Thus,
a transformation procedure is required that can provide the best suitable LPV
description of a given NL system. Based on first-principle knowledge, such an
approach could provide vital information about parametrization, order selection,
etc., all required to select a good model-structure candidate for identification. As
first-principle models are commonly given in continuous-time, it is also vital to
investigate how model discretization can be solved efficiently in the LPV case.

Using the observation that OBFs-based model structures might provide an at-
tractive candidate to solve our primary objective, their representation capabilities
and properties must be investigated in the planned LPV behavioral framework.
A cardinal question that is to be understood, is whether a representation of LPV
systems is available in terms of OBF series expansions, similar to the LTI case
(see (LII)). It must be investigated how adequate selection of OBFs can be ac-
complished based on measured data or a priori information in order to facilitate
model-structure selection.

Subgoal 2, Prediction-error framework

From the studied LPV identification approaches and the classical identification
framework, it can be concluded that low-complexity identification might be avail-
able in the prediction-error setting. However a formulation of this setting is miss-
ing in the current literature. Based on the promises that this setting may result in
an approach that solves the primary objective, investigation and formulation of an
LPV prediction-error setting is established as a secondary subgoal. It is planned
that if OBF model structures are found adequate in the previous investigations,
then the extension of the LTI-OBF identification framework is considered for the
LPV case.
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Subgoal 3, Estimation methods

Based on the results of the previous investigations, the actual formulation of the
estimation methods is aimed for as the third subgoal. We intend to explore how
the gain-scheduling approach of the current LTI identification literature can pro-
vide an answer to our primary research question. We also intend to seek out
possible ways of direct estimation of the system using the prediction-error frame-
work.

General remarks

In the following, we present a theory with new ideas of LPV behaviors, modeling,
and identification methods, that have appealing properties and can be applied
successfully to fulfill the aimed research objectives. Due to the vast number of
problems this thesis addresses, we also leave many open ends and questions for
future research. The exploration of all issues of the LPV identification cycle of gen-
eral physical systems remains a problem, but the use of orthonormal basis func-
tions opens interesting and promising perspectives to approach the identification
of this system class efficiently.

1.7 Overview of contents and results

This thesis is divided into eight major chapters, next to this introduction and the
conclusions in Chapter[I0] See Figure[[.Blfor an overview of the chapters and their
relations.

The introductory Chapter 2is devoted to the basic mathematical and system
theoretical tools that are used in the remainder. This includes a brief overview of
the behavioral approach of Polderman and Willems (1991) for LTI systems where
we consider finite-dimensional differential/difference systems with input-output
partitioning. Through this framework, we explore the definitions of represen-
tations, equivalence classes and transformations, and minimality together with
issues of stability, state-observability and reachability, model balancing, and dis-
cretization theory with the purpose to extend these notions to LPV systems later
on. We also present a short overview of the basic issues of identification, espe-
cially focusing on OBFs based methods. It is motivated that in the OBFs-based
identification approach there is a prime emphasis on the model structure selec-
tion in terms of basis functions. To support this basis selection step in the LPV
case, the theories of Kolmogorov n-widths and Fuzzy clustering are discussed.

In Chapter Bl we introduce an LPV behavioral approach that establishes a uni-
fied system theoretical framework, as a solution for the first research subgoal. In
this framework, it becomes possible to understand basic relations of LPV models
and it gives the basic tool to introduce OBFs based LPV model parameterizations
later on.
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In Chapter[] we explore equivalence transformations between different repre-
sentations of LPV systems. We investigate LPV-SS canonical forms and transfor-
mations between LPV-SS and 1O representations. The explored relations give the
tools to analyze and compare LPV model structures, fulfilling research goal 1.a.
This chapter is based on the concepts of (2007).

In Chapter B representation of LPV systems by OBF-based series-expansion
is investigated. It is shown that finite truncation of these representations can be
used as model structures for LPV system identification. Such structures also have
wide approximation capabilities. This gives answers for research goal 1.c.

In Chapter[f] discretization of LPV systems is reviewed. New discretization
approaches are introduced together with criteria to choose the discretization step
size. The developed methods provide tools to derive solutions for research goal
1.b. This chapter is based on the paper (2009).

In Chapter[7] the modeling of NL systems in a LPV form is investigated and
the available solutions for this problem are studied. Using the framework of the
LPV behavioral approach, a new mechanism is introduced that solves the LPV
modeling issue of such systems. This approach is developed with the intention to
assist the model-structure selection phase of the identification cycle based on first
principle knowledge, fulfilling research goal 1.b.

In Chapter[8] the basis-selection problem of OBFs-based LPV model structures
is considered, introducing a clustering algorithm, which is inspired by the previ-
ously presented fuzzy clustering and Kolmogorov n-width theory (see Chapter
2). The method is based on the clustering of sample poles that result from identifi-
cation of the system with constant scheduling signals. The effect of noise on iden-
tification is also considered and a robust basis-selection procedure is developed
based on hyperbolic-geometry results. This provides direct answers for research

goal 1.c. The chapter is based on the papers(T6th et al! (2006b/a, 20084d).

In Chapter 0] the extension of the LTI OBFs-based identification approach to
the LPV case is developed, relaying heavily on the tools of the previous chap-
ters. The prediction-error framework is established for the LPV case and the
model structures of the current approaches are analyzed, fulfilling objective 2.
Two identification approaches, a global and a local one, are formulated with static
dependence of the coefficients. The former approach utilizes the gain-scheduling
interpolation-based concept while the latter obtains a global estimate based on lin-
ear regression. To overcome the limiting assumption of static dependence, which
is needed for the parametrization of these approaches, two alternative OBFs based
model structures are also worked out. These structures enable approximation of
dynamic dependence of the coefficients through a feedback with only static de-
pendence. An identification approach of such feedback structures is also derived
through a separable least-squares strategy. This concludes research objective 3.
The presented results of the chapter are based on the papers [Téth et al! (2008H,

2007).
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2 CHAPTER

LTI systems and OBFs

his chapter is devoted to the introduction of a number of basic math-

ematical and system theoretical tools that are fundamental for the
theory developed in the subsequent chapters. In the scope of this thesis,
we consider dynamical systems based on the behavioral approach. Us-
ing this framework, in Section 2Tl we develop representations of LTI dy-
namical systems both in continuous and discrete-time and also introduce
important system theoretical concepts. To investigate the connection of
the continuous-time and the discrete-time domain, discretization theory
of LTI systems is briefly covered in a zero-order-hold setting. Beside the
system theoretical concepts, in Section[2.3]the basic theories of LTI system
identification are introduced focusing on prediction error methods. The
notion of Orthonormal Basis Functions (OBF)s is also developed in Section
22l with the brief coverage of their most important relations and proper-
ties. OBFs related parameterizations and the associated identification ap-
proaches are also introduced together with the optimality concept of OBF
model structures in terms of the Kolmogorov n-width theory. At last in
Section 2.5] the theory of fuzzy clustering is discussed, which is essential
for the basis selection approach of Chapter[8]

2.1 General class of LTI systems

2.1.1 Dynamical systems

We consider definition of dynamical systems in the context of the behavioral ap-
proach, where systems are described as a set of possible signal trajectories that
obey the underlying laws and restrictions of the physical phenomena.

25
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Definition 2.1 (Dynamical system) (Polderman and Willemd [1991) A dynamical

system G is defined as a triple
G=(T,W,B), (2.1)

with T (often a subset of R) called the time-axis, W a set called the signal space, and B a
subset of WY called the behavior (W' is the standard notation for the collection of all maps
from T to W).

The set T defines the time-axid] of the system, describing continuous, T = R, and
discrete, T = Z, systems alike, while W gives the range of the system signals.
% defines the physical laws, the rules for selecting which trajectories of W' are
possible and which are not. As it will be shown, this definition of dynamical sys-
tems is wide enough to contain popular system classes like Linear Time-Invariant
(LTI) (Polderman and Willems 1991), Linear Parameter-Varying (LPV) (see Chap-
ter @), Linear Time-Varying (LTV) (Zerz2006; Tichmann and Mehrmannl 2005), and
even nonlinear (NL) systems (Polderman and Willems 1991; Pommaret 2001)).

Two crucial properties of dynamical systems are linearity and time-invariance:

Definition 2.2 (Linear dynamical system) (Polderman and Willems [1991) A dy-

namical system G is called linear, if W is a vector space and B is a linear subspace of
wr.

Definition 2.3 (Time-invariant dynamical system) (Polderman and Willems1991)
A dynamical system G is called time-invariant, if T is closed under addition and ™8 = B
forall T € T, where q is the forward time-shift operator, ¢"w(t) = w(t + 7).

A particularly important class of systems, which has both of these properties, are
called LTI systems:

Definition 2.4 (LTI system) (Polderman and Willems [1991) A dynamical system is
called LTI if it is both linear and time-invariant.

The class of LTI systems is considered to be the collection of the most simplest
dynamical systems. Systems belonging to this class have been successfully used
in countless engineering applications to describe or approximate a wide range of
physical phenomena. In the sequel of the chapter, we recollect the major proper-
ties, representations, and identification theory of such systems with the intention
to extend these concepts to the LPV case. In the remaining part, we restrict our at-
tention to LTI dynamical systems which can be described by differential or differ-
ence equations that have finite order and finite signal dimension (W = R"™,ny €
IN). We call these systems Linear Time-Invariant Differential/Difference systems and
denote them with F. A basic property of such systems is that their behaviors 8B
are complete (w € B & Wi, 1,1 € Bljy,e1), VIto, t1] C T). In the sequel, if refer to
LTI systems, we refer to this system class.

In general, T can be more than just literally “time”, as it is defined to be a set of independent
variables governing the system. For systems described by partial differential equations it can also
involve space coordinates like position.
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2.1.2 Representations of continuous-time LTI systems

In this section, we investigate the case when T = R, to which we refer as the

continuous-time (CT) case. Consider the constant-coefficient differential equation
(DE):

d

R(—

(dt

where R[¢]™*"™ denotes the ring of real polynomial matrices in the indeterminate

¢ with n, rows and ny, columns. We denote by n¢ the maximal power of £ in R(§),

i.e. deg(R(€)) = ne. Define £1°¢(R, R™v), the space of locally integrable functions

w : R — R™ satisfying;:

Jw=0, ReR[¢™>™, 2.2)

/ @)z < oo, 23)

T1

with [r,72] C R and || . ||2 denoting the Euclidian norm on R™. Also define
C>(R,R") as the space of infinitely differentiable functions w : R — R". Now we
can formulate the definition of solutions we consider for (Z.2). Restricting our-
selves to C* would leave out important functions like steps. On the other hand,
the space of distributions is too large to have the solution at every time instant
well-defined. A vital alternative is £!°¢, which is large enough to accommodate
steps, ramps, and so on and still concrete enough to avoid problems with distri-
butions. Thus, the concept of solution is introduced in the following sense:

Definition 2.5 (Weak solution) We call w € L°¢(R,R"") a weak solution of @2, if

d

(w, RT(—a)@ = /[RwTRT(—%)go dt =0 (2.4)

holds for all smooth, so called test function ¢ : R — R™ with compact support.

Now we can give the differential equation or so called kernel (KR) representation
of CT-LTI dynamic systems as follows:

Definition 2.6 (CT-KR-LTI representation) (Polderman _and Willemd [1991) The

constant-coefficient differential equation (Z2) is called a continuous-time kernel repre-
sentation, denoted by R (F), of the LTI dynamical system F = (R, R™,B), if

B = {w € LR, R™) | w is a weak solution ofR(%)w = O} . (2.5)

Note that in the considered class of LTI systems, any system with T = R has a KR
representation. As a next step, we introduce the concept of rank with respect to
matrix polynomials:

Definition 2.7 (Rank of matrix polynomials) The row (column) rank of a polynomial
matrix R € R[§]™*"2 is the dimension of the row (column) space of R (the row space is
the subspace of R[¢]' ™2 spanned by the rows of R). As R[¢]"" is an Euclidian ring, thus
row and column ranks are equal, hence rank(R), being the row or column rank of R, is
well-defined.
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The following theorem holds:

Theorem 2.1 (Existence of full row rank KR representation) (Polderman and
Willems [1991) Let B be given with a KR representation 2Z2). Then, 9B can also be
represented by a R' € R[&]*™ with full row rank.

We postpone the further investigation of the properties of KR representations for
a moment, to deduce other classical representations of LTI systems.

In many applications, in particular in control, it is necessary to group the sig-
nals of dynamical systems into sets of input signals « : R — U and output signals
y : R — Y. This is done to distinguish which of them we would like to (or we
can) actuate as inputs in order to drive the remaining, so called output signals
to a desired trajectory of 8. The definition of such a IO partition of G, which is
commonly non-unique, is as follows:

Definition 2.8 (IO partition) (Polderman and Willems 1991) Let G = (T, R™,B).
The partition of the signal space as R™ = U x Y = R™ x R™ with ny,ny > 0 and
partition of w € L°°(T,R™) correspondinglfl as w = col(u,y) with u € £¢(T, V)
and y € L'°(T,Y) is called an IO partition of G, if

1. w is free, ie. for all uw € L°°(T,U), there exists a y € L°°(T,Y) such that
col(u,y) € B.

2. y does not contain any further free component, i.e. given u, none of the components
of y can be chosen freely (maximally free).

In terms of Definition 2.8} if (u, y) is an IO partition of 7 = (R, R™, B), then there
exist matrix-polynomials R, € R[{|™*™ and R, € R[{|™*"™ with R, full row
rank, such that (2.2) can be written as

d d

Ry(Z)y = Bu( ), (2.6)

and the corresponding behavior is

B = {w = col(u,y) € LY(R,U x Y) | Ry(%)y = Ru(%)u holds Weakly} .

Furthermore, due to the maximum freedom of the input signal u, such a IO par-
tition of an LTI system defines a causal mapping in case the solutions of (2.6) are
restricted to have left compact support (zero initial conditions at ¢ = —o0). Other-
wise, initial conditions do matter m M). Those LTI systems which have
no IO partition are conventionally called autonomous systems. In case ny = ny =
1, systems are referred as Single-Input Single-Output (SISO), while systems with
ny > 1,ny > 1 are called Multiple-Input Multiple-Output (MIMO) systems.

2col denotes column vector composition.
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Definition 2.9 (CT-LTI-IO representation) (Polderman_and Willems [1991) The
continuous-time 10 representation of F = (R,R™ " B) with 10 partition (u,y) is
denoted by Rio (F) and defined as a differential-equation system with order ny:

A K, B
;ai%y = onbj@u, (2.7)

where a; € R™*™ and b; € R™*"™V with a,, # 0 and b, # 0 are the coefficients
of the matrix polynomials R, and Ry satisfying 2.6) with Ry full row rank. Due to the
maximum freedom of w, such polynomials exist with n, > ni, > 0.

Full row rank of R, and maximal freedom of u implies that det(Ry(£)) # 0. Then,
we call the rational matrix polynomial function

F(€) = Ry (&) Ru(9), (28)

the transfer function of Rio(F). Note that ni, < n,, i.e. the order of the nominator
polynomial is less than or equal to the order of the denominator polynomial. Such
a transfer function F is called proper and it satisfies

51im [F(&)]ij < oo, Vi,j (2.9)
where [ - |;; denotes the element of a matrix in the i*" row and j*® column. If
ny, < N, holds, then we call F strictly proper and
It is well-known, that if we denote by Y (s) and U(s) the Laplace transforms of
(u,y) € B respectively, where (u, y) have left compact support and s € C denotes

the Laplace variable, then
Y (s) = F(s)U(s). (2.11)

Substitution of s in F' by iw gives the so called frequency response F'(iw) of the sys-
tem, with w € R as the frequency and i = \/—1" as the imaginary unit. Addi-
tionally, let R}, and R/, be coprime polynomials such that F(¢) = (R},)~" ()R, (€).
Then all s € C, for which det(Ry(s)) = 0, are called the poles of I, while all s € C
satisfying det(R! (s)) = 0 are called the zeros of F. Furthermore, by applying a
Laurent series-expansion of F'(s) around s = oo, it can be shown, that there exists
a sequence of constants {g;}3°, C R™*"Y, so called Markov parameters, such that

F(s) = igis*i. (2.12)
=0

Such a sequence is unique for any MRio(F), therefore it is quite often used as a
representation of 7. Moreover, the signal

h=2"1 {igis_i} , (2.13)
1=0
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is called the impulse response of Rio (F) (£~ is the standard notation of the inverse
Laplace transformation). Such a signal corresponds to the response of Rio(F) for
an impulse input at ¢ = 0 and it uniquely represents the 10 behavior of F.

Besides partitioning the signals of the system in an IO sense, we often need
to introduce additional variables in most modeling exercises to express more con-
veniently the relationships of those signals which we are particulary interested
in. This is motivated by the first principle laws of physics where we can often
meet physically non-existing (virtual) variables like the potential field in the well-
known Maxwell’s equations. Also it can happen that we are just simply not inter-
ested in some “inner” variables of the system, like in the voltage drop on a resistor
of a space shuttle, if we would like to control its motion around the planet. We
call these other, auxiliary variables latent variables.

Definition 2.10 (Latent variable equivalent) (Polderman and Willems [1991) The

latent variable equivalent of a dynamical system G = (T,W,B) is defined as a system
G = (T,W x Wy, By,) with T the time-axis, W the manifest signal space, Wi, the latent
signal space, and By, C (W x Wi)T the full behavior satisfying that

B={w:T—W|Jwy: T — W, such that (w,wy,) € B}, (2.14)
where B is called the manifest behavior of B,

Assuming that a continuous-time LTI system contains 7, latent and ny, manifest
variables, then as a generalization of 2.2):
d d

R(E)w = RL(E)“’L, (2.15)

where w : R — R™ is the manifest variable, wi, : R — R" is the latent variable,
R(&) € R[¢]™ ™ and Ry,(€) € R[{]™*"" are polynomial matrices, and

B, = {(w,w) € LPRR™ x R™) | (w,wy,) satisfy (ZI5) weakly} ,
B = {we LPRR™) | Jw € LP(R,R™) s.t. (w,wr,) € B}

Now we can introduce an important class of latent variables, the so called
state-variables, which not only naturally show up in applications, but are also use-
ful in the analysis and synthesis of dynamical systems. These variables often have
a direct interpretation in terms of physical variables like positions, velocities, and
masses and have a special property that distinguishes them from other latent vari-
ables:

Definition 2.11 (Property of state) (Polderman and Willemd|1991) Consider a latent
variable system Gy,. Let (w1, wr, 1), (we,wr2) € B and ty € T. Incase of T = R,
assume that wr, ;1 and wy, o are continuous on R. Define the concatenation of (wy,wr, 1)

and (U}g, U}L72) at to by (U}, U}L) = (U}l, U}L71) {\ (U}g, U}L72) with
0

_ w1 (t)v t< th o 'LUL’l(t), t< t(),
w(t) —{ walt) 1> 1o, and  wy,(t) _{ wr o), >t (2.16)

Then By, is called a state-space behavior, and the latent variable w, is called the state, if
U}LJ(to) = U}L72(t0) zmplzes (w, wL) € By,.
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In this way, wy, with the property of state acts as the memory of Gr,. The following
theorem holds:

Theorem 2.2 (State-kernel form) (Rapisarda and Willems 1997) The latent variable
wr, is a state, iff there exist matrices ry € R™>™ and ro,r € R™*™ such that the full
behavior By, has the kernel representation:

rww + rowy, + r1&wy, = 0. (2.17)

Based on Theorem as a convention we assume that the state latent variables
are chosen in such way that in .I5), deg(Rr(£)) = 1, while deg(R(£)) = 0 and
Ry, (&) is monic. In this way, a CT-LTI state-space (SS) behavior is always defined
by a first-order constant-coefficient DE. Now we can give the definition of the so
called SS representation of F:

Definition 2.12 (CT-LTI-SS representation) (Polderman _and Willems [1991) The

continuous-time state-space representation of F = (R, R"vt™v 9B) is denoted by Rss(F)
and defined as a first-order constant-coefficient differential equation system in the latent
variable v : R — X:

d
—x = Az +B 2.1
i x + Bu, (2.18a)

y = Cz+ Du, (2.18b)
where (u,y) is the IO partition of F, x is the state-vector, X = R"* is the state-space,
Bss = {(u,2,y) € LI(R,U x X xY) | & are satisfied weakly}
is the full behavior of the manifest behavior B, and

A | B IRnxxnx | IRnxXnU
|: C | D :| |: R7Y X71x | R™vXnu ’

represents the SS matrices of Rgs(F).

Note that in the full behavior Bgg, the latent variable x trivially fulfills the state
property in terms of Theorem 2.2l An SS representation also has a transfer func-
tion in the form of

F()=D+C(EI—-A)™'B. (2.19)

The transfer functions of Rgs(F) and Rio (F) are equivalent and they describe the
behavior of F restricted to signal trajectories with compact left support. Moreover,
their Markov parameters satisfy that go = D and g; = CA""'B fori > 1.

2.1.3 Representations of discrete-time LTI systems

Evenif in the physical reality, the time-variation of systems, with a very few excep-
tions, is exclusively and inherently continuous, the class of discrete-time (DT) dy-
namical systems, where the time-axis is restricted to T = Z, is particularly impor-
tant for engineering applications. Since the introduction of digital computation
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operated on a DT scale, digital processors controlled systems have widespread in
industry and have become a part of our daily life from coffee vendor machines
to space shuttles. The essential interaction between the DT and CT world is ac-
complished or viewed through the so called sampling of physical continuous-time
signals, observing them at specific points of the CT time-axis. With the restriction
of periodic, equidistant sampling, we call w’ : Z — W

w' (k) = w(kTq), Vke€Z, (2.20)

the DT projection or discretization of the signal w : R — W with sampling-time or
discretization-step Tq € R*, where Rt = {x € R | x > 0}. In this way, we call
G = (Z,W,%®’) the DT equivalent of G = (R, W, B) under sampling-time Ty, if

B’ = {w' € W | 3w € B such that (Z20) is fulfilled } (2.21)

Note that the concept of sampling only provides a particular viewpoint for the un-
derstanding of the universe of DT systems. It is not guaranteed that a CT system
has a DT equivalent for arbitrary T4, nor that every DT system is an equivalent of
a sampled CT system. It must be clear, that DT systems are a stand alone mathe-
matical concept of modeling, however they have strong relation to the CT domain
based on the concept of sampling.

In the remaining part of this section, we give the DT analog of the concepts
of CT-LTI systems. Many of these concepts have been introduced in the way that
by associating the indeterminate £ with the forward time-shift operator ¢, the DT
equivalent directly results.

Consider the constant-coefficient difference equation (DF):

R(Q)w =0, ReR[g™>™. (2.22)

Definition 2.13 (DT-KR-LTI representation) (Polderman and Willems [1991)) The
constant-coefficient difference equation (2.22) is called a discrete-time kernel (KR) repre-
sentation, denoted by R (F), of the LTI dynamical system F = (Z,R™ ,*B) if

B={we (R™)Z | w is a solution of R(q)w = 0}. (2.23)

Note that in the considered class of LTI systems, any system with T = Z has a
KR representation. In terms of Theorem 2.]] such representations can always be
given with full row rank. We denote the discrete-time KR representation of a
continuous-time LTI dynamical system F = (R, R™,B) by Rk (F, Tq), if the DT
behavior 9B’ of this representation is equivalent with 8 under Tq. Similar to the
continuous-time case, we can give the definition of 10 representations, based on a
valid IO partition (u, y) of a discrete-time F.

Definition 2.14 (DT-LTI-IO representation) (Polderman _and Willemsd 1991)) The
discrete-time 10 representation of the LTI system F = (Z,R™ " B) is denoted by

Rio(F) and defined as a difference-equation system with order ny:

Na ny

Zaiqiy = ijqju, (2.24)
i=0 §=0
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where (u,y) is the IO partition of F, a; € R™*™ and b; € R™*"V with a,,, # 0 and
bn, # 0 are the coefficients of the underlying matrix polynomials R.,, Ry with R, being
full row rank and n, > ny, > 0.

By defining «/(k) := u(kTq) and y/(k) := y(kTaq), the discrete-time IO representa-
tion, denoted by P10 (F, Tq), of a continuous-time LTI system F with IO partition
(u,y) can be given, with equivalent behaviors under the sampling-time Ty.

Similar to the CT case, the transfer function F'(§) of an IO representation can
be introduced. For a col(u,y) € B with left compact support, denote by Y (2) and
U(z) the Z-transforms of u and y, defined on their appropriate region of conver-
gencﬂ (ROC) with z € C called the Z-variable. Then F satisfies that

Y(z) = F(2)U(2), (2.25)

for any z in the intersection of the ROC of Y (z) and U(z). Substitution of z in F'(z)
by T4 gives the frequency response of the DT system. The Markov parameters
of F(z) are similarly deduced as in CT by a Laurent expansion around z = oo,
while the impulse response of F'(z) is given as

h=2""! {igizl} , (2.26)
1=0

where 2! represents the inverse Z-transformation.

For the discrete-time behavior B, we can also introduce latent variables in
terms of Definition 2.10] with the property of state (see Definition 2.T1). Based
on these concepts, DT state-space representations of a F are defined as follows:

Definition 2.15 (DT-LTI-SS representation) (Polderman and Willemsd 1991)) The
SS representation Rgs(F) of the LTI system F = (Z,R™*"v B) is defined as a first-
order constant-coefficient difference-equation system in the latent variable v : 7 — X:

qr = Ax+ Bu, (2.27a)
y = Cz+ Du, (2.27b)

where (u,y) is the I/O partition of F, x is the state-vector, X = R"* is the state-space,
Bss = {(u,z,y) € (U x X x Y)* | @270 & @27D) are satisfied } ,

is the full behavior of the manifest behavior 8, and

A | B R7=xXnx | R7x=Xnu
|: C | D :| |: [R’I’vanx | [R’I’LvanU ?

represents the SS matrices of Rgs(F).

3The region of convergence is the set of points in C for which the Z-transform associated summation
converges.
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Again, the discrete-time SS representation of a continuous-time LTI dynamical
system F = (R,R"vt™ B) is denoted as Rgs(F, Tq), where the manifest behav-
ior of Mgs(F, Tq) is equivalent with B under the sampling-time T4. The transfer
function of a discrete-time PRgg(F) is similarly deduced as in the CT case (see
equation (Z.19)) and the same relation holds for the Markov parameters.

2.1.4 Equivalence classes and relations

In this subsection, we briefly cover the relation and the main properties of the in-
troduced system representations. We require the introduction of these concepts as
later we intend to extend this unified framework to LPV systems. First we concen-
trate on KR representations of a given F. The following definition is important:

Definition 2.16 (Equal behaviors) (Polderman and Wﬂleméﬂ&ﬂ) LetB; C ([R”W)T,
i =1,2. We call B, and B, equal if

weBINCP(R,R™) & weByNCP(R,R™), for T=R, (2.28a)
weBy & we By, fOT’ T=2 (2.28b)

As an abuse of notation, we introduce B; = B, to denote equality of B; and
B, in terms of Definition In analogy, the equivalence of KR representations
follows as:

Definition 2.17 (Equivalent KR representations) (Polderman and Willems
1991) Let R; € R[{]™*", i = 1, 2. Then the KR representations:

Ri(&w=0 and Ro(&)w=0, (2.29)

where ¢ is either < or g, are called equivalent, if they define the same (equal) behavior.

The existence of equivalent KR representations implies that such representations
of dynamical systems are non-unique. To show this, introduce the concept of
unimodular matrices:

Definition 2.18 (Unimodular matrix) Let M € R[¢]"*™. Then M is called an uni-
modular polynomial matrix if there exists a M1 € R[¢]"*", such that MTM = I. In
other words, det(M) is equal to a nonzero constant.

Then, the following theorem holds:

Theorem 2.3 (Left-side unimodular transformation) (Polderman and Willems
1991) Let R € R[]™*™ and M € R[]™ *™ with M unimodular. Define R’ :== MR.
Denote the behaviors corresponding to R and R’ by B and B’ respectively. Then B = B'.
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Furthermore, if R € R[§]™*™ is not full row rank, i.e. rank(R) = n < n,, then
there exists an unimodular M € R[¢]"*™ such that

R/
MR:[ o } (2.30)

where R’ € R[¢]"*™ is full row rank and the corresponding behaviors are equiv-
alent in terms of Theorem[2.3]

Theorem 2.4 (Right-side unimodular transformation) (Polderman and Willem
[1991) Let R € R[¢]™ ™ and M € R[¢]™*™ with M unimodular. Denote the behav-
iors defined by R and RM as B and B'.

* IfT =R, then B NC=(R,R™) and B’ N C>(R,R™) are isomorphicﬁ.
° If T = Z, then B and B’ are isomorphic.

* If M is constant (zero order polynomial), then B and B’ are isomorphic even if
T=R

In other words, Theorem 2.4l implies that right-side unimodular transformations
do not change the underlying relation between the system signals, but they do
change the signals, the trajectories of the behavior in an isomorphic sense. There
is an important form of LTI-KR representations that can be obtained via left and
right-side unimodular transformations:

Theorem 2.5 (Smith-McMillan form) (Polderman and Willems 1991) Let R &

R[E]™ ™ with rank(R) = n. Then, there exist unimodular matrices My € R[£]™ "
and My € R[E]™ ™ such that

R 0
MlRMgz[ 0 O]’

where R'(§) = diag(r1, ... ,my) for some 0 # r; € R[¢].

The Smith-McMillan form gives a unique representation of the behavior associ-
ated with R and it is important for the characterization of the concept of mini-
mality. Now it is possible to introduce the notion of equivalence relation based on

\Guidorzi (1981) and Kalmarl (1963):

Definition 2.19 (Equivalence relation) Introduce the symbol ~ to denote the equiv-
alence relation on \JR[E]* (all polynomial matrices with finite dimensions). R, €
R[] *™ and Ry € R[]™2*"™ with n1 > ng are called equivalent, i.e. Ry ~ Ry, if
there exists a unimodular matrix M € R[] > such that

MR, = [ }32 } % L (2.31)

*An isomorphism is a bijective map f between two algebraic structures (groups, rings, or vector
spaces) such that both f and its inverse f~! preserve all the relevant structure; i.e. properties like
identity elements, inverse elements, and binary operations (they are homomorphisms).
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This implies that if R; ~ Ry, then the corresponding behaviors are equal.

Definition 2.20 (Equivalence class) The set & C |JR[E]™" is called an equivalence
class, if it is a maximal subset of R[] *" such that R1, Ry € & implies that Ry ~ Ro.

An equivalence class defines the set of all representations which have the same
behavior. An important subset of an equivalence class are the so called minimal
representations:

Definition 2.21 (Minimality) (Polderman and Willemd 1991) R € R[¢]™*" is

called minimal if it has full row rank, i.e. rank(R) = n,.

We call Y7 | deg(r;) in the Smith-McMillan form of a R associated with Rk (F),
the degree of all KR representations in the same equivalence class. This degree is
often referred as the McMillan degree of F. Note that for a minimal Rk (F) with
nyw = 1, the McMillan degree of F is equal to deg(R) = ne.

To be able to uniquely specify or sort equivalence classes, we need a specially
distinguished subclass of representations:

Definition 2.22 (Canonical forms) &, C |JR[E] " is called a set of canonical forms,
if each element of | JR[{] " is equivalent under ~ with only one element of Ean. (Ecan 1S
the class representative of | JR[E] ™" under ~).

The introduced concepts generalize to 1O representations as well. We can de-
fine equivalence relation on pairs of R[] *', which define an IO representation:

Definition 2.23 (Equivalencerelation of IO representations) Let R,,, R, € R[¢]"*"™V
and Ry, R, € R[§]™ ™ with Ry, R, full row rank, deg(Ry) > deg(Ry), and deg(R;) >
deg(Ry,). We call )Ry, R,,) and )R, R\,) equivalent

(Ry, Ru) ~ (Ry, Ry), (2.32)
if there exists a unimodular matrix M € R[E]™ ™ such that

R, = MRy and R, = MR,. (2.33)
This implies the following concept of minimality for IO representations:

Definition 2.24 (Minimal IO representation) An IO representation defined through
Ry and R, is called minimal, if there are no Ry, and R polynomials with deg(Ry) <
deg(Ry,) such that

(Ry, Ru) ~ (By, Ry).

Using the IO equivalence relation and minimality, the definitions of 10 equiva-
lence classes and canonical forms extend trivially. Note that for a minimal 90 (F)
with ny = 1, the McMillan degree of F is equal to deg(Ry) = na.
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For SS representations fgg(F), the SS behavior is defined by a zero-order
polynomial matrix R € R[¢]"*("vFmv) and a first-order polynomial matrix Ry, €
R[¢]™*™=. Left-side multiplication of R and Ry, by an unimodular matrix M €
R[£]" " which does not change the order (to satisfy convention) of these poly-
nomials, i.e. deg(MR) = deg(R) = 0 and deg(MRy,) = deg(Ry,) = 1,isequal to a
left-side multiplication by a nonsingular matrix M; € R™ *"™:

R':= MR and R :=MRy. (2.34)

However, such a multiplication results in a non-monic Ry, (§). To stress the monic
convention of this polynomial, right-side multiplication of R} (£) is done by a non-
singular My € R™ " to eliminate the non-monic term:

R/ﬁ = MlRLMg. (235)

By Theorem [2.4] we know that such a right-side multiplication does not change
the manifest behavior of the resulting SS representation. However, it does change
the SS behavior, altering it to an isomorphic group. As a result, the state trajec-
tories of the system are altered, giving a new state variable. Moreover, it can be
shown, that such a transformation requires a special structure of A/; and Ms. This
structure is equivalent by appropriate left and right side multiplications of the SS
matrices of Rss(F) with nonsingular matrices T € R™**"x and 7!, called the

state-transformation (see|Rapisarda and Willems (1997) and [Kailathl (1980)). Based

on the previous considerations, the following equivalence relation can be defined:

Definition 2.25 (Equivalence relation of SS representations) Let (A, B, C, D) and
(A", B',C", D) be quadruplets of matrices in R™*" defining SS representations with ny >
nly. These SS representations are called equivalent,

A|B A B
{ow}”[mn}’ (2.36)

if there exists a nonsingular matrix transformation T' € R™*™* such that:

! ! !
rar-t = | A0 g - | B ,1 R

* o * I nx—nj (2.37)
cr-t = [¢ 0], D = D.

Based on the previous considerations, the existence of a state-transformation T’
between the matrices of two SS representations implies that they have the same
manifest behavior. Furthermore, the states are related as

Ta(t) = [ ””:Et) ] : % Zg; Ly VEET (2.38)

It trivially follows that a state-transformation in the LTI case always implies alge-
braic equivalence of the state variables MM)
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Definition 2.26 (Minimal SS representation) An SS representation defined through
the (A, B, C, D) matrices is called minimal, if there exist no (A’, B',C", D) such that

A|B A B
clD |~ | cDp |

with nYy < ny.

Again, using the SS equivalence relation and minimality, definitions of SS equiv-
alence classes and canonical forms can be established trivially. In addition, the
state-dimension ny of a minimal fRgg(F) is equal to the McMillan degree of F.

2.1.5 Stability of LTI systems

In this subsection, the stability concept of dynamical systems is introduced. Sta-
bility is a very common issue in many areas of engineering sciences and mathe-
matics. Intuitively, stability implies that small causes produce small effects. There
are several types of stability, but here we use the concept of dynamical stability.

Definition 2.27 (Dynamic stability) (Polderman and Willems 1991)) The autonomo-
us LTI dynamical system F = (T, R™ ,B) is said to be stable, if (w € B) = (Je € R}
such that ||w(t)|| < e forallt > 0) (in an arbitrary norm ||.||). It is said to be unstable, if it
is not stable; it is said to be asymptotically stable, if it is stable and (w € B) = (w(t) — 0
ast — o).

This definition strongly builds on the linearity (the only fixed point of the dynamic
relation is 0) and time-invariance of the system class (stability on ¢ > 0 implies
stability ont > ¢ for all ty € R). To check the stability of 7, consider the following
theorem:

Theorem 2.6 (Stability by KR representation) (Polderman and Willems 1991) Let
R (F) be the representation of F = (T, R™,B). Denote R # 0 the matrix polynomial
associated with Rk (F). Then, F is

1. Asymptotically stable, iff all roots of det(R(€)), denoted by {\;}i—, satisfy that:

Re(X\;) <0, forT=R;
{ Nl <1, forT=2. (2.39)
2. Stable, iff all {\;}}_, satisfy that:
Re(A\;) <0 or Re(N) =0, & A; semisimple, for T =R, (2.40)
[Nl <1 or |N| =1, & \; semisimple, forT=17. ’

where \; is a semisimple root of det(R(§)), if the dimension of ker(R(\;)) is equal
to the multiplicity of A; as a root of det(R(€)).

3. Unstable, iff it is not stable.
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In case of an IO partition of F, the concept of dynamic stability is formulated
around the autonomous part of the behavior (non-free signals) on the half line
[0,00), where u = 0. By considering the generalization of this theorem with re-
spect to IO and SS representations of 7, the following well-know theorems result:

Theorem 2.7 (Stability by IO representation) (Polderman and Willemd[1991) Let
Rio(F) be the 10 representation of F with polynomial matrices (R, Ry) such that

deg(Ry) > 0. Then F is

1. Asymptotically stable, iff all roots of Ry, denoted by {\;}12; satisfy @.39).

2. Stable, iff all roots of Ry satisfy (2.40) and if \; is a semisimple root of Ry, then it
is not a root of Ry Ry,.

Theorem 2.8 (Stability by SS representation) (Polderman and Willemd[1991)) Let
NRgs (F) be the SS representation of F with state-space matrices (A, B, C, D), where A #
0. The latent variable system defined by Rgs(F) is

1. Asymptotically stable, iff all eigenvalues of A, denoted by {\;}*, satisfy (Z.39).

2. Stable, iff all eigenvalues of A satisfy (2.40), where \; is a semisimple eigenvalue
of A, if the dimension of ker(\;I — A) is equal to the multiplicity of \; as a root of
det({1 — A).

It is important to note that the concept of dynamic stability implies IO stabil-
ity (Bounded-Input Bounded-Output (BIBO) stability) in the (signal) /- norm, and
asymptotic stability implies IO stability in the £; norm, 1 < 7 < oc:

Definition 2.28 (BIBO stability) (Polderman and Willems 1991) The LTI dynamical
system F = (T, R™,B) with IO partition (u,y) is said to be BIBO stable in the ¢, norm
withl <1 < oo, if

ifT=R, [|lu(t)]|dt < oco= [|ly(t)||"dt < oo,
(w,y) € B  and % %
fT=1, kZOHU(k)HT <o = kzol\y(k)l\T < 0.

It is said to be BIBO stable in the {~, norm if

(u,y) € B and supllu(t)| < oo = suplly(t)|| < oco.
t>0 t>0

The concept of Bounded-Input Bounded-State (BIBS) stability can be similarly de-
fined for LTI systems with both IO partition and state variables. BIBS stability
always implies BIBO stability.

Another approach of stability leads through the approach of Lyapunov, which
is widely used for stability analysis of linear and nonlinear systems, with both
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time-varying and time-invariant nature. While for LTI systems, the Lyapunov
method gives an informative alternative approach, for LPV systems it is the most
applicable way to characterize or test stability of a given SS representation (see
Section B.3.2). First we introduce the intuitive idea in the context of first-order
differential / difference equations:

§w = f(w), (2.41)

where f : R™ — R™ is a Lipschitz continuous function and ¢ is either % or q.
For notational convenience, assume that f(0) = 0, so the equilibrium of 2.41)) is 0
for which we investigate the concept of stability. Note, that any isolated non-zero
equilibrium point w € R™ of (2.4]), i.e. f(w) = 0, can be transferred to the origin
by an exchange of variables w’ = w —w. We would like to find conditions ensuring
that every solution w : T — R™ of (2.41) goes to zero as ¢ — co. Suppose that
T = R and a continuously partially differentiable function V : R" — R is given
with V(0) = 0 and V(r) > 0 for 7 # 0. Assume that the derivative of V along
every solution of (Z4]) is non-positive. Then V(w(t)) is non-increasing for any
w solution and under some additional requirements it implies that w(t) — 0 for
t — oo. To implement this idea, define the following;:

Definition 2.29 (Definiteness of a function) A real valued function g : R* — R is
* positive semi-definit (denoted by g = 0) if g(7) > 0, V7 € R™,
* positive definit (denoted by g = 0) if g = 0 and (9(7) =0) < (1 =0),
* negative semi-definit (denoted by g < 0) if g(7) <0, V1 € R",
* negative definit (denoted by g < 0) if g < 0 and (g(7) =0) & (7 =0).

Then based on the previously given considerations about V, the following theo-
rem holds:

Theorem 2.9 (Lyapunov stability) (Polderman and Willems [1991) The origin is an
asymptotically stable equilibrium point of in a global sense, if there exists a so called

Lyapunov function V : R™ — R such that the following conditions are satisfied:

1. V > 0 (positive-definit),

2. If T =R, then V is continuously partially differentiable and grad[V]f < 0,
3. If T =17, then V is continuous at 0 and (V o f) —V <0,

4. V(1) — 0 as ||7|| — oc.

Similar conditions can be given for stability of the equilibrium point by relax-
ing Theorem [2.9] to require only semi-definiteness in the conditions. Instability
condition of the equilibrium point can also be introduced in the similar sense as
Theorem 2.9 by exchanging negative-definiteness of item 2 and 3 with positive-
definiteness. However, Theorem is non-constructive in the determination of
the Lyapunov function which can be laborious in practice.
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In the following, we focus on LTI systems in the context of the Lyapunov sta-
bility concept. Let 2 € X' be the (weak) solution of the autonomous part of a SS
representation Rgg(F):

fx = Ax. (2.42)

Consider the class of quadratic functions V(7) = 7' Pr, where 7 € R", P ¢
R™<*nx, and P = PT (symmetric). For symmetric matrices, consider the con-
cept of definiteness as the definiteness of 7' P7 in terms of Definition For
a quadratic V in continuous-time, using the chain rule of differentiation, it holds
that

d
Z V(@) = (gradV))(z) - Aw = z"(ATP ; PA)z, (2.43)

where Q € R™*"* and symmetric. Q = AT P + PA is called the CT Lyapunov
equation. In discrete-time, using a quadratic Lyapunov function yields

V(gz) —V(z) =2  (ATPA - P)a, (2.44)
Q

where Q € R™>*™ and symmetric. Q = AT PA — P is called the DT Lyapunov
equation. Based on Theorem the following holds i

):

Theorem 2.10 (LTI Quadratic stability) (Polderman and Willemd [1991)) Consider
2.42). Assume that A, P = PT,and Q = Q7 satisfy the corresponding Lyapunov

equation (either in CT or in DT). Then
* (P>-0,Q=0)= (2 is stable).

* (P >0, Q@ =0, and the A-invariant subspace in ker[Q] is {0}) = (2.42) is
asymptotically stable).

e (P <0, Q =< 0, and the A-invariant subspace in ker[Q] is {0}) = (2.42) is
unstable).

Note that in the last two items of Theorem the additional condition results
from the fact that if Q < 0 it must be also guaranteed that (¢x = Az, 2T Qz =
0) = (z = 0) which corresponds to an observability condition. Note that Theorem
gives a constructive version of the Lyapunov theorem. For a given A and @),
under the condition that no two eigenvalues of A satisfy A;+\; = 0, the Lyapunov
function can be constructed by solving the corresponding Lyapunov equation for
P. Notice that such a construction can also be formulated without the specification
of @ by solving the Linear Matrix Inequalities (LMI)s:

ATP4+PA<0, or ATPA—P <0 with P>0. (2.45)

In terms of 2.40), finding P for a given A represents a Linear Semi Definite Pro-
gramming (LSDP) problem that can be efficiently solved by a variety of (interior-
point-based) solvers like SeDuMi M ) or CSDP. In case of LPV systems,
this concept is successfully extended, giving an easily computable stability test.
However as we will see, using quadratic Lyapunov functions with P € R™*"* in
the LPV case only gives a sufficient stability condition of systems.
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2.1.6 State-space canonical forms

Since the 1960s, state-space representations have been thoughtfully investigated to
deduce informative and structurally attractive representatives of SS equivalence
classes. Through these investigations many canonical forms have been introduced
with special structures of the SS matrices. These structures are required to estab-
lish realization theory and equivalence transformations between SS and IO rep-
resentations in the LTI and as we will see in the LPV case too. One set of these
canonical forms is related to concepts of state-observability and state-reachability.
Due to uniformity of these concepts in the LTI case, they are introduced without
distinguishing between the CT and DT cases.

Definition 2.30 (Complete state-observability) (Polderman and Willems [1991))
NAgs (F) is called completely state-observable if (u,y), with the laws of the system (state-
space equations), determines x uniquely, i.e. for all (u, xz,y), (u,2’,y) € Bgg it holds that
x=ua.

Definition 2.31 (Complete state-reachability) (Polderman and Willemd [1991)

NAgs (F) is called completely state-reachable, if for any given two states x1,x2 € X, there
exists an input signal wand an output signal y, such that (u, x,y) € Bss withx(t1) = x;
and x(t2) = xo for some tq,to € T.

The concepts of state-observability and state—reachabilityﬁ are important corner-
stones of control theory and they are connected to the following informative ma-
trices of SS representations:

Definition 2.32 (State-observability matrix) The state-observability matrix of Rgs(F)
is defined as 0,,, € Rvmx)xnx gith

O =[CT ATCT ... (Am—1TCT |7, (2.46)

Definition 2.33 (State-reachability matrix) The state-reachability matrix of Rgs(F)
is defined as R, € R=*(mxnv) gith

Roy=[ B AB ... A™7'B]. (2.47)
These matrices have the following well-known property:

Theorem 2.11 (Induced complete state-observability/reachability) Rsg(F) is com-
pletely state-observable (reachable), iff rank(O,,, ) = ny (iff rank(R,,, ) = nx).

Corollary 2.1 IfRgs(F) is completely state-observable (reachable), then at least n, num-
ber of rows of O, (columns of R, ) are linearly independent, forming an invertible ma-
trix. This implies that in the SISO case, Oy, (or R, ) is invertible.

5Note that in many text-books, reachability is also called controllability. As in DT, sometimes con-
trollability is identified as state-stabilizability, usually much confusion rises around this term. To avoid
this problem, here the terminology of reachability is used.
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The following theorem is the consequence of the minimality concept of Proposi-
tion [2.26]

Theorem 2.12 (Induced SS minimality) (Polderman and Willems 1991) %Rss(F)
is minimal iff it is completely state-observable.

Note that, opposite to the orthodox LTI system theory, minimality in this context
does not requirfﬁ state-reachability. However, when it is necessary to refer to orig-
inal concept, we use the terminology of joint minimality:

Definition 2.34 (Joint minimality) If Rss(F) is minimal and completely state-reach-
able, then the representation is called jointly minimal.

In the sequel, O,,, and R,,, are used to develop canonical forms for LTI-SS repre-
sentations.

Observability canonical form

Assume that Rgg(F) is completely observable and SISO. Then, introduce a new
state-basis with the transformation matrix

T, = o’l’LX? (248)
leading to a new state variable z,, obtained as
zo(t) = Tox(t), VteT. (2.49)

To derive an equivalent representation of F in terms of the new state variable, T,
is applied to the system matrices in accordance with ~, resulting in:

0 1 0 -

?’Lx—l
Ao = ToAToil | BO = ToB _ : : - : TL);(—Q
Co=CT, T | Do= |l o 0 ... 1 :
—af  —ay ... —ag 0
T 0 ... 0 o

The resulting representation

Ao | Bo } , (2.50)

R5(F) = g B

is called the observability canonical state-space representation of F and it is equivalent
with Rgg(F). An important property of R3s(F), is that the associated observabil-
ity matrix of this representation is an identity matrix.

Now assume that  is a MIMO system. Then according to Luenberger (1967),
the canonical form of a completely observable Psg(F) is realized by a mapping
rule of three steps:

®Non-reachable systems are very common and they allow a state-minimal representation. Consider
for instance autonomous systems. Such systems define an unique behavior, but their state representa-
tion is never state-reachable.



44 Chapter 2 LTI systems and OBFs

01 02 01 02

/ A A
y l A2 —o A2

(a) Scheme I (b) Scheme II

Figure 2.1: Young's selection scheme for O,,,.: nx = 3, ny = 2. Vectors represented
by dark cells must be selected if they are independent.

1. Choose ny-independent rows of the full column-rank O,,, with a given or-
dering sequence.

2. Rearrange those ny-independent rows with a fixed order to form a nonsin-
gular state transformation matrix 7.

3. By applying the equivalence transformation defined by 7;,, compute the
canonical representation.

Based on this, write O, as the sequence of vectors:

One=[ o] ... o ATol ... ATol 1", (2.51)
where CT = [o],...,0, ]. According to the previous mapping strategy, the first

step in the development of a MIMO observability canonical form is the selection
of ny linearly independent vectors from the ny x ny rows of (2.51), which form the
state basis of the new representation. It can be shown, that due to the complete
observability of the system, it is always possible to make a selection, but in gen-
eral it is not unique (Luenberget [1967). Depending on the particular way of the
selection procedure, different canonical forms can be obtained. In the following,
such a selection procedure is used that reproduces the structure of the previously
introduced SISO LTI observability canonical form. According to this, write the
vectors defined by (2.5]1)) in the following order

{01,09,...,0ny,014,004,...,0n, A, ...}, (2.52)

which matches Young's selection scheme II presented in Figure2.1] For the sake of
simplicity, momentarily assume that rank(C) = ny, meaning that {01, 02,...,04,,}
are linearly independent. Define the index set I = {7 € Z | 11 < 7 < 7},
Then, the linear dependence of every vector from the ordered sequence 2.52) can
be analyzed one after the other: if 7; € 17* is the smallest number such that 0; A™
is linearly dependent on the previous vectors, then there exists a set of unique

constants {ag;; }, such that

ny Tij—

1
0; AT =" " af;0,Al, (2.53)

j=1 1=0
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where the ordering of the vectors implies that

Ti fori = j,
7;; =< min(r +1,7;) fori> j, (2.54)
min (7;, 7;) fori < j.

Once all dependent vectors belonging to all the ny output channels associated
chains have been found, a total of ny = >, 7; independent vectors is selected
due to the complete observability assumption. Furthermore, as the first ny vectors

{01, 09,...,0,,} are independent, they are automatically selected, implying that

max 7; = Tmax < x — Ny + L. (255)
iel}y
Moreover, the remaining linearly dependent relations (see (Z.53)) are described by
SOty >05%, mi; number of constants {ag;;}. Finally, the new state basis is defined

by

7] =[of .. (an ) ol .. oI . (A ) oI | (256)
Due to the linear independence of the rows, T, is invertible and by using the
same argument as in the SISO case, it implies algebraic equivalence, defining an
equivalence relation. This equivalence relation yields the following form of the
transformed matrices of R (F):

By

A, | Bo ] [A%] . 0.5 € Y™ :
Co| Do | B, |’

€1 Onvx(nfl) ce- Cny Oan(Tnvfl) | D

where [ . ] denotes matrix composition, {e;}.*; is the standard basis of R"¥, and

— o - T
0 ... 0 —Q50
0 0 —a2 1
Ao — 1 .. —ag A;’j _ ] : —a;?j(ﬂj_l)
. 0 . . 0
0 ... 1 Qi —1) (rix71) : : :
i 0 O... 0 (3 L iy
ﬁil(ri—l) ce ﬁiny(n—l) 61171 ce ﬂlnun
Bf = D, = . .
61910 . ﬁfnuﬂ (‘ri><nu) nylrnv . NYNUTny (annU)

Based on this representation, the LTI system is separated to an interconnection of
subsystems characterized by the A9, and B? matrices and the connection of these
subsystems is defined through the A, matrices. In this way, using the constructed
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state-space transformation T, applied on Rgs(F), we have constructed a canonical
SS representation of F. The following corollary holds for representations of F
with the structural form of (A,, B,, Cs, D,) both in the SISO and the MIMO cases:

Corollary 2.2 REs(F) is completely state-observable and hence minimal.

This corollary means that transformation to the canonical form preserves state-
observability, i.e. a SS representation with this structure always completely state-
observable. In case rank(C') # ny, the observability canonical form does not exist
in the previously introduced structure as C, cannot be a matrix composed from
zero vectors and standard bases. In this case, 75, is constructed by considering
the system only with the independent output channels. Then, T, is applied to
the original matrices. The resulting C|, retains the structure of the conventional
canonical form for the linearly independent channels (containing only zero vec-
tors and standard bases), however it contains non-unit elements (the weights of
the linear combination of the independent channels) in the rows corresponding to
the dependent output channels.

Reachability canonical form

Similar to the previous part, assume that Rgg(F) is SISO and completely reach-
able. We introduce a new state basis, using

T, = R! (2.57)

ny
leading to a new state variable z,, obtained as
xp(t) = Tyx(t), VteT. (2.58)

By applying the equivalence relation defined by T on fRsg(F), the transformed
matrices are given as (Guidorzi|1981; Kalman/ 1963):

0 N S
1 . o
A =TAT' | B.=T,B ] _ a0
C.=CT, " | D,=D |~ 0 :
0 1 —al, ;| 0
’Ilibxfl /6;‘le2 tte 6 ’II:LX

Then,

R (F) = [%%] , (2.59)

is called the reachability canonical state-space representation of F. Furthermore, the
reachability matrix of R (F) is the identity matrix.

As a second step, the MIMO case is considered as an extension of the previ-
ously derived formulation. Similar to the observability case, R, is rewritten as



2.1 General class of LTI systems 47

I A A2 I A A2
T Ir1
— Y
T2 fr— T2 1
(a) Scheme I (b) Scheme II

Figure 2.2: Young's selection scheme for R,,.: ny = 3, ny = 2. Vectors represented
by dark cells must be selected if they are independent.

sequences of its column vectors. The selection of ny linearly independent vectors
from the ny x ny column vectors determine the state basis of the reachability form.
In the following, such a selection procedure is used that reproduces the structure
of the previously introduced SISO LTI reachability canonical form. According to
this, define B = [ry,...,r,,] " and select the rows of R,,, in the order of

nx—1
{rl,Arl,...,A * rl,rg,Arg,...},

which matches Young’s selection scheme I presented in Figure Temporally
assume that rank(B) = ny meaning that {ri,rs,...,r,,} are linearly indepen-
dent. Then, the linear dependence of every vector from the ordered sequence can
be analyzed one after the other just like in the observability case. However, in
Young's selection scheme I, the vectors {ri,rs, ..., r,,} have to be selected to the
state transformation matrix even if the ordering would indicate else. The expla-
nation lies in that in the reachability canonical transform of B every row must be
zero or a standard basis in R'*"v, which needs that all {r,rs,...,,,} must be
the part of 7;. According to this, if 7; € 17* is the smallest number such that A™r;
is linearly dependent on the previous vectors, then there exists a set of unique
constants {«};; }, such that

i Tij—1

Ariry =" " ah Al (2.60)

j=1 1=0

where, because of the ordering of the vectors, {7;;} satisfies (Z54). Once that
all dependent vectors belonging all the ny input channels associated chains have
been found, a total of ny = ) 'Y, 7; independent vectors are selected due to the
complete reachability assumption. Furthermore, by the selection scheme, the ny

number of vectors of {ry,rs,...,r,,} are automatically selected, implying
max T; = Tmax < N — ny + 1. (261)
iel}V

The remaining linearly dependent relations (see (2.60)) are described by
> ity 25—y Tij number of constants {«];,}, and 7} is defined as:

-1

T, = [ r, ... A" lry .o, AT"rtﬁlrnU } (2.62)

U
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Again, linear independence of the selected rows assures the existence of the in-
verse. The T} equivalence relation yields the following transformed matrices:

- eir -

O(Tlfl)anU

= T ,
€nu

A | B 1| A hgen
C. | D,
O(Tnvfl)xn;u

ci ... Ch, D

where {e;}¥, is the standard basis of R'*"v and

[0 0 —aiy |
0 ... 0 —g
1 . —alk;, : R
Al = u A% = ij(Ti;—1)
0 : : : 0
0o ... 1 “Qi(r—1) (s %73) : : :
r r | 0 ... 0 0 1 (rixry)
ﬂli(nfl) te ﬁliO ﬁiln s ﬂ{nun
Cr = : : D, = : :
ﬂ?rwi(‘l'i—l) c Pryio (ny x73) vty PiynuTey gy ong)

Again, RE (F) is equivalent with Rgs(F). The following corollary also holds:
Corollary 2.3 RE(F) is completely reachable.
Furthermore, if Rgs(F) is minimal, then the resulting R (F) by the given con-

struction procedure is also minimal. In the case of dependent columns of B, the
state-transformation is constructed based on the independent input channels.

Companion canonical forms

The observability and reachability canonical form can be given in an other so
called companion or phase-variable form (Luenberger 1967). These are defined in
the SISO case as:

0 ... 0 —a co
1 . _aio (1:0
A B
Oc¢ co co _
Rgs(F) = { Ceoo | Deo } B -0 : : ’
0 ... 1 —a®_,|pge,
0 ... 0 1 co
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0 1 0 0
Re Acr Bcr : : - : :
EF{SS ("’T) = |: Ccr Dcr :| = 0 0 e 1 0 )
—af —af’ —ag i | 1
& s . B |6
with state-transformation matrices:
T..) = [ o ... Am~lg },
T, = [ r’o... (A’”‘_l)TrT } .

Here o is the last column of O,;! and r is the last row of R;;!. In the MIMO case,
the companion forms are generated by selecting the linearly independent rows
(columns) based on a different ordering (Luenberger 1967). For the companion
observability case, the ordering of the rows of 0,,, matches with Young’s selection
scheme I presented in Figure 2] while in the companion reachability case, the
ordering of the columns of R,,, matches with Young's selection scheme II of Figure
Similar to the previous canonical forms, the observability companion form is
always observable and the reachability companion form is always reachable.

Transpose of SS representations

It is also important, that for a given SISO LTI system F, it holds that

Rss(F) = {%’%} and NRg(F) = [ g: C; ] (2.63)

have equivalent manifest behaviors if they are both jointly minimal (Mason 1956).
Here R (F) is called the transpose of Rss(F). This implies that the transpose of
R (F) is equivalent with RE;(F) in case of joint observability and reachability.
Hence, the corresponding matrix coefficients are equal. If R$y(F) or RE(F) is
not jointly state-observable and state-reachable, then equality only holds for zero
initial conditions, as non-observable states are transformed to non-controllable
states. The same relation holds for the companion forms. In the MIMO case, the
construction of the equivalent transpose form needs the computation of a state-
transformation 7' (if it exists) such that ATT = T A.

Balanced SS realizations

In systems and control theory, complete state-observability and state-reachability
are also frequently discussed involving observability and reachability gramians.
These symmetric and positive semi-definit matrices also determine the state-ob-
servability or state-reachability of the SS representation:
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Definition 2.35 (Gramians) The observability gramian O and the reachability gramian
R of an asymptotically stable Rgs(F) are symmetric matrices which are defined as:

0= / A TCTCeAdr and R = / eA"BBTeA Tdr, (2.64)
0 0
in continuous-time. In the discrete-time case, O and R of an asymptotically stable Rgg(F)
are defined as

0= (aN)cTcA* and R=3A*BBT (AT)". (2.65)
k=0 k=0

Theorem 2.13 (Induced observability/reachability) The SS representation Rgg(F),
is completely state-observable (state-reachable), iff its observability (reachability) gramian
is full rank.

In practice, these gramians are computed by solving the following Lyapunov
equations:
AR+RAT = —-BB" and ATO+04=-CTC, (2.66)

in the CT case and
ARAT +BBT =R and ATOA+CTC =0, (2.67)

in the DT case. Now we can introduce the concept of balancing:

Definition 2.36 (Balanced SS realization) Let Rgg(F) be an asymptotically stable SS
representation of an LTI system F with observability gramian O and reachability gramian
R.If

R=0=H=0, (2.68)

where H is a diagonal matrix, then we call Rgg(F) (internally) balanced w.r.t. H.

It is immediate that a balanced realization is jointly minimal, i.e. completely state-
observable and reachable, if H > 0. The non-zero diagonal elements of H =
diag(oy, ..., 0ny) are called the Hankel singular values. It can be shown, that each
non-autonomous LITsystem has a jointly minimal balanced SS realization

[1984). Balanced realizations are important tools for model reduction and as we
will see, they play an important role for OBFs. To find the balanced realization of
a given F, the following theorem is important:

Theorem 2.14 (Balanced state transformation) (Glover [1984) Let Rgg(F) be an
asymptotically stable and jointly minimal SS representation of an LTI system F with ob-
servability gramian O = LoL] and reachability gramian R = L, L, . Define the singular
value decomposition of L L, as L] L, = L1H?Lg . Then the state-transformation

T=HY2L, L7 =H™Y2L,L], (2.69)

applied to Rss (F) gives a balanced realization of F w.r.t. H.
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2.1.7 Relation of state-space and input-output domains

In the previous part we have introduced SS and IO representations of LTI dynam-
ical systems. In many areas of systems and control, it is an important question to
find equivalent IO and SS representations of a given system. This means, that if
a representation of an LTI system F is available, e.g. a SS representation, how to
find or characterize representations of the system in other domains, e.g. among
IO representations, which define the same behavior. The theory for this, so called
realization problem, is again introduced without making distinction between the
CT and DT cases.

Input-output realization through elimination of the state

First consider the situation that the IO realization of a 9igg(F) is sought. To estab-
lish IO realizations of SS representations, first it is shown that the state as a latent
variable can always be eliminated without changing the manifest behavior:

Theorem 2.15 (Elimination of the latent variable) (Polderman and Willemd[1991)
Given a latent representation of S with manifest behavior B and polynomial matrices
R € R[E)™ ™, Ry, € R[§]™*™*. Let the unimodular matrix M € R[£]"*" be such
that

0 R//

with Ry of full row rank. Then, the manifest behavior defined by R ({)w = 0 is equal
with B.

MRL:[R/L}, MR:[R/}, (2.70)

Based on Theorem the state vector as a latent variable can be eliminated
from Rgg(F) with an unimodular transformation. Due to Theorem such a
transformation does not change the manifest behavior, hence we call this latent
variable elimination an equivalence transformation. The next step to establish an 10
realization is to formulate the unimodular transformation and the resulting R" as
the combination of an output side polynomial R, and an input side polynomial
R,. Consider the SISO case first:

Corollary 2.4 (IO Equivalence transformation) (Polderman and Willemsd [1991))

Let Rss(F) be a SISO state-space representation. Define Ry € R[¢] and R, € R[¢]!*™*
by

Ry(¢) =det(I§ — A), Ry(§) = Ry(CUE - A)~". (2.71)
Let Reom € R[€] e the greatest common divisor of Ry and R,. Define
RO =gy o Ru(©) = g B+ DR(E). 2.72)

Then the IO representation of F, denoted by Rio (F), is given by

Ry(&)y = Ru(&)u. (2.73)
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The following property is important:

Property 2.1 (Polderman and Willems [1991) Assume that Rss(F) is minimal, i.e.

completely state-observable. Then the 1O representation of F is given as

Ry(€) = det(I§ — A), and Ru(€) = Ry()C(I€ — A)'B + DRy(€).

(2.74)

In other words, for a minimal SS representation, the equivalence transformation
simplifies, as dynamics related to non-observable states are not needed to be elim-
inated (Ry and R, are coprime). In case of the previously introduced canonical
forms, the state elimination results in the following conversion rules:

Corollary 2.5 (IO conversion rules) (Willems 2007) The IO realization of minimal
canonical SS representations of F is given as

O O R R

R5s(F) Rgs (F) R5s(F) Rss (F)
a; of os° o ot
Gy 1 1 1 1

ng—1 ng—1
bj | 87+ lZ AP B —14j | B5° B | B+ IZ G Prg—i4j | Bf + a5 0
b (o] CO T CI
nx ny ny nx nx

ny—1

withi,j € 1 and ny = ny, = ny.

In the MIMO case, the realization is computed by applying the algorithm defined
by @Z1) and (Z72) for each output channel separately, i.e. for each R\ = det(I¢—
A)and R (&) = ] R (£)C(I¢— A)~1, i € I polynomials. The common divisor
R in this case is the greatest common divisor of R&) and R\,

State-space realization through cut & shift

Finding an equivalent SS representation of a given IO representation follows by
constructing a state-mapping. This construction can be seen as the reverse oper-
ation of the previous latent variable elimination. The actual aim is to introduce
a latent variable into (Z.73) such that it satisfies the state-property, ergo it defines
a SS representation of the original system via Theorem The central idea of
such a state-construction is the cut-and-shift-map o_ : R[¢] " — R[] *" that acts on
polynomial matrices in the same way as the backward time-shift operator acts on
time functions:

o_(ro+mé4 ...+ =r +... Fr" L
R(¢)

(2.75)

This operator can be seen as an intuitive way to introduce state-variables for a KR
representation of F associated with R, as wr, = ¢o_ (R(§))w for a smooth w implies
that

R(§w = row + wy,. (2.76)



2.1 General class of LTI systems 53

Repeated use of ¢o_ and stacking the resulting polynomial matrices gives

o—(R) ST SR EE U Lo
0% (R) ro4 .. T2
S_(R) = : - : . 2.77)
0" *(R) Tn—1+7Tn§
0" H(R) n

In case R € R[{]™ ™ with n, = 1, the rows X_ are independent, thus it can be
shown that X = ¥_(R) defines a minimal state-map in the form of

r=X(w. (2.78)

Later it is shown that such a state-map implies a unique SS representation. Before
that, we characterize all possible minimal state-maps that lead to an equivalent SS
representation.

We continue to consider the case n, = 1. Denote the multiplication by ¢ as
0+, which acts in the same way as the forward time-shift operator acts on time-
functions:

o4(ro+r&+...+1m8") =1 + Tq§2 R S (2.79)

Note that p_p;+ = I, while g4 (p_(R)) = R(¢) — R(0). Consequently

o ({ E_éR) D - [ E_}?R) } - T;J : (2.80)

row

Denote by spany™ (P) the subspace spanned by the rows of P € R[{] ", viewed
as a R-vector space of polynomial vectors. Also introduce moduleg¢ (R), the R[{]-
modulé] spanned by the rows of R(¢):

R
modulege (R) = spang™ | | e+(F) | | (2.81)

This module represents the set of equivalence classes on spang’™(X_(R)). Let X €
R[¢] *™ be a polynomial matrix with independent rows and such that

spang™ (X') @ modulege) (R) = spang™ (¥ (R)) + moduleg¢ (R). (2.82)

Then, X is a minimal state-map of the LTI system represented by the polynomial
R € R[¢]**™ and it defines a state variable by Z.78) (Willems ). This way it
is possible to obtain all minimal equivalent SS realization of the system. The next
step is to characterize these SS representations with respect to an IO partition.

"R’ € moduleg(¢ (R) if and only if 3P € R[§]'*" such that R’ = PR.
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An input-output partition (u,y) associated with R is obtained by choosing
a selector matrix] S, € R*" giving v = S,w and a complementary matrix
Sy € R*"™ giving y = Syw. Then it can be shown, that there exist unique matri-
ces A, B, C, D and polynomial matrices X, (¢), Xy (§) with appropriate dimensions
such that

X () = AX(§)+ BSu+ Xu(§)R(S), (2.83a)
Sy = CX(&)+ DSy + Xy (&)R(E). (2.83b)

These imply that

|: A | B :| e |: IRny(an | [R’I’LxX’I’LU (2.84)

O | D [anxnx | [anxnu )

is a minimal state-representation of the LTI system represented by the polynomial
R € R[g]P .

The algorithm described by (2.83alb) also gives insight into the realization of
the classical SS canonical representations. Later we show that this mechanism can
also be used in the LPV case. We continue to consider the SISO case. Assume that
Rio(F) is given with polynomial matrices R, and R, where R, is monic. Then

([ Ry(§) —Ru(§) ]) gives:

[ a + axé + ...+ fn"_l —by — bl — ... — bnbfnb_l T
a2 + ...+ gna72 —by — ... — bnbfnbiz
(2.85)
An,—1 +€
L 1 -

This n, x 2 matrix has independent rows and the span of these rows is linearly
independent from modulege|([ Ry —Ry |). In terms of @.82), the construction
of the state-map requires to choose X € R[¢]">*? such that spaniy™(X) equals
to the rowspan of 2Z.85). As all rows of (2.85) are independent, X can be easily
constructed. The choice of selector matrices is also evident: S, = [ 0 1 ] and
Sy =[1 0 ]. Aconvenient choice for X is to take the rows of (2.85) in the given
order (top-to-bottom). Then, the algorithm defined by (2.83alb) with such an X
leads to the companion-observability canonical form 9195 (F). Another choice of

Xis
1 —3
3 =7 = B3¢
X = : : : (2.86)
=2 _po ... pgem?
gnafl _ ga_l - = ﬂgénafl
where the {3} } coefficients are computed from the expansion
Ru(§) 1 -
=0 + 00 &+ BT+ (2.87)
Ry(g) ’

8 A matrix with one entry 1 in each row, at most one entry 1 in each column, and all other entries 0
is a selector matrix.
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Then, (Z86) leads to the observability-canonical form Rg(F). The following
claim also holds:

Claim 2.1 (Willemd2007) The R (F) and M5 (F) SS realizations of a SISO Rio (F)
via (2.83akb) are completely state-observable and hence minimal. They are also completely
state-reachable iff R, and R, are coprime.

To deduce reachability canonical forms, we investigate the SS realization of
Rio(F) with matrix polynomials R, and monic Ry in the following latent variable
form, the so called image representation:

HEEE 2.88)
X(©)

with ¢ either being equal to < or g. Applying the algorithm for state-construction
on (2.88) with variables (wr,, u,y) leads to

S ([ X ~Dye N=[2_(X) 0 0],
where
ar +agé + ...+ £l
by + b+ ...+ by L

5 (X) = Gy + ... €M
by + ...+ by 2

A minimal state for (Z88) is therefore given by z = X (£)wy, where X € R[¢]"=*!
is a polynomial with independent rows such that spani®™ (X ) = spanio™ (2 (X)).
The input is given as u = S, X (¢)wy, with S, an appropriate selector matrix. Then
choosing S, complementary with respect to S, it can be shown that there exist
unique matrices A, B, C, D and a polynomial matrix X such that

EX(6) = AX(§)+ BS.X(9), (2.89a)
S, X(€) = COX(€)+ DS X(€). (2.89b)

Such matrices (4, B, C, D) define a SS representation of the polynomial R(§) rep-
resented LTI system F. There are again convenient choices for X:

X@E=[1 ¢ ... g2 gnt] (2.90)

giving a realization of the companion-reachability canonical form ER%% (F), while
using
a —l—...-l—gna*l
ag + ...+ Ena2
X(§) = : ; (291)
an,—1 + f
1

gives RE(F). The following claim also holds:
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Claim 2.2 (Willems 2007) The RE(F) and i)‘ifSRSC (F) SS realizations of a SISO Rio (F)
via (Z89atb) are completely state-reachable. They are also completely state-observable and
hence minimal iff Ry and R, are coprime.

The direct coefficient relation of the canonical forms with the IO coefficients can

also be obtained in case R, and R, are coprime:

R (F) Rgs (F) R (F) R (F)
(673 a; a; a; a;
Nna—1 na—1
B | bj— lZ @y, iy | b —aibn, | b — lZ @By, _iyj | b5 — ajbn,
=j =3
ﬂﬂx bna bna b'ﬂa bna

where i,j € ugx—l, nx = Na, and b; = 0if j > ny,. It is an important observation

that the resulting relation of the coefficients is exactly the inverse of the previously
derived conversion rules of the IO realization case. Moreover, due to the minimal-
ity of the state-map, all the obtained canonical forms are minimal and belong to
the same equivalence class.

In the MIMO case, algorithm (2.83alb) and (2.89%alb) also provides SS realiza-
tion of IO representations, however with different selector matrices (due to the
multi-dimension) and with a more complicated path to select independent rows
from the shift-map for X. It is only guaranteed that at least n, number of rows
of the shift-map are independent, thus such selection is not evident. Similar to
selection schemes generating SS canonical representations, only certain selection
strategies for X lead to the MIMO observability and reachability canonical forms.
Therefore, depending on the selection scheme, it is not guaranteed in the general
sense that the obtained SS realization via algorithm (2.83alb) or (2.89alb) with the
chosen X is minimal.

2.1.8 Discretization of LTI system representations

Similar to the representation problem discussed previously, it is important to find
equivalent/adequate DT realizations of a given CT system. Such a transforma-
tion of continuous-time representations into a discrete-time counterpart is called
discretization and it is highly motivated by both identification and controller im-
plementation.

In the LTI framework, already extensive research has been dedicated to dis-
cretization methods. The developed techniques can be separated mainly into two
distinct classes: isolated and non-isolated methods (see Hanselmann (1987) for an
overview). Non-isolated techniques consider the discretization of a CT controller
acting on a plant in a closed-loop setting and they aim at the preservation of the
CT closed-loop performance. Isolated techniques consider the stand-alone dis-
cretization of a CT system aiming at only the preservation of the CT input-output
behavior. While isolated approaches are applicable to any LTI system, the non-
isolated techniques are only useful for controller discretization, but they generally

result in a better closed-loop performance (Hanselmann 1987).
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Figure 2.3: Zero-order hold discretization setting of general LTI systems.

In the following, a brief overview of the isolated discretization methods is
given with the intention to extend the introduced methods for the discretization
of LPV systems later on. To accomplish this, first the exact setting of the discretiza-
tion problem has to be established. We consider an ideal Zero-Order Hold (ZOH)
setting presented in Figure[2.3] In this formulation, we are given a CT-LTI system
F, with input-output partition (u,y), and we would like to steer/describe F in
a discrete way. Thus, we choose that u is generated by a ideal ZOH device and
y is sampled in a perfectly synchronized manner with sampling-time Tq € R.
It is assumed that the ZOH and the instrument providing the output sampling
have infinite resolution so there is no quantization errov@ and their processing
time is zero. In the following we use the notation uq and yq to denote the discrete-
time counterparts of the continuous-time signals u and y satisfying 2.20) with
sampling-time T4. Based on this, for the signals of Figure 2.3]it holds that

u(t) = wuaq(k), Vte€lkTa,(k+1)Tq), (2.92a)
y (kTa), (2.92b)

<
(=}
—~
o~
~—
Il

for each k € Z, meaning that u can only change at every sampling-time instant.
However in Section equivalence of CT and DT behaviors under a given
sampling-time has been established without any restrictions on the variation of
the input signal. But in order to compute/describe the effect of u on F in a given
sample interval, its variation must be restricted to a certain class of functions
which is chosen here to be the piecewise constant (zero-order) class. By choosing
this class wider, including linear, 2rd_grder polynomial, etc., higher-order hold
discretization settings of LTI systems can be derived (see Middleton and Good-
win (1990)). Moreover, ZOH based actuation is implemented in most actuation
devices and such a setting is quite realistic in the sense how computer controlled

physical systems behave (Hanselmann/[1987).

9The ZOH device is a signal hold instrument providing a CT signal which is constant till the device

is commanded to change it to a new value in a piecewise constant manner.
19Due to digital nature and physical limitation of the equipment, the ZOH device has finite res-
olution in reality, which means that it can only generate finite number of signal values. Moreover,
sampling devices also store data digitally, making available only the representation of finite number of

different measured values. The actuation and sampling error introduced by these problems is called
quantization error. For more on quantization and its effects, seem (@).
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Discretization of state-space representations

In order to find an equivalent DT-SS realization of a given fgs(F) under the ZOH
setting, write the state equations (2.18alb) as

%x (t) = Ax(t)+ Bu(kTq), (2.93a)

y(t) = Czx(t)+ Du(kTq), (2.93b)

for t € [kTq, (k + 1) Tq) with initial condition x (kT4). These equations describe
the state and output evolution of Rgs(F) inside the k'™ sampling interval. Then
in the k' interval, the Ordinary Differential Equation (ODE) defined by (Z.93a) has
the following solution:

t—kTq
z (t) = AR 4 (kTy) + / AR By (kTq) dr. (2.94)
7=0
By substituting ¢ = (k+ 1) Tq, zq (k) = 2 (kTq), and uq (k) = wu (kTq), formula
(2.94), under the restriction that A is invertible, results in:

zq (k+1) eTazg (k) + A7 (e —T) Buq (K), (2.95a)
va (k) = Cuzq (k) + Duq (k), (2.95b)

where yq (k) = y (kTq) due to the ZOH setting. We call this discretization method
the complete method, giving the following DT equivalent of Rgs(F):

eATd | A—l (eATd _ I) B

Rss(F,Ta) = o 1)

(2.96)

Approximative state-space discretization methods

In order to avoid the computation of eA7¢, many different approximative methods
have been introduced:

o Rectangular (Euler’s forward) method

The simplest way of avoiding the computation of e is to use a first-order
approximation:
AT~ T+ ATy, (2.97)

Now introduce f(z,u,t) = Az(t) + Bu(t) as the left hand side of (2.18a). Then

(k+1)Tq (k+1)Ta
/ flx,u,7) dr = / Az (1) + Bu (kTq) dr, (2.98)
T=kTq T=kTq

gives the solution of (2.93a) in [kTq, (k + 1) Tq). By the left-hand rectangular evalua-
tion of this Riemann integral, (2.98) is approximated as

x((k+1)Tq) =z (kTq) + TqAx (kTq) + TaBu (kTq) , (2.99)
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coinciding with the suggested matrix exponential approximation of (Z.97). Based
on this rectangular approach, the DT approximation of Rgg(F) is given as:

I+ T4A | TaB

RAgs(F,Ta) = c | D

(2.100)

Another interpretation of this method can be derived from Euler’s forward dis-
cretization, which uses that:
d x(t+Tq) —x(t)

T (t) = T£1§0 I, . (2.101)

Then, by using (Z101) as an approximation with Tq > 0 fixed:

d z((k+1)Tq) — x (kTq)

— ~ 2.102
for t € [kTq, (k + 1)Tq). Substitution of (2.102) into (2.93a) yields the previously
derived conversion rules.

e Polynomial (Hanselmann) method

Continuing the line of reasoning of the rectangular approach, it is possible to
develop other methods that achieve better approximation of the complete case at
the price of increasing complexity. As suggested by [Hanselmann (1987), higher
order Taylor expansions of the matrix exponential term:

ATy ~Th
e d””lZWA’ (2.103)
=1

result in the so called polynomial discretization methods. Substituting (2.103) into
(2.93a) gives:

S~ Ty 4l ST
I+127A T4 I+l;mA B
C | D

(2.104)

Rss(F,Ta) = [

o Trapezoidal (Tustin) method

An alternative way to give a better approximation than the rectangular method
is to use a different (approximative) evaluation of the integral 2.98):

2 ((k+ 1) Ta) % 2(KT) + 0 [F (0, KTa) 4 fl o, (k4 DT, (2109

which is the so called trapezoidal evaluation of the Riemann integral. This coincides
with the Extended Euler method and the 1-step Adams-Moulton method of numeri-
cal approximation of ODEs (Atkinson [1989) or the commonly used Tustin type of
discretization. The derivation is as follows:

Assume that (I — & A) is invertible and apply a change of variables

Fa (k) = — <I—T—dA)x(de)—@Bu(de), (2.106a)
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which defines an invertible state-transformation. Then, substitution of (2.106al)

into (Z.I05) gives

(I+%A)(T-%4)" | VIq(I-%4) "B
VIZC(1-%9A)" | Lo -uA)'ByD

It is important to note that the trapezoidal method only approximates the manifest
behavior of Rgs(F, Ta), as it gives an approximative DT-SS representation in terms
of the new latent variable 4.

RAgs(F,Tq) =

e Multi-step methods

As an other alternative, consider the state evolution as the solution of the DE
defined by (2.18a). This solution can be numerically approximated via multi-step
formulas like the Runge-Kutta, Adams-Moulton, or the Adams-Bashforth type of
approaches (see (1989)). In commercial engineering software packages,
like Matlab Simulink, commonly variable step-size implementation of these algo-
rithms assures accurate simulation of continuous-time systems. However in the
considered ZOH discretization setting, the step size, i.e. the sampling rate, is fixed
and sampled data is only available at past and present sampling instances. This
immediately excludes multi-step implicit methods like the Adams-Moulton ap-
proaches. Moreover f(z,u,t) can only be evaluated for integer multiples of the
sampling-time, as the input only changes at these time instances and the result-
ing model must be realized as a single rate (not multi-rate) system. Therefore it
is complicated to apply methods like the Runge-Kutta approach. The family of
Adams-Bashforth methods does fulfill these requirements (see ).
The 3-step version of this numerical approach uses the following approximation:

r((k+1)Tq) =~ za(k+1)=2(kTq)+ % 5f(z,u, (k—2)Tq)—
—16f(x,u, (k — 1)Tq) + 23f(z,u, kTq)] . (2.107)

Then, formulating this state-space equation in an augmented SS form with the
new state-variable:

Zq (k) = col (zq (k) , f(z,u, (k — 1)Tq), f(z,u, (k — 2)Tq)), (2.108)
gives that
TepA MM |
N A 0 0 B
Rss(F,Ta) & 0 7 0 0
C 0 0o | D

The resulting DT-SS representation is an approximation of Rgs(F, Tq) in terms of
the new state variable % 4.

Discretization of input-output representations

In order to find the equivalent DT-IO realization of a given Rio (F) under the ZOH
setting, commonly the transfer function F(s) of o (F) is used for derivation.
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P =22 g {g—l {EF(S)}} }

Then it can be shown that R0 (F, Tq) with transfer function F”(z) is the DT equiv-
alent of R (F) in the ZOH setting under the sampling-time Ty (Neuman and
Baradello[1979). Alternatively, discretization of IO representations can be carried
out in the SS domain by finding an equivalent SS realization of fRio(F). Many
approximative SS approaches have their equivalent formulation in terms of ap-
proximations of (Z.I09). These result in the well-known substitution formulas of s
for F'(s) to approximate F'(z).

Define:

(2.109)

Properties of approximative discretization methods

In the LTI case approximative discretization methods have been analyzed in many
quantitative studies (see Hanselmann (1987)), while their numerical properties
have been fully worked out by the numerical analysis community (see m
(1989)). The main focus of these investigations concentrated around the intro-
duced signal errors of the approximative DT projection and the numerical stability
of the applied methods. During the extension of the LTI methods for LPV system,
these properties will be revisited and thoughtfully investigated in Chapter Bl

2.2 Orthonormal basis functions

In LTI system theory, it is common to represent transfer functions of dynamical
systems in a series-expansion form. The most simplest of these expansions is the
Laurent expansion. Consider a DT-LTI system F and its transfer function F'(z)
associated with an IO partition (y, u). Assume that F is stable, so the domain of
F'(z) is the exterior of the unit circle. Then, the Laurent expansion of F'(z) around
z=o001is

F(z)= igiz_i. (2.110)
=0

We have already discussed that the constants {g;}5°, are called Markov param-
eters or expansion coefficients. These coefficients are unique with respect to the
system, regarding the IO partition associated with F'(z). Note that in case of un-
stable systems, a Laurent expansion of F'(z) is available but around z = 0, which
results in an expression in the positive powers of z. By substituting z~! in (ZI10)
with the backward-shift operator g~ !, it holds that

y=> &q ‘u (2.111)
=0

for all (u,y) € B with left compact support. Thus ZITI) can be considered as a
representation of the system itself and will be denoted by Ry (F). @III) has a di-
rect relation with the impulse response of the system considering the IO partition
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(y,u) (see Z26)). Therefore (ZITT) is called the Impulse Response Representation
(IRR). Note that such a representation is available for unstable systems as well,
but in terms of the forward-shift operator g.

Finite truncations of the IRR are known as Finite Impulse Response (FIR) models,
which have proven their usefulness in many areas of engineering, ranging from
signal processing to control design and also in approximative system identifica-
tion. Despite numerous attractive properties of FIR models, these structures often
require a large number of expansion terms to adequately approximate the original
system dynamics. As an alternative, series-expansion models using general basis
functions have been introduced:

Yy~ widi(q)u. (2.112)
=1

for a predefined set of rational basis functions {¢;}!_, with ¢o = 1 and constant
coefficients {w;}°,. Such models preserve all the advantages of FIR structures,
but in general they require much less expansion terms for adequate approxima-
tion due to the Infinite Impulse Response (IIR) characteristics of the basis functions.
In the following, the basic properties and the theory of Orthonormal Basis Func-
tions (OBF) are introduced briefly with the intention to derive OBFs based rep-
resentations/models of LPV systems later on. To simplify the following discus-
sion, which is based on [Heuberger et al! (2005); Ninness and Gustafsson (1997)
and [Heuberger et all (1995), we restrict our attention to DT stable SISO systems,

however some hints are also given later how the theory extends to MIMO or CT
systems.

2.2.1 Signal spaces and inner functions

Before defining OBFs and their properties in system approximation, some prelim-
inaries are needed to be briefly covered. We denote by D = {z € C | |z] < 1} the
open unit disk on the complex plane and by J = {z € C | |z| = 1} the unit circle.
Also introduce E to represent the exterior of J. The function space we frequently
use in the sequel is the following;:

Definition 2.37 (Hardy space on E) Denote by Hs (E) the Hardy space of complex
functions (transfer functions) F' : C — C, which are analytic (holomorphic) on E, and
squared integrable on J:

1
1 2 ) 5
F = — F(rev)|” dw < oo, 2.113
¥, gg\/zﬂ/o o) dw < o0 113)
where || . ||, is a norm on Hz (E).

Ho (E) can be interpreted as the space of stable proper transfer functions. Addi-
tionally we denote by H;_ (E) the subspace of strictly proper functions in H; (E).
Introduce also RH2— (E) as the subspace of transfer functions in Hy_ (E) with real
valued impulse response. Hs (E) is equipped with the following inner product:



2.2 Orthonormal basis functions 63

Definition 2.38 (Inner product of Hy (E)) The inner product of F1,F> € Ha (E) is
defined as:

+m
(F\, Fy) = 2i/ FL(e*)F3 () duw = Lﬁpl(z)pg(%) = 2114

o C 2ir 2z’
where * denotes complex conjugation.

The norm of F' € H; (E) satisfies

[Elyy, = V(FF) - (2.115)

Two transfer functions Fi, F, € Hs (E) are called orthonormal if the following
conditions hold:
(F1,F2) =0, ||Filly, = [[F2lly, = 1. (2.116)

In this sense, the functions {z~*}7_, in Hs (E) are orthonormal, as they trivially
satisfy (ZI16). Moreover, for a given transfer function F' € Hs (E), the Markov
parameters can be computed as

gi=(F 27", (2.117)

yielding the Laurent series-expansion (Z.I10). This series-expansion is called con-
vergent if

1Py, = (| D lgil? < 0. (2.118)
=0

Relation (2I18) implies that {z~7}:°, are complete in Ho_ (E). These functions,
often referred as the pulse basis, are the most simple OBFs in Hs_ (E) and they
generate the IIR of stable dynamical systems.

We distinguish a special set of functions in H5 (E), the so called inner functions.
A function G € H; (E) is called inner, if

G(2)G*(1/2%) = 1. (2.119)

Such a function is completely determined, modulo the sign, by its poles A,, =
{\ € D}Ly:

n 1— )\
G =[] = _AAAZ, (2.120)
i=1 g

often called a Blaschke product.

2.2.2 General class of orthonormal basis functions

First the class of DT stable basis functions is considered. Let Gy = 1 and {G;}{2,
be a sequence of DT inner functions with McMillan degrees {n;}32,. Let (4;, B;,
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Figure 2.4: 10 signal flow of OBFs based series-expansion models.

C;, D;) be a jointly minimal balanced DT-SS representatio of the transfer func-
tion G;. Let {\1, \2,...} denote the collection of all poles of the inner functions
{G;}52,. Under the completeness (Szasz) condition that Y.~ (1 — |\;]) = oo, the
scalar elements of the sequence of vector functions

i—1
M;(z) = (2 = A)'B; [ [ Gi(2), i>0, (2.121)
=0

constitute a basis for Hy_ (E), and each element ¢;; = [M;]; is orthonormal in
Ho— (E) with respect to the entire sequence. An important aspect of these basis
functions {¢;; };27"j_, is that they are uniquely determined, modulo the sign, by
the poles of the generating inner functions (see (2.120) and (2.121)). However, note
that (ZI2]) is only a particular way to construct OBFs and hence the generated

basis sequence is not unique with respect to {\;, \a, ...} (Heuberger et al/[2005).

Any F € H, (E) can be written as

i=1

where W,” € C™ (if F,G; € RHa(E), then W, € R™) and it can be shown
that the rate of convergence of this series is bounded. The IO relation of the
OBF parametrization (Z122) is illustrated by Figure 24l Note that in this figure,
the state signals {z;}$2, are the state variables of the balanced SS realizations of
{G;}22,. Additionally, z; = M;(q)u, i.e. the states are equal to the output of the
generated basis functions.

Basically, the class of OBFs generalized by (ZI2I) can be classified into five
function sets represented in Figure These categories, which hierarchically
contain the smaller classes from pulse basis to the Takenaka-Malmquist class,

are defined as follows (see Heuberger et all (2005) for detailed overview on these

classes):

Note, that only inner functions in RHa— (E) have SS representations with real matrices. As an
abuse of the previously introduced terminology, we allow here SS representations, i.e. their matrices
to generalize to the complex case.
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Kautz basis

Laguerre basis

Figure 2.5: Classification of orthonormal basis functions.

Takenaka-Malmquist basis

The functions (Z12]) are often referred to as the Takenaka-Malmquist functions. For
a particulaﬂg balanced realization of the inner functions, it can be shown that the
basis functions generated via (2.121)) have the form of

i—1 « 7 [i-1 ny .
b1y () = V1= i | [Jl—[ 1- z)\il‘| lH H 1_72)%1] 7 (2.123)

z — )\ij 1 z — )\il B0 11 z — )\kl

where {\;;}72, C D are the poles of the inner function G;.

Hambo basis

The special cases when all G; are equal, i.e. G; = G, Vi > 0, where G is an inner
function with McMillan degree n, > 0, are known as Hambo functions or Gener-
alized Orthonormal Basis Functions (GOBFs). Let (4, B, C, D) be a jointly minimal
balanced SS representation of G. Define
M{PB(z) = (2I—A)'BG"(2), (2.124a)
MPC(z) = (2 —AN)CTG(2). (2.124b)

As system transposition is an equivalence transformation for jointly minimal sys-
tems, there exists a unitar T € C"e*"e such that

MPB = TMAC. (2.125)
Now by using ¢; = [M{*E];, the Hambo basis consists of the functions

O 1= {; G} (2.126)

;Mg ”

12Note that a balanced state-space realization of a inner function is non-unique.
I3A square matrix T' € C"*" is called unitary if 77* = T*T = I, where * denotes conjugate
transpose, also called Hermitian transpose.
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We also introduce
ore = {g;G Y0 me >0, (2.127)

ng o ,Ng )

to denote the case when we talk only about a set of orthonormal functions gener-
ated by a finite extension of G. Note that by using M{*“ to define ¢;, a different
basis sequence é;:‘; results. However, due to (Z.125), these basis sequences can be
considered equivalent. In the following we use the M*E based construction if not
indicated otherwise.

Similar to the previous generation method, G and hence ®7° are completely
determined by the poles of G, A,,, = {X\i,---,\n,} and any F' € H; (E) can be

written as
oo MNg

F(2)=woo+ Y Y wijb;(2)G(2), (2.128)

i=0 j=1

where wq is associated with the unit gain ¢o9 = 1. It can be shown, that the rate
of convergence of this series-expansion is bounded by

p = max|G(1/A), (2.129)

where {/\,(CO)} are the poles of F'. pis often called the convergence rate of the Hambo
series-expansion and it is an essential measure of the approximation quality of the
basis function set with respect to F'. In the best case, where the poles of I are the
same (with multiplicity) as the poles of G, only the terms with i = 0 in Z128) are
non-zero. Such a basis is commonly considered to be optimal for F.

Kautz basis

When G; = G, Vi > 0 with ny, = 2, the resulting OBFs are called 2-parameter
Kautz functions. Such basis sequences can be considered to be adequate for the
expansion of systems with dominating second order modes.

Laguerre basis

The case when G; = G, Vi > 0 with n, = 1 are called Laguerre functions. As this
type of basis sequence in RHs_ (E) has only a real pole ), therefore it can provide
adequate basis for a F' € RH,_ (E) with a dominating first-order mode.

Pulse basis

The case when G; = 2z~ 1, ¥i > 0 are called pulse functions. Based on the expansion
of the transfer functions of LTI dynamical systems in terms of the pulse basis,
impulse response representation of LTI systems is available.
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Orthonormal basis functions of MIMO systems

In the MIMO case, two approaches have been introduced for the construction of
OBF functions in H5* "V (E). The generated functions provide a series-expansion
of any F € Hy— (E)™*"". In one of the approaches, the key idea is to use MIMO
functions that are composed from scalar basis sequences:

dui(z) . Ping(2)
P1(z) = : : : (2.130)

Gime1(2) . Binyno(2)

where each {¢;;}7°, corresponds to a basis of Hy_ (E). Then any F € H5¥ " (E)
can be represented as

F(z)=Wo+ > Wi ®di(2), (2.131)
=0

where W; € C™*"v and © denotes the element-by-element matrix product. Simi-
lar to the SISO case, with different basis sequences {¢;;; };°,, different convergence
rates of the series-expansion can be achieved. However, the degree of freedom in
the basis selection is much higher in the MIMO case. Note, that it is not neces-
sary to use different basis sequences in the generation of (Z.I130), which gives the
possibility of several structural classifications of this type of MIMO bases (see van

Donkelaar (2000)).

Another formulation of MIMO orthonormal basis functions follows by using a
multivariable, specifically square, inner function G € H5v*"" (E). The derivation
is the same as the state-space construction approach presented by (ZIZ2]), but in

ny Xny

this case ¢; = M; constitutes a basis for H; " (E) in the sense that any F' €
HL¥*™ (E) can be written as

F(z) =Wy + i W;M;(2), (2.132)
i=1

where W; € C™*"V. An important issue here is the construction of the square
all-pass function G. Where in the scalar case, G can be written as a Blaschke prod-
uct and thus modulo the sign it is determined by the poles of the product, the
multivariable-case is more involved and inhibits more freedom. Here also the
structure and/or the dynamic directions are important (Heuberger et al![2005).
See lvan Donkelaarl (2000) and [Heubergerl (1990) for more on MIMO-OBFs of this

form.

Basis functions in continuous-time

All the results introduced so far are presented for DT systems as this time domain
is used to formulate OBFs based identification of LPV systems later on. There is
however a completely analogous theory for CT systems, where the Laplace trans-
form is used instead of the Z-transform. The exterior of the unit disk E is replaced
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by the right half plane C* and the inner product (ZIT4) is defined as integration
over the imaginary axis:

(Fy, Fy) = % /[R Fi(s)Fy(—s")ds. (2.133)

It is possible to construct an explicit isomorphism between Hs (E) and H2(C™)
using the bilinear transformation

z—1
=y— 0. 2.134
Zr>S 7z—|—1’ v > ( )

In this way, most of the introduced concepts extend trivially.

2.3 Modeling and Identification of LTI systems

When identifying a dynamical system on the basis of experimentally measured
data records, the outline of the procedure is summarized in the so called identi-
fication cycle (see Table [[I). The two most important steps of this cycle are the
choices of an appropriate model set and the identification criterion. While the pre-
vious describes the set in which the suitable description of the system is sought,
the latter defines the aimed performance of the model. The choice of the model set
is crucial as it directly influences the maximum achievable accuracy or quality of
the identified model in terms of the user-defined criterion. The model set should
be as large as possible in order to contain as many candidate models as possible,
which reduces the structural or bias error of the optimal model in the set. On the
other hand, the number of parameters of the model should be kept as small as
possible, because the variability of the identified models increases with increas-
ing number of parameters. The conflict between these issues is the well-known
bias/variance trade-off that is present in many estimation problems.

Model structures induced by orthonormal basis functions have attractive prop-
erties in terms of the variance/bias trade-off. When appropriately chosen, they re-
quire only a limited number of parameters to represent models that can accurately
describe the dynamics of the considered system. The choice of basis functions then
becomes a principle design issue. In this section, a brief coverage of DT predic-
tion error system identification is given, based on [Ljung (1999) and Heuberger
et al. (2005). We focus on OBFs based model structures and concepts required for
the derivation of the identification approaches of this thesis.

2.3.1 Concepts of the identification setting

As a framework, the black-box setting of M (1999) is adopted. In this setting,
identification of an unknown system is aimed at without the use of prior struc-
tural information. For simplicity, we assume that a predefined IO partition of the
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system is given, so it is clear which signals we call inputs and outputs of the un-
known system. An additional assumption is that the underlying, so called data
generating system, is an LTI discrete-time SISO process:

y = Fo(q)u +v, (2.135)
where F' € Hy (E), u is a quasi-stationary signal, and v is a stationary stochastic
process (see (@) for a definition of these properties). Furthermore v sat-
isfies

v = Qo(q)e, (2.136)

with monic transfer function Qo such that Qo, @y ! € H, (E) and e is a zero-mean
white noise process with variance o2. Assume furthermore that data sequences
Dy = {ulk),y(k)}p?;", generated by (ZI35), are available. Under the given
assumptions, the so called one-step ahead prediction of y(k) based on {y(k—1),y(k—
2),...}and {u(k),u(k —1),...}is

g:=(1-Qolg) "y + Qole) " Fo(q)u. (2.137)

In prediction error identification, a parameterized model (F(q,8), Q(q,0)) is hy-
pothesized where 6§ C © represents the parameter vector, the coefficients of the
model, and © € R" is the allowed parameter space. This model structure leads to
the one-step ahead predictor:

go = (1—Q(q.0) "y +Q(q.0) " F(q.0)u. (2.138)

Then in the prediction error setting, we would like to choose 6 such that the re-
sulting 9y is a good approximation of y, i.e. the so called prediction error

e(k,0) :==y(k) — go(k), (2.139)

is minimized. This is commonly performed by the minimization of the scalar
valued Least-Squares (LS) identification criterion

Ng—1

1
Dy,) = — 2 ‘
Wn, (0, Dn,) 7 k§:0 e (k,0), (2.140)
resulting in
v, = argmin Wy, (6, D). (2.141)
S

based on the available data record Dy,. Other criteria based on different signal
norms of e can also be used or prefiltering can be applied on ¢ to deliver optimal
estimates of 6 based on certain considerations (see d@)). Optimization
of the identification criterion according to (Z.14])) is generally a non-convex op-
timization problem for which iterative (gradient) algorithms have to be applied.
This also implies that convergence to a global optimum can not be easily guaran-
teed. However, in specific cases of parametrization, the optimization reduces to a
convex problem with an analytical solution.
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Table 2.1: Black-box model structures

ARX ARMAX OE FIR BJ

Rp(g~10) | Re(e™*.0) | Ep(e~10) -1 Rp(q~—*.0)

F@.9) | 5o | Taw o | mra o | @0 | mTe
1 Rc(q™'.0) Rc(q™',0)

QG0 | R 19 | Rata 1) ! ! Bp (g 1.0)

For dealing with quasi-stationary signals, we introduce the generalized expec-
tation operator € defined as

N-—1
Efyy= Jim < > Efy(h), (2.142)
k=0

where € represents the mean value operator. The related (cross)-covariance func-
tions are

Cy(r) = E{y(t)y(t — 1)},  Cypulr) := E{y(t)u(t — 7)}. (2.143)
Additionally, the (cross)-power spectral densities are given as
Dy(e™) = Y Cy(r)e T, Bypy(e¥) = > Cp(r)e 7. (2.144)

2.3.2 Model structures

There are numerous different black-box model structures available for the para-
metrization of F (g, 0) and Q(q, #). Most of them, collected in Table2.T] parameter-
ize the two transfer functions in terms of ratio’s of polynomials Ra, ..., Rr € R[¢]
in the backward time-shift operator ¢~'. These structures are known under the
acronyms given in the table. The parameter vector § of these model structures
contains the collection of the coefficients of the polynomials. Commonly, the
denominator polynomials are assumed to be monic to ensure uniqueness of the
parametrization. Every model structure or parametrization induces a set of pre-
dictor models, commonly called the model set:

{(F(q,0),Q(q,0)) € Ha (E) x Ha (E) |6 € © C R"}. (2.145)

This concept allows us to distinguish the following situations:

e The data generating system (Fy(q), Qo(q)) is in the model set, i.e. an exact
representation of the data generating system can be found by the applied
model structure.

® (Fy(q),Qo(q)) is not in the model set, i.e. no exact representation of the sys-
tem exists by the model structure.
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When the main attention is given to the IO dynamics of the system, i.e. the un-
derlying deterministic behavior with respect to the considered IO partition, it is
attractive to deal with the set of so called IO models:

{F(q,0) € Ho(E) |6 € © C R"}. (2.146)

This leads to situations when the IO relation of the plant F{)(¢) can be or can not be
captured within the chosen model set. Two important properties of the introduced
model structures are the following

¢ For some model structures, the expression of the output predictor 2.138) is
linear in the unknown parameters 0, i.e. both the terms (1 — Q(g,6))~" and
Q(q,0)"*F(q,0) are polynomials. This property holds for the ARX and FIR
structures and has the major benefit that the LS criterion can be minimized
by solving a set of linear equations.

e If F'and @ are independently parameterized, the two transfer functions can
be estimated independently. This property holds for the FIR, OE, and B]
model structures.

From these viewpoints it is particulary attractive to consider the FIR model, where
both these properties are satisfied.

2.3.3 Properties
Consistency and convergence

When applying the quadratic identification criterion (Z.140), the asymptotic prop-
erties of the resulting parameter estimate can be derived in the situation when
Ngq — oo. If the noise in the measured data is normally distributed, the LS esti-
mator is equivalent with a maximum likelihood (statistically optimal in an asymp-
totic sense) estimator M). With other noise distributions, attractive prop-
erties also hold:

e Convergence result - For Nqg — oo, the parameter estimate On , converges,
ie. éNd — 0", with probability 1. The convergence point #* is the mini-
mizing argument of the expected value of the squared residual error, 0* =
argmingeg £{€?(0)}. This implies that the asymptotic parameter estimate is
independent from the particular noise realization in the data sequence.

e Consistency result - If u is persistently exciting (PE) of a sufficient order, then
the asymptotic parameter estimate 6* has the following properties:

— If the data generating system is in the model set, then Fy(¢) = F'(¢,6")

and Qo(q) = Q(q,07)

- If Fy(q) is in the IO model set and additionally F(q,§) and Q(q, ¢) are
independently parameterized, then Fy(q) = F(q,6*). This means that
consistency of the estimate F' is also obtained if () is misspecified.
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Persistency of Excitation (PE) for an order n means in this context that the quasi-
stationary u, used for excitation during the experiment, satisfy that

Ca(0)  Cu(1) Ca(n — 1)
det e“:(l) elf'(o) o Gu(n:— 2 £0. (2.147)
Can—1) ... E(1) €40

This condition guarantees that enough information on the dynamics of Fj is pre-
sent in the measured y to approximate n parameters of a model. In the LTI case
it is sufficient to require that ®,(e'*) has a non-zero contribution in the frequency
range —m < w < 7 in at least as many points as there are parameters to be esti-
mated in F(q,0).

Asymptotic bias and variance

In system identification, one also has to deal with estimation errors. This is due to
the fact that information on the system to be estimated is only partially available:
finite data records, effect of noise, etc. A well-accepted approach is to decompose

the estimation error for F(q, Ay, ) as:

Fo(q) — Fq,0n,) = Folq) — F(q.0%) + F(q,0") — F(q,0x,). (2.148)

bias variance

In this decomposition, the first part is the structural or bias error, usually induced
by the fact that the model set is not rich enough to exactly represent the plant. The
second part is the noise induced or variance error which is due to noise contribution
on the measured data. The bias can be characterized in terms of integral formulas
over the frequency domain. Powerful formulas also exist to express variance error

if both N4 and the model order tend to infinity (Ljung[1999).

One of the most basic results on variance error is formulated in terms of the
variability of asymptotic parameter estimates. In the most general form, the char-
acterization follows from the central limit theorem, proving that

V/Ng'(On, — 0*) — N(0,Qp) as Ng — oo, (2.149)

i.e. the random variable /Ny (O, — 6%) converges in distribution to a Gaussian
probability density function with zero mean and covariance matrix Q. Note that
Qp can be calculated only in a limited number of situations. One of these is when
the data generating system is in the model set, leading to the consistent estimate
0* = 0. In this case:

O (k. 0)

Q0 = o2 (€ {io (k. 00) " (k,00)}) " with ok, 00) = —se( |
0=00
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2.3.4 Linear regression

If the model structure has the property of being linear-in-the-parameters, then
the LS problem (Z.I41)) becomes a convex optimization problem with the analytic

solution:

5 Lo Ty
where Yy, = [y(0),...,y(Ng—1)]" is the collection of the measured output
samples and I'y, = [y(0),...,v(Ng — 1)]" contains the regressor vector +y that
describes the data relation according to the one-step-ahead predictor: gy(k) =
7T (k). For the ARX case with deg(Ra) = n, and deg(Rp) = ny, the regressor
vector is

"/T(k):[y(k—l) cooylk—mna) u(k) ... u(k—ny) |,
while in the FIR case with deg(Rp) = ny, the regressor vector becomes
v (k) = [u(k) ... u(k—np) .

Note that on the basis of numerical considerations regarding matrix inversion,
the solution 2.I50) is not computed directly, but via a QR-algorithm. Moreover,
statistical analysis of this estimator results in non-asymptotic expressions of the
bias and variance error, which provide important advantages of linear-in-the-
parameter model structures over other model parameterizations.

2.3.5 Identification with OBFs

Considering the classical identification results described in the previous part, it
appears that there are two attractive properties of model structures: linear-in-the-
parameter property and independent parametrization of the process and noise
models. Among the presented classical structures a combination of these two
properties can only be found in the FIR structure. However, the main disadvan-
tage of this structure is that it generally requires a large number of parameters
to capture the dynamics of the physical system, which implies a relatively large
variance of the estimate. Using OBFs instead of the pulse basis like in (ZI12) can
significantly decreases the number of required parameters and preserve all the
attractive properties. In this section we focus on the model structures:

n

F(g,0)=> wi¢i(q), Qq.0)=1, (2.151)

=0

where {¢;}_, with ¢y = 1 are orthonormal basis functions in R’H2 (E) with pole
locations A,, = {\;}_,. The unknown series-expansion coefficients of (Z.I51) are
collected into the parameter vector

9:[%’0 wn}CRnJrl.
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In a general sense, different identification criteria and settings can be applied
for OBFs based model structures, like for example frequency domain identifica-
tion in Hs/Ho, resulting in attractive alternatives of LTI system identification
(Heuberger et al! 2005). In the following we explore the LS prediction error set-
ting to compare the properties of this model structure to the classical results of
other structures. Later, these properties also form the basic motivation why this
model structure with the LS prediction error setting yields an attractive candidate
for LPV identification.

Least-squares identification

Due to the linear-in-the-parameter property of the OBF parametrization, estima-
tion of the parameters in the LS setting similarly follows as in the FIR or ARX
cases. The only difference with respect to these model structures is that the re-
gression vector is

k) =[ulk) (GulQu)k) ... (palg)u)(k) ],

containing filtered versions of the input signal rather than delayed version of  or
y. This form of the regressor implies that the LS parameter estimate of (Z.I5I) can
be obtained via (ZI50). In terms of consistency/bias properties of the estimates
all the classical results about FIR structures hold, if u is a white noise signal, i.e.
®,(e'¥) is constant. This means, that if Fyy(g) is in the IO model set and the input
is white noise, then the model estimate F'(¢, 0y, ) is unbiased and consistent. This
is the case when the true system has a finite series-expansion in terms of the used
basis functions. In all other cases, the expansion coefficients of Fy(g) in terms
of the finite basis functions are estimated consistently, but a bias results due to
the truncated tail of the required infinite expansion. Therefore there is a primal
emphasis on the selection of appropriate basis functions, to reduce the bias by
ensuring a fast convergence rate of the series-expansion.

A particularly interesting aspect results if the estimation of the parameters
is formulated in state-space. As indicated in (Z124alb), a basis functions based
series-expansion model F'(q, §) can be realized efficiently in two SS forms:

] [ e

where (A, B, C, D) is the jointly minimal balanced SS realization of the inner func-
tion G generating the basis functions {¢;}?_;, W = [w1 ... wy],and T € R"*" is
a unitary matrix such that (ZI125) is satisfied. The SS realization in the left is often
called the AB-invariant while the representation in the right is recognized as the
AC-invariant form. Due to property 2.125), estimation in a AB-invariant form re-
sults in a parameter estimate 0 ~,, Whose elements are the linear combinations of
a parameter estimate based on the AC-invariant form. An additional property is
that the initial condition of the AC-invariant form can be easily formulated as the
part of the parameter vector, due to the different formulation of the regressors in
that case. Thus, estimation of the initial condition is available by linear regression
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in the AC-invariant case. This property is important when, because of various
reasons, the experiment providing the data record can not be accomplished on the
system starting from zero initial state.

Asymptotic bias and variance

As indicated before, the classical results in terms of the FIR structure trivially ex-
tend to OBF model structures if the input sequence is a white noise signal. How-
ever, due to the fact that finite series expansions often result in the case where
Fy(q) is not in the IO model set, it is important to investigate how the estimated
coefficients relate to the expansion coefficients of Fy(¢g) in terms of the finite basis
function set. It can be shown that, if u is white, then the expansion coefficients of
Fy(gq) are identified consistently in the LS setting. This means that even if Fy(q)
can not be identified consistently due to the truncated tail of the expansion, the
modeled dynamical part (the considered finite expansion) is consistently identi-
fied. Moreover, in this case 6* obeys:

T elw n (eiw)|2
L[ e - piet, o I EL I

0" = arg min — 0 . w,
or J_, |Qo(e)[?

0cO 21

which shows that the basis functions act as data prefilters, emphasizing the fit of
the estimated model on the frequency domain where the gain of the basis func-
tions is significant. The noise spectrum also does not appear in the expression due
to the fixed noise model, thus the convergence of 6 is not influenced by the noise
just like in the case of FIR models. The bias, due to the undermodeling, can be
directly computed via the theory of reproducing kernels (Heuberger et al|[2005).
Furthermore, for specific transfer functions, like

(2.153)

no b
Fo(z) =) —% (2.154)
=12 A

an upper bound on the approximation error can be computed with respect to
F(q,0*) with basis functions {¢; }!* ;:

‘ ‘ no bj n A§O) — N\
Fo(e) — F(e¥, 0%)] < _ , (2.155)
| | ; eiw — AL 1;[1 1- ALY
—_———

p

where {)\;}7; are the poles of {¢;}_ ;. This expression shows a tight bound on
the approximation error in terms of the bias. If for each pole of the system, there

exists a matching pole of the basis A% = \,, then the upperbound is zero (Fj has
a finite series-expansion in terms of the basis). In the general case, the truncation
error of the series-expansion is directly influenced by the convergence rate p (see
(2155)), which expresses the natural distance between the basis and the system
poles. This implies that to minimize the bias, the poles of the basis should be as
close to the poles of the system to be identified as possible.
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The variance of the model estimate also obeys the classical results of FIR struc-
tures. In the frequency domain, if both Nq,n — oo, n < Ny, the variance of the

estimate F(q, Ay, ) reads

var{F(q,0x,)} ~ Nid igzz; S Jgi(e ), (2.156)
u i=1

where ®.(el¥) is the noise spectrum. This expression shows the classical result
of FIR structures when the input is prefiltered. Note that by choosing the poles
{N\i}, of {¢i}™, close to the poles of Fy, the variance expression 2.156) peaks if

i comes to the close neighborhood of \;. This corresponds to the varaince/bias
trade-off.

As discussed in this section, OBFs-based parametrization can be effectively
used for LTI system representation with many fruitful properties, however it is
required that the basis function set is “well chosen” with respect to system to be
identified. In the next section, the concept of optimality of an OBF set with respect
to a set of LTI systems is established, giving the key theorem to solve the basis
selection problem of the identification scheme both in the LTI and in the LPV case
later on. Before that, some additional aspects of identification are reviewed.

Identification in the MIMO case

In case of MIMO systems, identification follows similar guidelines as in the SISO
case, except that the model structure (Z.I51) is formulated with MIMO basis func-
tions. Due to FIR structure of OBFs models, the analytical solution of (Z.147) is still
obtained via a linear regression, however with a more extensive book keeping.

In case the MIMO basis are constructed from scalar basis functions (method
1), all properties in terms of identification trivially extend to MIMO case (Nin-
ness and Gémez[1996). However, this model structure has a major disadvantage,
namely that specific elements of {IW;} can be insignificantly small for every i > 0,
which can result in an over-parametrization, ergo in a significant bias of the es-
timate. MIMO basis sequences generated by square inner functions via @I2T)
(method 2) are not affected by the previous disadvantage, however bias and vari-

ance properties of the estimates are not yet clearly understood. Seelvan Donkelaar!

(2000) and |Hm1.b_etg§’_ﬂ (1990) for more on identification properties of model struc-
tures based on this type of MIMO-OBFs.

2.3.6 Pole uncertainty of model estimates

In practical situations, identification is unavoidably effected by noise, resulting
in uncertainty of the model estimates. The resulting model uncertainties can be
characterized based on numerous concepts of uncertainty in the parameter or fre-
quency domain. See [Hakvoort and Van den Hof 11%%%); Ljung (1999); Ninness
and Goodwin (1995) and Douma and Van den Hof ) for an overview on the

available approaches. A well-known fact in the LTI case is that pole locations
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of a model estimate are generally sensitive to parameter uncertainties, see e.g.
Guillaume et al! (1989). In the following, some basic concepts of pole uncertainty
regions are briefly introduced for DT model estimates in the LS setting. The de-
veloped concepts are essential for the formulation of the robust basis selection
approach in Chapter

In the literature, many approaches have been developed for the calculation
of confidence bounds for the estimated parameters (for a survey see Pintelon
and Schoukens (2001)). However, commonly the first-order Taylor approxima-
tion based ellipsoidal bounds are used, like in the Matlab System Identification
Toolbox (im9 2006). Consider the LS setting with the model structures given in
Table 2] In this case, if the data generating system is in the model set, then this

implies that the parameter estimate 6, is consistent and has an asymptotically
normal distribution with a covariance matrix Qg (see Section[2.3.3). The previous
properties provide that

(O, —00) " Q5 (Ony — 00) — x3(n), as Ny — oo, (2.157)

where x?(n) is a x?-distribution with n-degrees of freedom and n is the num-
ber of parameters in 6. Let [a1,. .., a,,] be the parameters in 6 characterizing the
denominator part of the process model and let [by, . . ., by, | be the denominator pa-
rameters. Denote A := (6 —6) for every 6 € ©. Then for a given confidence level
a € [0, 1], the parameter uncertainty of F(¢, 0y, ) can be defined as an ellipsoid

Eo(Q.a) == {0 R | A0TQ, A0 < x2(ng)}, (2.158)

where x2(n) denotes the a-percentile of x?(n). This means that the probability of

éNd € &y(Qp, @) is equal to aw as Ng — oo. Note that often £y (Qy, o) is restricted to
O.

In order to establish an uncertainty region of poles associated with each config-
uration of the parameters inside the derived ellipsoidal bound, a nonlinear trans-
formation of the parameter confidence region £y(Qg, a) is needed. This transfor-
mation can be accomplished through the method of [Vuerinckx et al! (2001), which
gives a hypothesis test to decide wether a A € C is a pole location of a model with
0e& (Qg, Oz).

Denote by Ay C C the set of poles associated with F(¢, 6y) and define AA :=
A — A for every A € C™. Let A\g be a real valued pole in Ag with n, > 1. Then,
define the perturbation of this pole as A = A\g + A\ such that a parameter vector
0 € © exists whose associated pole vector contains A. Note that 6 is not unique
because X only determines the denominator parameters. If § € O exists, then it
can be chosen such that the numerator parameters [bo, ..., by, ] of 6 are equal to
numerator parameters of 6y. Write F(q, 0) as

F(qa 9) = Fl(qal‘/)F2(q7 9)7 (2.159)
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with

1 1 - "t obig?
and Fy(g.d) = —22i=0 %4

Fl(erY) : - Toa— )
L+ 302 ' aq—"

T al4q9g T 1-Ag !

where  contains the parameters of F». This factorization implies the existence of
the transformation

0 =Ty (N0 + To(N), (2.160)
where v = —) and
1 0 0
Y

~y 0 0
T = L BA=

0 Y 0 0 nx1

0 0 I(n—na)x(n—"a) nx(n—1)

In case of \g is complex valued, define the perturbation of the complex pole
pair Ao, Aj as A = Ag + AX and \* = A\j + AN*. Using the same mechanism, write
F(q,0) as

F(Qvo) = Fl(erylerQ)FQ(Q79)a

with
1 1
F =
1(Q771572) 14+ 71(]71 + 72(]*2 1— 2Re()\)q71 + |)‘|2q72’
) "o big
FQ(%G) — 2370 J

a72 ~ i
L+ 370 " dig™
Again, this factorization implies the existence of the transformation 2.160) with

! 0o ... O 0
Y1 1 0 0 ~
1
T2 M : 0 72
TN =1| 0 4 1 0 () = | Y
. . . Y1 :
0 0 Y2 0 0 nx1
L 0 0 0 I(n—na)x(n—na) 4 nx(n-2)

where v; = —2Re()) and vo = A%

The above derived transformations qualify as a projection of a single pole or
complex pole pair perturbation to the parameter domain © through the free pa-
rameter § € R"~! or § € R"2. In order to test that the parameter variation in-
duced by A is inside the parameter uncertainty region £,(Qg, @), it is sufficient
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to show that there exists a § € R*~! (or § € R"~2) which minimizes
- T -
(Ty(N)G + To(N) Q" (Ti(NO + T2(N)) (2.161)

and the minimum is smaller or equal than x?2 (ny) (see ZI58)). If this condition
is not satisfied, then this proves the hypothesis that the pole perturbation cannot
be associated with a parameter vector in £ (Qg, ). The minimization problem of
(2.161) has an analytical solution:

i T (N)Qy 00 — T T (N)Qy ' T (V)
' (N2 ' Ti(N) '

(2.162)

Thus for a given pole perturbation A), if § resulting from (Z162) satisfies that
(2.167) is smaller or equal than x2(n), then X can be the pole of the asymptotic
model estimate with probability a.

Based on the derived hypothesis test, it is possible to calculate the pole uncer-
tainty region

P(Qp, ) :={A € C| 30 € &E(Qy,)s.t. Nisapole of F(gq,0)}, (2.163)

associated with £y(Qg, ). Note that P(Qg,a«) C C which means that the hyper
ellipsoid £ (Qy, a) is projected to a lower dimensional space. This implies that for
a pole location set A, associated with 6 € £(Qg,a), A € (P(Qp, a))™ holds. How-
ever, it is not true that any A € (P(Qg, ))"* can be associated witha 6 € £(Qg, @).
So the projection is surjective. This is an advantage in the sense that with the
given hypothesis test, P(Qq, ) can be efficiently computed and visualized. How-
ever, the surjective property is also a disadvantage. Instead of representing all
configuration of poles associated with £9(Qy, @), the complex region P(Qy, ) char-
acterizes the set of pole locations that can occur with the given probability level
in the model estimates. In this way, the perimeter bounds of P(Qy, ) describe the
uncertain pole locations in a worst-case sense.

In practical situations, §y can be substituted by On . if Nq is large enough. Alter-
natively, using fy, instead of 6 results in the hypothesis test that the true poles
of the system are in the uncertainty region of the estimated poles with a given
confidence level. Note that the above given mechanism can be also used for the
calculation of the uncertainty region associated with the zeros of the model, by
varying the numerator part in (Z.159) instead of the denominator.

Using this pole uncertainty concept, the uncertainty regions can take various
shapes in C, ranging from real segments (real pole) and ellipsoidal or banana
shaped forms to butterfly figures (complex pole pairs) as illustrated in Example
211 Therefore, it is not guaranteed that they constitute convex regions in C. The re-
gions can be all connected or separated into small sets due to the fact that they are
the nonlinear projection of a hyper dimensional ellipsoid. Increasing o often re-
sults in the merging of previously separated regions. For an increasing «, regions
can also popup unexpectedly in C, due to the higher possibility of parameter vari-
ation. This yields the need of special algorithms to ensure correct calculation of
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Imaginary axis

0 05 1
Real axis
Figure 2.6: Pole-uncertainty regions P(Qg, a) of estimated poles (green o) with

different confidence levels o (deep red 0.99 < bright yellow 0.01). The true pole
locations Ag are denoted by blue squares.

the regions. For this purpose, an algorithm is developed in Téth et all (2008d) that
ensures calculation of possibly separated regions, unlike the existing solutions in
the literature.

Note that other concepts of pole uncertainty regions have been developed in
the literature as well. The commonly used ellipsoidal pole regions, also imple-
mented in the identification toolbox of Matlab, are calculated using a first order
Taylor approximation of the nonlinear projection of £4(Qy, @) to C. This type of ap-
proximation can introduce significant errors in the calculation of P(Qg, «), unlike
the previously presented approach. Other approaches, like discussed in Martens-
son and Hjalmarsson (2007), focus more on the quantification of the variance of
poles or zeros rather than on the actual calculation of their uncertainty regions.
Based on these, the previously presented approach provides the state-of-the-art
technique to calculate pole uncertainty regions associated with model estimates.

Example 2.1 (Pole uncertainty regions) Let the transfer function Fy of a discrete-time asymptotically stable
LTI system F with 10 partition (u,y) be given as
1.4 1

F =
(8) = 15T 7 083:-% —026:=7 7 0.05:—% — 0.0065=5"

(2.164)

For this system F, a 500 sample long data record has been collected with a white u based on a uniform distri-
bution U(—1, 1) and an additive white output noise e with normal distribution N (0, 0.15). The LS prediction
error identification of F' has been accomplished via OE parametrization with correct denominator and nominator
orders. The resulting pole uncertainty regions P(Qp, ) of the estimate F(q, 0 ) have been calculated with the
approach of Section[2.3.6lusing confidence levels (0.99 < 0.01). The perimeter lines of these regions, calculated
with the algorithm 0 ), are presented in Figure
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2.3.7 Validation in the prediction error setting

In the prediction error setting, commonly either simulation or prediction by the
model estimate based on a measured data record is used for (in)validation. One
approach is to investigate the correlation of the residual, i.e. the error of the pre-
diction, with respect to the input or itself. In other cases, error measures of the
difference between the measured y and the simulated output § are calculated.
These measures are used to decide on the validity of the model estimate. Some
popular measures are the following:

Definition 2.39 (Mean squared error) (M) The Mean Squared Error (MSE)
is the expected value of the squared estimation error :

MSE := &{(y — 9)*}. (2.165)

Definition 2.40 (Best fit percentage) (Ljung 2006) The Best Fit (BFT) percentage is
defined as

BFT := 100% - max (1 My =sll, o) , (2.166)
ly —9ll,

where § is the mean of y.

Definition 2.41 (Variance accounted for) The Variance Accounted For (VAF) percent-
age is the percentage of the output variation that is explained by the model:

VAF := 100% - max (1 _vardy —g) o) : (2.167)
var {y}

Note that the MSE is equal to the LS criterion (2.140) evaluated for the simu-
lated g, instead of the predicted output signal. In this way, a high value indicates
invalidity of the model. The BFT percentage is a relative measure, often used in
the identification toolbox of Matlab, and a low value of this measure indicates
invalidity of the model. The VAF measure describes how much of the output
variation is explained by the model, disregarding possible bias of the estimates.

2.4 The Kolmogorov n-width theory

In the identification cycle, one of the key steps is the choice of an adequate model
structure, i.e. the model set, which can represent the system to be identified with
a relatively small number of statistically meaningful parameters. In the identifi-
cation approach based on OBF model structures, finding an appropriate model
set translates to the search for a set of basis functions ®}¢, that gives a series-
expansion of the system with a fast convergence rate p. In LTI system identifica-
tion, one approach to find appropriate model sets is based on the n-width con-
cept 1985), which has been shown to result in appropriate model sets for
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robust modeling of linear systems (Makild and Partington [1993). Using this con-
cept, [Oliveira e Silva (1996) showed that OBF model structures are optimal in the

n-width sense for specific subsets of systems and finding the optimal OBF set for
a given system set can be formulated as an optimization problem. In the follow-
ing, the basic ingredients of this approach for discrete-time, stable, SISO systems
are described. Later, this theory is used as the backbone of OBFs selection for the
identification of LPV systems.

Let .# denote a set of LTI SISO systems with transfer functions {F(z)} = § C
Ho— (E) that we want to approximate with a linear combination of n elements of
Ho— (E). Let @, = {¢;}}~, be a sequence of n linearly independent elements of
Ho— (E), and let M,, = span(®,,). Note that M,, describes all the possible linear
combinations of ®,, that can be used for the approximation of the elements of §.
The distance dy, (F, M,,) between a F' € Hso_ (E) and M, is defined as

I (F M) = it [F—Fll,. (2.168)

This distance describes the best possible approximation error of a given F' €
Ha— (E) in terms of the Ho norm if the linear combination of ®,, is used as an ap-
proximation. With respect to the transfer function set §, we can define the worst-
case approximation error by @, as the maximum of 2.I68) on §. Now we can
use this concept to look for a set ®,, that has a minimal worst-case approximation
error for §. This minimum is called the Kolmogorov n-Width (KnW) of 3.

Definition 2.42 (Kolmogorov n-width) (Pinkus [1985) Let ., be the collection of
all n-dimensional subspaces of Ha_ (E). The Kolmogorov n-width of a function set § in
Hgf ([E) is

7 (§, Ha— (E)) = Mirelf% ?é% drg, (F, M,,). (2.169)

In this way, 7, (§, Ha— (E)) describes the smallest possible dy, that can be achieved
for all F in § by the linear combination of n independent elements of H,_ (E). The
subspace M,, € .#,,, for which ,, is minimal, is called the optimal subspace in the
KnW sense. This optimal subspace describes a ®,, that can approximate § best in
the worst-case sense. Now we can formulate this concept for OBFs.

Proposition 2.1 (n-width optimal OBFs) (Oliveira e Silval1996) Let G € H,_ (E)
be an inner function with McMillan degree ng > 0, with poles A,,,, and let n, > 0.
Consider the subspace

1=0,...,N¢

M,, = span{¢; (2) G (z)} (2.170)

j=1,...,ng

where ¢; = [M]; and My is defined by @I2I) with respect to G. Then the subspace M,
is optimal in the Kolmogorov n-width sense with n = (ne + 1)ng for the set of systems
with transfer functions § analytic in the complement of the region

Q(An,.p):={z€C||G (") <p}, (2.171)
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(a) G(z) = 271, pole at the origin (b) G(z) with poles 0.5 and —0.5 £ 0.51

Figure 2.7: The plot of the function |G (27!)| for different choices of the inner
function GG and the convergence rate p (in dB). Level sets of ]G (z_1)| give the
boundaries of the regions {z € C, |G (27!)| < p}. Optimality of the G generated
basis is ensured with a worst-case convergence rate p"<*! for systems with pole
locations inside the regions defined by the level set boundaries.

and are square integrable on its boundary. The worst-case approximation error, i.e.
suppeg di, (F, My,), is proportional to p™e+.

This remarkable result means that the set of OBFs ¢3¢ = {¢; (z)GZ(z)};z?Zeg
is the best in the worst-case sense to approximate transfer functions with all pole
locations in €2(A,,,, p). Soif in an identification scenario it is known that the system
poles lie in Q(A,,,, p), then the optimal choice of basis functions is the set of OBFs
associated with the poles A,,. Additionally, Proposition 2.I] shows that for the
specified region one can not improve on the worst-case error by adding new poles
to the n, basis poles. It also generalizes the well-know fact that the set of pulse
functions {27}, is optimal for the class of stable systems analytical outside the
region Q(A,,,p) = {|z| < p}, p > 0. The boundary of Q(A,,,p) is displayed
in Figure 27k as a function of the convergence rate p. For a given p > 0, the
boundary of the region results as the level set of this function, like the contour
lines at the bottom of the figure. The worst-case approximation error in this case
is proportional to p". This implies the optimality of FIR model structures with
respect to the identification of such systems, which is a well-known result

). However, in case of arbitrary regions, like the regions in Figure 27b, the
level sets are commonly non-circular, containing separate regions that merge for
increasing values of p. For these regions, the optimal choice of a basis has to be
found among general basis functions (OBF model structures).

In an OBFs-based identification scenario we are dealing with the opposite
problem. We are given a rough idea about the possible pole locations of the sys-
tem described as a region €y C D and we want to find a fixed » number of OBFs
that are optimal with respect to € in the KnW sense. This problem is referred to
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as the inverse Kolmogorov problem, where we want to find an inner function G to
describe/approximate a given region of non-analyticity 2o in the form Q(A,,, p)
with p as small as possible. The reason is that in terms of Proposition 2] the in-
ner function G, associated with the best fitting Q(A,,,, p), generates the ng-width
optimal basis functions with respect to {25. Denote the inner function associated
with the poles A,,, as G Any (z) and define

g

H"g(Z7A"g) = GA"?; (Z_l) - H

j=1

Z—/\j
L—2X; '

(2.172)

Then the solution of the inverse Kolmogorov problem for a given number of poles
ng, comes down to the min-max optimization problem:

min_max ki, (2, An,). (2.173)

AngCID z€eQ

See (Heuberger et al!l2005) for details on this non-linear optimization problem and
solution methods.

2.5 Fuzzy clustering

We will see in Chapter 8 that a key ingredient to develop a model structure, i.e.
a basis selection tool for the identification of LPV systems, is to solve a particular
data Clusterin problem. To tackle this problem, a weighting-function-based
separation, so called fuzzy clustering, is used. In the following, the main idea of
the conventional fuzzy clustering approach is briefly introduced .

Objective-function-based fuzzy clustering algorithms, such as the Fuzzy c-Me-
ans (FcM), have been used in a wide collection of applications like pattern recogni-
tion, data analysis, image processing and fuzzy modeling (see (1981) and

)). These methods have become dominant over hierar-
chical and graph-theoretical methods as they offer quick and reliable separation of
data. Generally, FcM partitions the data into overlapping groups, so called clus-
ters, where each data element is associated with a set of membership levels with
respect to these clusters. These indicate the strength of the association between
that data element and a particular cluster. In this way, fuzzy clustering is a pro-
cess of assigning these membership levels such that the resulting clusters describe

the underlying structure within the data (Jain and Dubesd 1988).

Let n. > 1 be the number of clusters or data groups and let Z = {zk}kN;1 C
V, be the set of data points for clustering where V denotes the clustering space
(commonly a subset of R" or C') and N, > 1 is the number of data points. In fuzzy
clustering, a cluster is defined by two ingredients: a center (or prototype) v; € V,
i € 17 and a membership function y; : V — [0, 1]. While the former defines the
central point, the latter describes the “degree of membership” to the cluster for all

4Data clustering is the process of dividing data elements into classes or clusters so that items in the
same class are as similar as possible, and items in different classes are as dissimilar as possible.
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z € V. Note that the shapes of fuzzy clusters are not described by hard borders
but by the commonly bell-like shape of the membership functions on V. Introduce
also the so called dissimilarity measure d := VxV — R/, where R denotes the set
of positive real numbers including 0. This dissimilarity measure is used to define
the memberships of the clusters, i.e. how the function set {yx; };<, is distributed on
V. Now we can formalize the clustering problem we consider:

Problem 2.1 (FcM clustering) For a given data set Z and for a given number of clusters
ne, find a set of clusters, i.e. centers {v;};<, and membership functions {u;}, and the
maximum of € > 0 such that the region {z € V | 3i € I7° p;(z) > e} contains Z and it
describes the underlying distribution of Z in terms of a chosen dissimilarity measure d.

In this problem, d represents a particular freedom to define the exact objective
we would like to solve through FcM clustering. By choosing d to be different
measures of V, like in case of V = R” the Euclidian metric:

d(v,z) = [[v — 2|2, (2.174)

or other Minkowski, Mahalanobis, exponential, etc. metrics, different objectives
of the clustering problem can be defined.

Denote V = [vi]?gl, and introduce the membership matrix U = [Uik]ncx N
where 1), is the degree of membership of z; to cluster i. Define also d;; :=
d(vi,zi) as the distance between v; and z;, in terms of the dissimilarity measure
d. In order to uniquely associate d;; with a membership level 15, the set of mem-
bership functions we consider must be constrained. A particular way is to restrict
them to Y7, pi(z) = 1forall z € V, ie. requiring that U € U}, where U},
defined as

Nne N,
{U e [0, N | i =1, Vk € 12, and 0 < > e, Vi € u;%} . (2.175)
=1 k=1

characterizes the fuzzy constraints. Then, the solution of Problem 2. Jlwith a given
choice of d, can be viewed as the minimization of the FeM-functional, .J,,, (U, V) :
UN= x Ve — RE, which is formulated as

Nz nc

T (U V) =D "pids,. (2.176)

k=1i=1

The FeM-functional defines a cost function, a criterion of the expected solution
and the design paramete m € (1,00) determines the “fuzziness”, the sharpness
of separation of the resulting partition (U,V). It can be observed, that 2.176)
corresponds to a mean-squared-error criterion. The following theorem provides the
ingredients to minimize (Z.I76), i.e. to solve the corresponding clustering problem:

15In FeM clustering only m > 1is used as m < 1 gives unrealistic clustering of data sets. Them = 1
case is called hard clustering and treated separately due to minimization issues of the FcM functional
[BezdeH (1981). For these reasons, only m € (1, c0) is considered in the sequel.



86 Chapter 2 LTI systems and OBFs

Theorem 2.16 (Optimal FcM Partition) M@) Letm > 1,adataset Z C V
with N, > 0, and a fuzzy partition (U,V) € U= x V"< be given. Additionally,
let d;, = d(vi,zk) be the dissimilarity measure of zj, with respect to v; and Z,f’ =
{i € 17 | di, = O} be the singularity set of zj, with card(Z7) = ny (number of ele-
ments). Then (U, V') is a local minimum of J,,,, if for any (i, k) € 17 x 11

ik

L 11
@) sm-o

i = J=1 2.177a
ik % if i c Z,f’; ( )
’H,k
0 if i ¢ 7 # 0;
N,
> WikZk
v = ’“:;7 (2.177b)
D ik
k=1

To obtain an optimal partition, i.e. the solution of Problem2.T]based on the choices
of d, m, and the cost function .J,,,, minimization of (2.176) subject to (ZI75) is usu-
ally tackled by alternating optimization (Picard iteration). This iterative optimiza-
tion steers the solution towards a settling partition in the sense of Theorem .16
For the FeM, this yields the following algorithm, where V; and U; denote the actual
fuzzy partition in iteration step .

Algorithm 2.1 (FcM clustering)

0. Initialization: Fix n. and m; and initialize Vj € V"<, [ = 0.
1. Membership update: With 2.177a), solve U;,1 = arg IniI%j Im (U, V).
Ueul=

2. Cluster center update: ~ With @2I77D), solve V;;1 = arg Vnel\i]r% T (Upg1, V).

3. Check of convergence: If J,, (Ui11, Vi41) has converged, then stop, else
I =14 1and goto Step 1.

The properties of the FcM algorithm have been extensively investigated by
several authors (BezdeK(1981};Jain and Dubes|1988). Based on the fact that the FeM
functional is bounded, monotonically decreasing and continuous both in V and U,
it has been proved that Algorithm 2.Talways converges. The convergence point,
which is directly dependent on the initial VY, can either be a local minimum or a
saddle point of .J,,, fulfilling Theorem .16 Therefore in a practical application,
it is advisable to repeat the algorithm multiple times with different initial choices
for Vy to explore all possible local optima of (Z.I76).

To check the quality of the resulting (U, V) partition in terms of the goal of
the clustering, several measures can be introduced that quantify the compact-

ness, separation, and validity of (U, V) (see Backer and Jain (1981) and Davies
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and Bouldin (1979)). A measure that can jointly express these concepts and give a
common ground of comparison between different FcM partitions is the Xie-Beni

validity index (Xie and Beni[1991):

N, nc
> > ki (vis zi)
Y = i k=1i=1
Nz min dQ(Ui,’Uj)
i,jelye

(2.178)

It can be proved that the smaller y is, the better the corresponding fit of (U, V)
with respect to Z is.

The determination of the number of “natural” groups in Z, i.e. the best suitable
n. for clustering, is important for the successful application of the FeM method.
Similarity-based Adaptive Cluster Merging (ACM) is frequently used for this pur-
pose (Kavmak an tnes2002), but other strategies like cluster-splitting (Jain and
Dubes ;ISchalkoff [1992) and supervised fuzzy clustering approaches
[1999) exist as well. ACM is more suitable for problems where little is known about
the statistical properties of the data, like in the pole clustering case. The basic idea
is the following: a measure of similarity is introduced with respect to cluster pairs.
Then, in each iteration step of Algorithm[2]] a cluster pair is merged when its sim-
ilarity does not decrease between iterations and if also this pair is the most similar
of all cluster pairs. However, merging is only applied if the similarity measure
exceeds a certain threshold value, ¢, € [0,1]. In FeM clustering, most commonly
the following similarity measure is applied:

Definition 2.43 (Inclusion similarity measure) (Kaymak and Setnes 2002) The

fuzzy-inclusion-similarity measure (given point-wise on Z) for two fuzzy clusters i and j
is defined as

&

min (e, pjk)
L . (2.179)

. N, N,
min <Z ik 2 /%)
k=1 k=1

b
I

[Sslij ==

For the theoretical details, see Kaymak and Setnes (2002). Denote in iteration step

[ the similarity matrix as S{Y. Then, the most similar cluster pair in iteration step
l is selected as
(1,J) =  argmax {[Sé”]ij} : (2.180)

(i,g) €l xIye,i>j

Merging is applied if ‘[Sg*l)]{?j - [Sg)hj‘ < g5, where 0 < g5 < 1is a threshold
value to judge the significance of decrease of cluster similarity between iterations.

However as the partition converges, similarity changes a little between iterations,
therefore merging is only applied if [Ss(l)];, 5> ! where el ¢ [0,1] is an adaptive

threshold. InKaymak and Setnes (2002), it is suggested to use £ = (n{") — 1)1

which has been observed empirically to work well if the initial number of clusters

n'? satisfies: n\” < N,
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In this way, the FcM algorithm with ACM gives the possibility to choose the
number of needed clusters automatically based on Z. So by starting from a large
ne, the algorithm converges to a partition which contains only the necessary num-
ber of clusters representing the data. However, based on the initialization of the
FeM algorithm, optimal partitions with different n. can be attractive solutions
of Algorithm 2. Tlwith ACM. To decide which of the solutions represents the un-
derlying data-structure best, the separation of the clusters can give an indication.
To quantify the quality of separation, commonly the Normalized Entropy is used
):

ne Ny
> D Hik log(RE)
Se = —Z:”“:le — . (2.181)

The smaller S. is, the more valid the hypothesis is that the clusters match with the
natural data groups (if they exist).

In the literature, many different structural modifications for FcM algorithms

has been developed, like volume prototypes (Kaymak and Setned 2002) for dense

data sets or kernel based dissimilarity measures leading to the theory of learning
algorithms like support vector machines (Mizutani and Miyamotd[2005). Probabilis-
tic FecM clustering, on which the kernel approaches are based, has been introduced
to deal with stochastic data sets (Krishnapuram and Keller2000). However, in this
thesis we restrict our attention to conventional FeM clustering, as this framework
gives an approach for the selection of OBFs based model structures for LPV sys-
tems.

2.6 Summary

In this introductory chapter, basic definitions, concepts, and mathematical tools
have been introduced to establish a solid background for the research questions
and problems this thesis addresses.

First, in Section 1] we have introduced the behavioral approach of LTI dy-
namical systems to give a clear framework where different concepts of system
theory can be brought to a common ground. In this context we have defined sev-
eral representations of dynamical systems both in continuous and discrete-time;
we have established equivalence transformations between them which preserve
the overall behavior; and we have investigated their properties in terms of stabil-
ity, state-observability and reachability, and minimality. We have derived canoni-
cal and balanced state-space realizations and reviewed the zero-order hold based
discretization theory of LTI systems. We have introduced all these concepts to
enable their extension later to LPV systems, which is needed for the developed
modeling and identification framework of this thesis. In Section2.2] the concept
of OBFs has been introduced and their role in the series-expansion representation
of LTI systems has been investigated. This has served the purpose to motivate
why finite truncations of such series expansions can be used as attractive model
structures for the identification of both LTI and LPV systems. Then, in Section
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the LTI prediction error identification framework has been introduced and
analyzed with OBFs based model structures in the focus of the discussion. This
framework has been set to provide the concept of model identification that is used
for LPV systems later. Additionally, the concept of pole uncertainty regions has
been developed with respect to model estimates. In the context of OBF model
structures, the optimal choice of the model set has been discussed in Section 2.4]
in terms of the Kolmogorov n-width concept. This theory serves as the backbone
of the later developed OBF-model-structure-based model set selection approach
for LPV systems. The previously introduced pole uncertainty concept will be an
important ingredient for the robust formulation of this basis function selection
mechanism. To provide a clustering tool which is needed to solve the model set
selection problem in the LPV case, fuzzy c-means clustering has been introduced
in Section 2.5

In the next chapter, we return to the system theoretical concepts of Section2.1]
in order to extend them to the LPV system class. This contribution establishes the
details of the system theory which are needed for the foundation of a strong LPV
identification framework.
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3 CHAPTER

LPV systems and representations

In this chapter, we define the behavioral framework of LPV systems as
an extension of the LTI behavioral approach introduced in Chapter
We do this with the intention to give a unified view on LPV system the-
ory, that enables to approach LPV system identification in a well-founded
system theoretic sense. First we define LPV dynamical systems from the
behavioral point of view. Then we introduce the algebraic structure in
which we formulate kernel, state-space, and input-output representations
of LPV systems. We also analyze the properties of LPV systems in terms
of state-observability, state-reachability, and dynamic stability.

3.1 General class of LPV systems

In this section, we establish the basics of a behavioral framework for Linear Parame-
ter-Varying (LPV) systems where concepts of the existing LPV system theory can
be brought to a common ground. Our main motivation is to set this framework as
a tool for the analysis of LPV system identification in a well-founded sense.

One of the key concepts that is required to establish the LPV behavioral frame-
work is an algebraic structure with elements describing differential equations (DE),
like R[¢] (the ring of polynomials with real constant coefficients) used in the LTI
case. As we will see, the required structure in the LPV case is based on poly-
nomials with coefficients that are functions of the scheduling variable p and its
derivatives (continuous-time) or its time-shifts (discrete-time). The construction
of this structure, which is the main contribution of this section to the state-of-
the-art, enables to apply the results of the Linear Time-Varying (LTV) behavioral
approach, worked out by [Zerz (2006) and [llchmann and Mehrmannl (2005). We
use these results to establish three key theorems: the existence of kernel represen-
tations, the existence of state-kernel forms, and later in Section 3.2 the concept of
left/right unimodular transformations, similar to the LTI case. These theorems

91
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Figure 3.1: The LPV modeling concept of the F-16 Fighting Falcon.

set the stage for the derivation of equivalence transformations between LPV rep-
resentations, treated in Chapter[d] which have paramount significance for system
identification.

Before venturing into the mathematical concepts and definitions, let’s investi-
gate what we call an LPV system from the behavioral point of view and what kind
of physical phenomena are represented by this modeling concept.

3.1.1 Parameter varying dynamical systems

In aerospace engineering, it is well-known that many airplanes, like the F-16 Fight-
ing Falcon presented in Figure B.I] are nonlinear dynamical systems, but at a
constant altitude they can be well approximated as an LTI system (Stevens and
Lewis 2003; ICook [1997). Then, by viewing the aircraft as a collection of LTI be-
haviors corresponding to different altitude levels and using the altitude variable
as a scheduling between them, we can arrive at an approximation of the global
behavior. In this context, the concept of scheduling means the selection of the
LTI behavior associated with a specific altitude level. This behavior describes the
possible continuation of signal trajectories during the time interval in which the
aircraft remains at the same altitude. Thus, the resulting representation of the
global behavior involves coefficients that are functions of the scheduling. Such a
modeling approach, what we have already introduced in Chapter [l as the gain-
scheduling principle, defines a parameter-varying (due to scheduling) and linear
(in signal relation) system. Such systems are referred as LPV. However, it is im-
portant that an LPV system is more than just an array of LTI systems, because
the governing scheduling rules or functions also define the dynamical behavior
between each scheduling point, i.e. altitude points of this example. The concept
of scheduling functions and “frozen” LTI behaviors is an essential viewpoint on
LPV systems and will be frequently used in the development of the identification
approach of this thesis.
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In the general Parameter-Varying (PV) framework, the scheduling variable, com-
monly denoted by p, is an externall, so called free signal of the system, that gov-
erns the dynamical behavior. In this way, p is similar to time, however its trajec-
tory is unknown in advance. This unknown trajectory of the scheduling variable
makes LPV systems different from the LTV system class, where the variation of
time follows a known linear trajectory. Based on this, by using the concept of dy-
namical systems (Definition[2.), the class of PV systems can be defined as follows:

Definition 3.1 (Parameter-varying dynamical system) A parameter-varying dynam-
ical system Gp is defined as a quadruple

Gp = (T,P,W,B), (3.1)

with T the time-axis, P the scheduling space, W the signal space, and B C (W x P)? the
behavior.

The scheduling space P is usually a closed subset of a vector space on which the
scheduling variable p varies: p € P'. In our example, P refers to the altitude
range of the aircraft, which is a subset of R, as the altitude of the aircraft must be
positive. On the other hand, its altitude range is also bounded by a maximum
height of operation, dependent on its engine and its aerodynamical construction.
Often, the admissible trajectories of p are also restricted to a subset of PT, as it is
not possible for an aircraft to have discontinuous jumps in altitude. Therefore,
this admissible set of scheduling trajectories is defined as the projected scheduling

behavior:
Bp={pe PT | 3w e W s.t. (w,p) € B} (3.2)

Similarly we can define the projected signal behavior By, For a given, fixed
scheduling trajectory p € Bp, the projected behavior

B, ={we W | (w,p) € B}, (3.3)

defines all the signal trajectories that are admissible with the fixed scheduling
trajectory p. This important projected behavior gives the possible course of actions
or maneuvers that the aircraft in our example can take to follow a fixed altitude
trajectory. In case of a constant scheduling trajectory, p € B, with p(t) = p for
all t € T where p € P, the projected behavior 9B,, is called a frozen behavior and
denoted as

B ={weW'|(w,p)eBwithp(t)=p, Vte T}. (3.4)

Building on the linearity and time-invariance concepts of the LTI system class, we
can define LPV systems as follows:

!Note that systems where p is an internal variable (like output, input, or state) are called quasi
parameter-varying systems. Still, such systems are commonly treated as a PV system with external
scheduling variable, therefore in the upcoming analysis, p is assumed to be an independent variable.
For more on quasi-PV systems, see Chapter[Z]
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Definition 3.2 (LPV system) The parameter-varying system Gp is called LPV, if the
following conditions are satisfied:

* W is a vector-space and B, is a linear subspace of WY for all p € Bp (linearity).
* Tis closed under addition.

* For any (w,p) € B (a signal trajectory associated with a scheduling trajectory)
and any T € T, it holds that (w(. + 7),p(« + 7)) € B, in other words ¢"B = B
(time-invariance).

Definition B:2]does not imply that the dynamic system G = (T, W, 9B8,,), associated
with the projected behavior 9B, is also time-invariant. However, for a constant
scheduling trajectory associated with p € P, time-invariance of Gp implies time-
invariance of G = (T, W, B;). Based on this and the linearity condition of %B,, it
holds for an LPV system that for each of its frozen behaviors B; the associated
system G = (T,W,B;) is an LTI system. In this way, the projected behaviors of a
given LPV system S with respect to constant scheduling trajectories define a set
of LTI systems:

Definition 3.3 (Frozen system set) Let S = (T,P,W,B) be an LPV system. The set
of LTI systems
Fp = {]—" =(T,W,B)|IpecPst B = %p} (3.5)

is called the frozen system set of S.

This set refers in our example to the LTI behaviors of the aircraft for constant
altitude levels. We have already motivated that the LPV system concept is ad-
vantageous compared to nonlinear systems, as the relation of the signals is linear.
Definition [3.2] also reveals the advantage of this system class over LTV systems:
the variation of the system dynamics is not associated directly with time, but with
the variation of a free signal. Thus, the LPV modeling concept, compared to LTV
systems, is more suitable for non-stationary/coordinate dependent physical sys-
tems as it describes the underlying phenomena directly (see Example B.1).

Example 3.1 (Varying mass on a spring) To emphasize the advantage of LPV systems, let’s investigate the
modeling of the motion of a varying mass connected to a spring (see Figure B2). This problem is one of the
typical phenomena occurring in systems with time-varying masses like in motion control (robotics, rotating
crankshafts, rockets, conveyor systems, excavators, cranes), biomechanics, and in fluid-structure interaction
problems. Denote by wx the position of the varying mass m. Let ks > 0 be the spring constant, introduce wy
as the force acting on the mass, and assume that there is no damping. By Newton’s second law of motion, the
following equation holds:

d d
pn (mawx> = wp — kswx, (3.6)
or equivalently
d d d?
kswx + (Em> wa+mﬁwx = WF. (37)

It is immediate that by taking m as a scheduling variable, the behavior of this plant can be described as an LPV
system, preserving the physical insight of Newton'’s second law. On the other hand, viewing m as a time-varying
parameter, whose trajectory is fixed in time, would result in a LTV system. Such a system would explain the
behavior of the plant for only a fixed trajectory of the mass.
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wx(?)

m(t)

wr(t)
Figure 3.2: Varying-mass connected to a spring.

It also holds that for any constant scheduling trajectory p(t) = p, i.e. constant m for all t € R, the set of
admissible signal trajectories of B2 is defined as the weak solutions of

d2
kswx — Wp + f)ﬁwx =0. (3.8)

This yields that the frozen system set is the collection of LTI systems represented by forallp € P,ie. all
possible constant m.

Similar to the discussion in the LTI case, we restrict our attention again to sys-
tems with finite dimensional and real signal space (W = R™,ny, € N) and with
finite dimensional, real, and closed scheduling space (P C R"", np € N). In fact,
we consider LPV systems described by finite order linear differential or differ-
ence equations with parameter-varying effects in the coefficients, and we call such
systems Linear Parameter-Varying Differential/Difference systems and denote them
with S. A basic property of such systems is that their behaviors B are complete
(w,p) € B & (W,)|it0,t.] € Blito,ta]» Y[to, t1] C T). In the sequel, if refer to LPV
systems, we refer to this system class.

3.1.2 Representations of continuous-time LPV systems

In the following we introduce kernel (KR), state-space (SS) and input-output (10)
representations of continuous-time (CT) LPV systems. However, to define these
representations, we first have to clarify the algebraic structure in which we con-
sider PV differential equations. Similar to the LTI case, this requires two ingredi-
ents: the definition of the coefficients of these equations and the introduction of
polynomials with such coefficients.

A. Coefficient functions

As stated, the coefficients of the representations of LPV systems are functions of
the possibly multidimensional scheduling variable p. Thus, first we define the
class of functional dependencies that we consider in the sequel. In fact, we es-
tablish an algebraic field of a wide class of multivariable functions. As a main
contribution we show later that if the variables of these functions are assigned
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to the elements of p and their derivatives, then equivalence transformations be-
tween different representation domains become possible. To formulate the class
of multivariable functions that we consider, introduce the following definition:

Definition 3.4 (Real-meromorphic function) m ) A real-meromorphic
function f: R" — R, n € N, is a function in the form

_9
F=1. (39)

where g,h : R™ — R are holomorphic (analytical) functions and h # 0 (not the zero
function).

Meromorphic functions consist of all rational, polynomial functions, trigonomet-
ric expressions, rational exponential functions etc., however functions like f(x) =
sin~!(1/x) are not meromorphic (x = 0 is an accumulation point of the singu-
larities). Therefore, this class contains the common functional dependencies that
result during LPV modeling of physical systems (see Chapter [[land [7). Next we
formulate an algebraic field over all multivariable real-meromorphic functions.

Let R,, denote the field of real-meromorphic functions with n variables. De-
note the variables of a € R, as (1, ... (. Also define an operator U; on R,, with
1 < 7 < nsuch that

Uj(T‘(Cl,...,Cn)) = r(gl,...,gj,O,...,O). (310)

Note that U; projects a meromorphic function to a lower dimensional domain.
Introduce R,,, defined as

ﬁn = {T € Rn | 67171(7.) 7é T'} : (311)

It is clear that R,, consist of all functions R, in which the variable ¢,, has a nonzero
contribution, i.e. it plays a role in the function. Also define the operator U, :
(Ui>0Ri) — (Ui>0R;), which associates a given r € R,, withar’ € R/, n > n/,
i.e. U.(r) = 1/, such that U,/ (r) = v’ and n’ is minimal. In this way, U, reduces
the variables of a function till {,,» can not be left out from the expression because it
has a nonzero contribution to the value of the function. Now define the collection
of all real-meromorphic functions with finite many variables as

R=|JRi, with R =R. (3.12)

i>0

In the sequel we consider R as the set of coefficient functions, giving the basic
building blocks of PV differential equations. A basic ingredient that is required
for this, is to show that R is an algebraic field. Define the addition operator B and
the multiplication operator [Jon R as

Deﬁnition 3.5 (Ac!dition/Multiplication operator on R) Let r1,r9 € R such that
r € Ryand ro € Rj withi > j > 0. Let vy € R; such that U,(rh) = ro where 14 is
unique. Then
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riBry = Uu(ri +15), (3.13a)
riBry = Uu(ry-r)), (3.13b)

where + and - are the Euclidean addition and multiplication operators of R;.
The following lemma holds:
Lemma 3.1 (Field property of R) The set R is a field.

The proof is given in Appendix[Al Denote by R *" the matrices with elements
in R. Note that R is also a field. In the following, if it is not necessary to em-
phasize the difference between the Euclidian addition and B, we use + to denote
both operators in order to improve readability. The same abuse of notation is also
introduced for .

The next step towards the formal definition of PV differential equations and
the associated kernel representations, is to associate the variables of the coeffi-
cient functions with elements of p and its derivatives. This is required to handle
multiplication of coefficients by time operators. Given the scheduling dimension
np > 0, denote the variables of » € R,, (n-dimensional function in R) as:

{Cij}n(,np,r = {COlv <027 Y <07L|P7 Clla <123 B ;Cn,(la ey CﬂcT} ) (314)

where n¢s > 0 such that nenp + 7 = nand 0 < 7 < np. In this way, the first
variable of r is denoted by (o1, the second is denoted by (o2, etc. Thus, (3:14) gives
a unique labeling of the variables for each R,, with n > 1. In continuous-time,
associate each variable (;; as
2

where p; is the j*® element of the scheduling signal p. This association provides
the description of parameter-varying coefficients in R, where each coefficient is
a meromorphic function of the elements of p and their finite order derivatives
(see Example B.2). We call such a coefficient dependence dynamic. To compare
this dependency class to class of dependencies used in the state-of-the-art of LPV
identification (see Chapter [I), define the subset of R for a given np as R|,, =
U, R;. It is easy to show that R|,, is a field and it consists of meromorphic
coefficient functions dependent on the elements of p (without derivatives). This
dependence type is called static. It has already been discussed in Chapter[]] that
LPV representations based on coefficients in R|,, are inequivalent. This is the
main motivation to use coefficients in R as the building blocks of representations,
because with these, equivalency of representations can be re-established.

Example 3.2 (Coefficient function) Let p : R — R2. Then the coefficient function

cos(p1)
r(p1,p2, %Pl) =4

sin(p1)
cos(¢o1)

is a real-meromorphic function r € R, with variables {Co1, Co2, 11}, i.e. 7(Co1, Co2,C11) = Sm(en)
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To define PV differential equations based on coefficient functions in R, it is
also required to evaluate a given coefficient function » € R along a scheduling
trajectory p € Bp and its associated derivatives. For this purpose, define the
operator o : (R, Bp) — (RF) that associates r and p with a time function defined

as:
rop=r <{;—;pj}n< . T) . (3.16)

B. Polynomials over R

In order to introduce representations of LPV systems, an other key ingredient
is needed, namely the formulation of polynomials with meromorphic coefficient
functions that have a finite number of variables. Polynomials of this type are used
to define PV differential equations describing the behavior of CT-LPV systems.
First we define the ring of such polynomials and we show that multiplication,
which corresponds to differentiation, is non-commutative over this ring. We also
analyze other key properties of this ring to show that the algebraic structure is
the same as in the LTV behavioral approach of (2006). The latter property
implies that key results of that framework also hold in the LPV case, enabling the
introduction of LPV system representations relatively easily.

Introduce R[¢] as the collection of all polynomials in the indeterminant £ and
with coefficients in R. Note that it is a general property of polynomial spaces
over a field, that they define a ring. Also introduce R[] *", the ring of matrix
polynomial functions with elements in R[¢]. With R[¢] formulated and operator ¢
defined, we are now able to define a parameter-varying differential equation with
rows n, and signal dimension ny, as follows:

U3 i

d d
(R(S) ophwi= 3 (riop) 7w =0, (3.17)

where R € R[§]™ ™, deg(R) = ng, and r; € R™*™ foralli € [°. PV differential
equations in the form of (3.17) are used to define the class of CT-LPV systems we
consider in this thesis. It will be shown, that this class contains all the popular
definitions of LPV state-space and IO models. Furthermore this mathematical
structure also enables the transformation of a wide class of nonlinear systems to
an LPV form by preserving physical insight (see Example[B3land Chapter[7).

Example 3.3 (PV differential equation) Consider the mass-spring system of Example[31] Let p = m with
a scheduling space P = [1,2] and let w = [wx wyg]| with W = R2. Then the possible signal trajectories are

defined as the solutions of
2

d d d
k. — — — — =0. 3.18
swW1 — w2 + (dtp> FT +pdt2 wi (3.18)
and Bp = C*°(R,P). Such a system equation can be written in the form GBI with nyy = 2, ng = 1,
np = 1, and

roop:[ks —1}, rlop:[%p 0}, rgop:[p 0}.
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X -

Due to its algebraic structure, it is possible to show that R[¢] *" is a domain,

i.e. for all Ry, Ry € R[£]™ *™ it follows that
RiR>; =0 = Ri =0 or Ry, =0. (319)

On the other-hand, it is non-commutative due to the chain rule of differentia-
tion. To show this, introduce the dot operator on R to describe differentiation of
parameter-varying coefficient functions.

Definition 3.6 (Dot operator) Let r € R, be a n variable meromorphic function in R.
For a given np > 0, denote the variables of 7 as {Cij }n, ne,~ based on (BI4). Then, in
continuous-time, the dot operator on R is introduced as

P = U, (), (3.20)

where ¥ € Ry tne and is given by

np

9 0
T({gij}nngl,nP, Za— {Q]}Tbcﬂlun) (k+1)1
0

=
I M§

T

Z ot r({Gijtne e )S(net+1)i- (3.21)
=1 Y5n¢

Note that the chain rules of differentiation imply that the dot operator fulfills the
following rules for any ry, s € R:

if T:TliT‘g then T.':’f‘l:t’f‘g,
if r=mrir then 7 =71ro 4+ 1179,
if r=2=2 then 7 = frzzmre
T2 ’rg
Due to the differentiation to which (8:2I) corresponds, the number of variables in
the coefficient functions can grow, representing an increase in the order of deriva-
tives of p in the functional dependence. Multiplication on R[{] with £ now can be

defined through the dot operator using the non-commutative rule:
&r =141, (3.22)

where r € R (see Example B4). Additionally, the ring R[¢] is simple (i.e. the only
ideals that are both right and left ideals are the trivial ones: 0 and R[] itself) and it
is a left and right principle domain (i.e. every left and right ideal can be generated
by a single element). To show these properties, the argument similarly follows as
in the case of polynomial rings with rational coefficient functions (Gooderal and
Warfield [1989). In fact this ring is even a right and left Euclidian domain, which
means that there exist a right and left division with remainder m-) Based
on these properties and with the non-commutative multiplication rule (822), it is
possible to show that R[¢] defines an Ore algebra (Chyzak and Salvy 1998). With
these algebraic properties, there exists a categorial duality between the solution
spaces of PV differential equations and the polynomial modules associated with
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them, which is implied by a so called injective cogenerator property. This has been
showed for the solution spaces of the polynomial ring over R by|_Zya (2006). Due
to the fact that all required algebraic properties are satisfied for R[¢], the proof of
the injective cogenerator property similarly follows in this case. Based on these
facts, we will omit the rather heavy technicalities to prove certain theorems in the
following discussion as all proofs similarly follows in R [£].

Example 3.4 (Non-commutativity and the dot operation) Consider again Example Bl and rewrite the
differential equation (3.8) into the form:

kswyx — wp + &(rom)fwx = 0, (3.23)

with § = % and v € R is the identity function: v o m = m. Then due to the non-commutative multiplication
rule 3.22), equation (3.23) is equivalent with

kswx — wp + (7 om)Ewx + (r <>m)§2wx =0, (3.24)

where 1 ¢ m = %m. Note that (3.24) is identical to (3.2, and by using the signal substitution p = m and
wl = [wx wg), itis in the identical polynomial form of BI8).

C. Kernel representations

As a next step in the foundation of the LPV behavioral approach, we develop the
concept of KR representations of CT-LPV systems and investigate some relating
properties. To do so, first we define weak solutions of a PV differential equation.
Then, based on this concept of solutions, we introduce KR representations of the
LPV system behavior. Next, we clarify the concept of full row rank KR repre-
sentations and their existence based on the result of (2006) for LTV systems.
This requires the definition of the rank of polynomial matrices in R[{] ** that we
develop beforehand.

So far we have defined PV differential equations in the form of

d

(R(a

)op)w =0, (3.25)
which for a given p corresponds to an ordinary differential equation in the vari-
able w. In the behavioral framework, a PV system is defined as the union of signal
trajectories w that are the solution of a differential equation resulting from (3.25)
for an admissible scheduling trajectory p. Thus to define a representation of a sys-
tem in terms of a PV differential equation, we require the concept of admissible
signal trajectories described by the PV differential equation. To define the admis-
sible trajectories, we again use the concept of weak solutions over £¢ through
the theory of distributions (see Section2.1.2lfor the motivation):

Definition 3.7 (Weak solution) We call w € L£°°(R,R™) a weak solution of 3.17)
for a given smooth scheduling trajectory p € Bp C LP¢(R,R™), if

(w0, (RI(G) one) = [ wT(RIG) 0ppdt =0 (3.26)
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holds for every smooth, so called test function, ¢ : R — R™ with compact support, where
Rt is
ne
RI() =Y _(-1)'¢i” (327)

=0

In the following we only consider scheduling trajectories for which the coefficients
of R(§)¢p are bounded, so the set of solutions associated with R is well defined in
terms of (326). Additionally, R (also called the adjoint of R) results in the form
of (3.27), due to integrations by parts of (8.I7) to transfer all differential operators
acting on w to differential operators acting on ¢, similar to the LTI case

[1998). Each integration by parts entails a multiplication by —1. To compute R' in
a form where the coefficients are right-side multiplied by ¢, repeated use of the
multiplication rule (3:22) is required in (3.27) (see ExampleB.5).

Example 3.5 (Weak solution) Consider the parameter-varying differential equation BI8). Then
RUO) = rg —er] +&r] = (rg =i +i7 )+ (27 —r]) € +1d¢,
Ri(&op = { - ]+{ irP }£+{ i }52-
Choose a particular scheduling trajectory p(t) = cos(t) and a test function p(t) = cos(t). Then

(ri(L

ks cos(t) + sin?(t) — cos?(t) }
dt '

o)) o0 = | S

which means that taking w(t) = [cos(t) ks cos(t) +sin?(t) — cos?(t)] " gives Ofor BZ4). It can be shown,
that this holds for every , yielding that w is a weak solution. Substitution of w into (3.18) satisfies the differ-
ential equation with p(t) = cos(t)for all t € R. This implies that w is a strong solution (satlsﬁes for all
t € R) of the varying-mass and spring system. However, taking w(t) = [k O CO:Q( DEwICy COb<t)}T
also gives 0 for B28) with ¢(t) = cos(t), but such a solution does not satisfies BI3) for {k - 7}rxcz and as
a result it can be only a weak solution. By considering other test functions, it can be shown that is not
satisfied in all cases, which proves that this choice of w is not a weak solution of (318).

Now we can give the definition of continuous-time KR representations of LPV
dynamic systems as follows:

Definition 3.8 (CT-KR-LPV representation) The parameter-varying differential
equation (317 is called a continuous-time kernel representation, denoted by Ry (S), of
the LPV dynamical system S = (R, R™",R™  B) with scheduling vector p and signals

w, if

B = {(w,p) € LI°(R,R™ x R"™) | (R(%) op)w =0 holds weakly} .

Note that in the LPV system class, we consider LPV systems with T = R that
have a KR representation, so existence of such a representation is explicitly as-
sumed in the following. It is also important, that the trajectories of p are not de-
scribed /restricted by (8:25) (only those trajectories are omitted where a coefficient
becomes infinite) because p is assumed to be an external variable in the LPV mod-
eling concept. One can also include further restrictions on B, like description
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of the admissible scheduling trajectories as solutions of a differential equation,
etc. However, to preserve the generalism of the developed framework, we do not
consider the latter case in the sequel.

An important concept to be established, is the concept of full row rank KR
representations. In the LTI case, we have seen that such a concept have been
required to introduce minimality and to handle equivalence transformations and
relations. However to define full row rank KR representations, we first need to
define the notion of division by reminder in R[] *".

Due to the fact that R[¢] is a right and left Euclidean domain, there exist left
and right division by remainder. This means, thatif R1, R € R[¢] with deg(R1) >
deg(R2) and Ry # 0, then there exist unique polynomials R’, R” € R[{] such that

Ry = ReR' + R", (3.28)

where deg(R2) > deg(R"). Here we call R” the right-remainder. Furthermore, as
|%is simple, the rank of a matrix polynomial R € R[¢]™*" is well-defined (Laml

). Denote by spani?™(R) and span$!(R) the subspace spanned by the rows
(columns) of R € R[¢] ™", viewed as a linear space of polynomial vector functions

with coefficients in R *". Then
rank(R) = dim(span’y™(R)) = dim(span$s'(R)). (3.29)

Based on the concept of rank, the following theorem can be introduced:

Theorem 3.1 (Existence of full row rank KR representation) d@ M) Let B
be given with a KR representation (3I7). Then, B can also be represented by a R’ €
R[] =™ with full row rank.

Due to algebraic properties of R[¢], the proof of this theorem similarly follows as
inZerZ ). Just as for LTI systems, the concept of minimality for KR represen-
tations is based on the full row rank of the associated matrix polynomials. (see
Chapter[3.2).

D. Input-output representations

Another key representation form is the IO representation, which we define from
the behavioral point of view in this subsection. Before establishing our definition,
we need the concept of IO partition for LPV systems.

In Section[2.1.2] the definition of 1O partitions has been formulated for general
dynamic systems. This applies to the LPV case as well:

Definition 3.9 (IO partition of a LPV system) Let S = (T, R"?, R, B) be an LPV
system. The partition of the signal space as R"™ = U x Y = R™ x R™ with ny,ny >
0 and partition of w € LP°(T,R™) correspondingly with v € L°°(T,U) and y €
Le¢(T,Y) is called an 10 partition of S, if
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1. wis free, ie. for all u € LY°(T,U) and p € Bp, there exists ay € L1°°(T,Y) such
that (col(u,y),p) € B.

2. y does not contain any further free component, i.e. given u, none of the components
of y can be chosen freely for every p € Bp (maximally free).

An IO partition implies the existence of matrix-polynomial functions R, €
R[¢]™*™ and R, € R[{]™*"v with Ry full row rank, such that 3I7) can be
written as

(Ry(5) 0p)y = (Rl ) o phu, (3:30)

with ny = ny + ny. The corresponding behavior ‘B is given by

{0 € L@V Y P) [y (5) 00y = (ul ) o) holds weakdy ).

with U = R™ and Y = R". For those scheduling trajectories p, for which the
maximum freedom of the input signal u holds in %, an IO partition defines a
causal mapping in case the solutions of (3.30) are restricted to have left compact
support. Otherwise, initial conditions also matter. Note that for some systems
with IO partition (u, y), it is not guaranteed for each p € Bp that u is maximally
free on B, (see Definition3.9). In other words, it can happen that some of the out-
puts become free for specific scheduling trajectories but not for all. However, such
variables cannot be treated as general inputs. Similar to the LTI case, LPV systems
with no IO partition are called autonomous. In case ny = ny = 1, systems are re-
ferred to as Single-Input Single-Output (SISO), while systems with ny > 1,ny > 1
are called Multiple-Input Multiple-Output (MIMO) systems.

Now it is possible to introduce IO representations of CT-LPV systems:

Definition 3.10 (CT-LPV-IO representation) The continuous-time IO representation
of S = (R,P C R"™ R B) with scheduling vector p and 10 partition (u,y) is
denoted by Rio(S) and defined as a parameter-varying differential-equation system with
order ny:

MNa di Ny dj
Sop)—y = o p)——a, 31
;w °p) 7y on(bjomdﬁu (331)

where a; € R™*™ and b; € R™*™ with a,, # 0and by, # 0 are the meromorphic
parameter-varying coefficients of the matrix polynomials R, and R, satisfying (3.30) with
Ry full vow rank. As w is maximally free, such polynomials exist with n, > ny > 0 and
n, > 0.

In terms of Theorem B.] any KR representation has a full row-rank equivalent,
thus the existence of 1O representations is guaranteed for any valid 1O partition.

Example 3.6 (IO partition and representation) In Example B) the force wy is free as it represents the
inhomogeneous part of (3.6). Thus, w = wr can be considered as the input and y = wg as the output of the
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system. Let w = [y u] T be the IO partition and p = m be the scheduling signal. Then the behavior can be
represented in the form of with polynomials

d
Re(©@op=tet () €+0€% Ru©op=1 632
Trivially, both Ry and Ry have full row rank. Then, 832) implies that the IO representation of the system is
defined by
d
apop=ks, a1op=—p, azop=p, boop=1,
with na = 1 and ny, = 0.

In case of continuous-time LPV systems, the notion of transfer function or fre-
quency response has no meaningfuﬁ interpretation. By using the approximative
transfer function calculus of LTV systems 11998), some inter-
pretation of these notions can be given for LPV systems. However, these concepts
do not satisfy the relations of the LTI case. On the other hand, each element of the
frozen system set .7, is an LTI system. Therefore, each F; € Zp has a transfer
function F;(s), a frequency response Fj(iw), and an impulse response hz(t) with

Markov parameters {g?)};ﬁo. The notion of frozen transfer function set or im-
pulse response set can be established for any LPV system. The set of frozen poles
or zeros follows similarly.

E. State-space representations

The introduction of latent variables and their associated representations are also
essential for LPV systems as they give the mathematical concept of signals that
corresponds to inner variables or states of the system. This interpretation of the
global behavior directly follows the concept of the LTI case based on Definition
In the following we extend the definition of latent variables and the property
of state to the LPV case. Then we introduce the state-kernel form, proving that all
latent variable representations have a first order PV differential equation form.
The latter property is used to define SS representations of LPV systems.

If the continuous-time LPV system contains np, latent (eliminatable) and n
manifest variables, then as a generalization of (3.17):

D) o pyw = (Ru(Ly o pyur, (3.33)

(R(E dt

holds, where w : R — R™ is the manifest variable, w;, : R — R™ is the latent
variable, R € R[¢]™*™ and Ry, € R[{]™*" are polynomial matrices with mero-
morphic coefficients, and

By, = {(w,wr,p) € LY(R,R™ x R™ x R"") | (3:33) holds weakly},

2Some authors (Wei 200€; [Paijmans et all 2006; [Nichols et all [1993) introduce LPV transfer func-
tions with varying parameters. As they commonly refer only to the collection of transfer functions
associated with .Zp, this notion of the LPV transfer function is misleading.
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is the full behavior of the latent representation (3.33), while the associated mani-
fest behavior is defined as

B = {(w.p) € LY (R,R™ x R™) | Juy, € LF*(R,R"™) s.t. (w,wp,p) € B}

Based on the result of ZerZ (2006) for LTV systems, it is possible to prove that elim-
ination of latent variables is always possible on R[¢] *". This, so called, elimination
property implies that if B, corresponds to a LPV system, then B also corresponds
to an LPV system. Now it is possible to extend the concept of state in terms of
Definition Z.1T]to LPV systems:

Definition 3.11 (Property of state for LPV systems) Consider a PV system Gp with
a latent variable wr,. Let (w1, wr, 1,p), (w2, wr 2,p) € Brandty € T. Incase T = R,
assume that wy, 1 and wy, o are continuous on R. Define

(w,wy,) = (wlawL,l){; ((wa,wr, 2), (3.34)

as the concatenation of (w1, wy, 1) and (we, wy, 2) at to (see @I6)). If every (w1, wr, 1,p),
(’LUQ, WL’Q,p) € By, with ’LUL’l(to) = WL’Q(tO) implies that (’LU, ’LUL,p) € By, then By, is
called a state-space behavior, and the latent variable wy, is called the state.

In terms of Definition BI1] wy, needs to qualify as a state for each scheduling
trajectory of Bp.

Example 3.7 (Latent variable representation) By considering the system in Example BT with scheduling
p = mand P = [1, 2], the following latent variable representation of the model has the same manifest behavior:

d

—k 1 i
0S 0 [ Wx ] = _dt;
1 0 wWE p

0

wr,. (3.35)

—&la o

This can be proved by substituting the third row of (3.35) into the second row, giving

d
wr,,1 = P—WF.
L1 =P wR
Substitution of the previous equation into the first row of (3.35) gives a PV difference equation (DF) in the
variables wyx and wy, which is equal to BI8). Any wy, € L1°°(R, R?) satisfying weakly the previous equations,
trivially fulfills the property of state.

To decide whether a latent variable is a state, the following theorem is impor-
tant:

Theorem 3.2 (State-kernel form) The latent variable wy, is a state, iff there exist ma-
trices v, € R™*™ and ro,r1 € R"™*™ such that the full behavior By, has the kernel

representation:
rww + rowy, + r1&wy, = 0. (3.36)

The proof is given in Appendix[A.J]l Again, as a convention, we assume that the
state latent variables are chosen in such way that in (3.33), deg(R1,) = 1, while
deg(R) = 0 and Ry, is monic. In this way, a CT-LPV state-space (SS) behavior is de-
fined by a first-order meromorphic-coefficient DE. Now we can give the definition
of SS representations of a continuous-time S:
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Definition 3.12 (CT-LPV-SS representation) The continuous-time state-space repre-
sentation of S = (R,P C R"®,R™*™ B) with scheduling vector p is denoted by
NAgs(S) and defined as a first-order parameter-varying differential equation system in
the latent variable x : R — X:

%x = (Aop)x+ (Bop)u, (3.37a)

y = (Coplz+(Dopu, (3.37b)
where (u,y) is the IO partition of S, x is the state-vector, X = R™* is the state-space,
Bss = {(u,2,9,p) € LY(R,U x X x Y x P) | B3Za) & B37B) hold weakly}

is the full behavior of the manifest behavior B, and

A | B R’I’Lxxnx | RnXXTLU
|: C | D :| |: RW«VXTLX | anxnu ’

represents the meromorphic parameter-varying state-space matrices (matrix functions) of
Rss(S).

Example 3.8 (SS representation) Continuing Example[37] the LPV state-space representation of the model
follows by taking [y u]T = [wx wr] T as the IO partition and x = wr, as the state:

= L]l ]l
y = [0 1]z

By substitution of the second equation into the first one, the state equation (3.37a) results, while the second
equation gives the output equation (3.37b). Thus the corresponding SS representation is

0 —ks | 1

{ Aop | Bop }_ 1 0 0
Co Do I

b P 0 1 0

Note that in the full behavior Bgg, the latent variable « trivially fulfills the state
property in terms of Theorem[3.2] Additionally, this behavioral type of definition
of CT-SS representations includes the definition of LPV state-space models used
in the state-of-the-art of LPV control. In those models, the dependence of the
matrix functions are assumed to be rational and static, which is trivially included
in R. Similar to LPV-1O representations the notions of transfer function, frequency
response, and impulse response can only be defined in a frozen sense for LPV-SS
representations.

3.1.3 Representations of discrete-time LPV systems

The concept of discrete-time (DT) parameter-varying dynamical systems is also im-
portant for engineering applications. In the following we formulate the behavioral
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framework for DT-LPV systems. First we investigate the concept of DT parameter-
varying systems and then we define their KR, SS, 10 representations. To do so, we
use the previously developed ring of polynomials R[¢] with meromorphic coef-
ficient functions. Due to the time operator ¢ substituted as the indeterminate of
these polynomials in the DT case, we show that the non-commutative multiplica-
tion rule in R[¢] is different than in CT case, but the algebraic structure remains
the same. This property provides that the previously developed theories extend
to the DT case.

A. The discrete-time parameter-varying concept

In discrete-time, the time-axis is restricted to T = Z. Signals on this axis can be
viewed (but not necessarily) as observations of continuous-time signal trajectories
at equidistant time points. This concept is called periodic, equidistant sampling
that defines the DT projection of a CT signal w : R — W as w’ : Z — W satisfying

W' (k) = w(kTq), Vk € Z, (3.38)

with discretization-step Tq € R*T. However in the parameter-varying case, the
scheduling signal is also restricted to the DT time-axis as its observations are only
available at the sampling instants. Thus, the DT projection of a CT scheduling
signal p : R — P is defined as p’ : Z — P satisfying

P (k) = p(kTq), Vke€Z. (3.39)

In this way, we call ' = (Z,W, P,®B’) the DT equivalent of G = (R, W, P, B) under
the sampling time Tq if

B = {(w,p) € (WxP)*|I(w,p) €B s.t. (338) & B39) hold} . (3.40)

Note that for arbitrary Tq it is not guaranteed that there exists a DT-LPV system
such that (340) is satisfied. On the other hand, not every DT-LPV system is equiv-
alent with a sampled CT-LPV system. Thus sampling provides only a particular
viewpoint for understanding DT systems and it must be emphasized that DT-LPV
systems are a stand alone mathematical concept of modeling just like in the LTI
case. Additionally, the time projection is defined on the signals and not on their
derivatives. This means that finding the DT equivalent of a G = (R, W, P, B), de-
scribed by a differential equation with meromorphic coefficients dependent on p
and its derivatives, is a non-trivial problem (see Section[6.2).

B. Polynomials over R

In the following, the DT analog of the concepts introduced in the CT-LPV case is
developed. Similar to the LTI case, the time operator that we use in the discrete-
time PV case to define difference equations is the forward-time shift operator q.
Such difference equations are used to describe the behavior of DT-LPV systems.
However, the operator ¢ has different properties than 4, used in the CT case.
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Additionally, ¢ being the time operator also implies that the coefficients in the DT
case are dependent on p and its time-shifted versions. Due to these differences, in
the following we reformulate concepts of coefficient dependence (association of
coefficient variables with the scheduling) and commutation rules of multiplication
in R[¢] in order to define the analog of the concepts of the CT case.

As a first step, we define the variable association of the coefficient functions r €
R with elements of p and their forward and backward time-shifts. Note that in the
DT case, dependence on both forward and backward time-shifts of p is required
in order to establish equivalence transformations (state elimination/construction)
between SS and IO representations of the system. Thus, labeling of the variables
must contain positive and negative indexes as well.

For a fixed scheduling dimension np > 0, denote the variables of a r € R
(n-dimensional function in R) as:

{Cijtnenp,r = {Co1,Co2s - - -, Cor }

with ne = 0and 7 = nif n < np. In case of n > np, denote the variables as

{Cij}n(,np,r = {Co,la <5 80,np> Cl,la sty Cl,npac—l,lv ety C—l,’mpv <2,17 ... )CTl,TQ}

where n = (2n¢ — 1)np + 7 withne > 0and 0 < 7 < 2np and

_ (nCvT) if 7 <np;
(7—177-2) - { (_nC,T _ n[P) if T > n[P. (3.41)

The basic mechanism of this variable labeling scheme is presented in Figure
fornp = 2and n = 1,...,6. In this figure in each row, the yellow dots represent
the labels of the variables for a n-variable coefficient function. Note that for all
finite dimensions, this labeling sequence is unique.

Now we can associate the variables {(;; }np,n.,» of a7 € R as

Gij = 4'pj, (3.42)

where p; is the j*™ element of p, np is the dimension of p, n; € N is the maximal
order of the shifted versions of p on which r is dependent. For an example of this
variable association and the associated coefficient dependence see Example 3.9

Example 3.9 (Coefficient function) Let P = R™P with np = 2. Consider the real-meromorphic coefficient
function r : R® — R defined as

1+x3

r(x1,%2,%3) = — .
1—xo

Associate {Cij}1,2,1 = {Co1,Co2,C11} with {x1,x2,x3}. Then for a scheduling trajectory p : R — R2:

1+pi(k+1)

(rop)(k) = r(p1,p2,qp1,) (k) = — ~ pa(k)

In order to introduce PV difference equations in DT, it is required to evalu-
ate a given coefficient function » € R for a given scheduling trajectory p € Bp
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C-22| €1/ Co12| Con1| Cor | Co2 | Ci1 | Cia | Ca1 | G2
n=1 ®
n=2 OZRO)
n=3 OT—0O0+0
n=4 OT—0—06+06
n=>5 OT0O0—060—06+06
n=~6 00006+ 06

Figure 3.3: Labeling scheme for the variables of meromorphic coefficient functions
r:Ryfornp=2andn=1,...,6.

according to the association rule (342). For this purpose, define the operator
o: (R, Bp) — (R%) in DT as:
ropzr({qip-} ) =r(p,qp ¢ p cel) (3.43)
I ne,np,r VA ’
With the association rule (3:42) and evaluation operator (3.43) in mind, we
can use polynomial matrices in R"™*"" to define a parameter-varying difference
equation with n, rows and signal dimension 7, as follows:

77.{

(R(g) op)w = Z(m op)g'w =0, (3.44)
=0

where R € R[{]" "™, deg(R) = n¢, and r; € R™*"™ foralli € [Igé. PV differential
equations in the form (3:44) are used to define the class of DT-LPV systems we
consider in this thesis. It will be shown, that this class contains all the popular
definitions of LPV-SS and 10 models used in LPV system identification.

Example 3.10 (PV difference equation) Consider again Example[3d] Let 0 < Tq < 1 and develop an
approximation of the CT behavior of this system through the Euler type of approximation:
d I __ /
Lo W (3.45)
dt Tq
where w'(k) = w(kTq) for all k € Z. Repeated substitution of (340 for the derivatives of m, wy, and wy in
B9 yield

(T%ks + m(k))wx (k) — (m(k 4 1) + m(k))wx(k + 1) + m(k + Dwx(k +2) = T2wp(k), (3.46)

where the time index k denotes the values of the signals at kTq on R. We consider these signals as DT signals
in the following. Let p = m with a scheduling space P = [1,2] and let w = [wx wg]". Then the difference
equation (346D, which defines the possible signal trajectories of the DT approximation of the mass-spring system,
can be written in the form of 344 with nyy = 2, ng =1, np = 1, and

poop=[ T2ks+p -T2 ], piop=[ —gp—p 0], paop=[gqp 0 ].

So far we have used the polynomials of the ring R[£]™*"* to define parameter-
varying difference equations. Thus, by using the algebraic structure of this ring

3Note that applying the Euler derivative approximation on different representations (SS, IO, etc.)
can result in inequivalent DT descriptions.
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my my
Co1 Co1 Co1 Co1
Con, Con, Con, Con,
Ci1 Gt C11 Gt
Ci'nn, Clnn, C]-.nIP Cln},
Gt Gz Gt Ca1
C‘.I"nv C—‘lnIP C--lnIP C—‘ln],
Ca1 (a1
(o o

Figure 3.4: Variable assiment by the functions m; and my in Definition 3.13

we can develop the analog of the CT results using similar arguments. However,
an important difference with the CT case is that multiplication in R[£]™*"™ obeys
a different non-commutative rule in the DT case. To explore the non-commutative
multiplication rule by ¢ = g, first introduce the shift operators on R, to describe
time-shifts of parameter-varying coefficient functions:

Definition 3.13 (Shift operators) Let r € R,,. Fora given np > 0, denote the variables
of 7 as {Cij yne ne,~ based on the previously introduced labeling. The forward-shift and
backward-shift operators on 'R are defined as

(3.47a)
(3.47b)

T = Uk(romy),

7= U (r oma),

where o denotes the function concatenation, mi, ma € R o,., and my assigns each
variable (;; to ((i41);, while my assigns each variable (;; to ((;_1y; as depicted in Figure
0.4

In other words, if ¢ p is dependent on for example p and ¢p, then 7 is the “same”
function (disregarding the number of variables) except it is now dependent on
qp and ¢*p. Similarly, 7 is also the “same” as 7 except it is now dependent on
¢ 'p and p. In this way, the shift operators describe time-shifts on the parameter-
varying coefficient functions just like the dot operator describe differentiation
in CT (see Example BI1). The shift operators fulfill the following rules for any
r1,T2 € R:

. — — | — — — |
if r=riLtry, then 7 =7{+t7rs and 7 =7r{ £7s,
. — — — — i
if r=rir then 7 =717 and r =7rirg,
. — — — —
if r==0 then 7 =154 and 7 = 2.

T2 T2 T2
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Example 3.11 (Shift operators) Consider the coefficient function r given in ExampleB9] Then

1+ 1+
T ({GijY220) = £7 T ({Cist,2,4) = 1t
1-Go 1—C12
For a scheduling trajectory p : R — R2, it holds that
Lt pu(h+2) 1+ pa (k)
Top)k)=———"2 (Top)(k)= ———~ .
(Tonh) =— oy (TePW =10y

Multiplication on R[¢] with £ now can be defined through the forward-shift
operator using the non-commutative rule:

&r=T¢, (3.48)

where r € R. With the non-cumulative multiplication rule (3:48) it is possible to
show that R[¢] still defines an Ore algebra (Chyzak and Salvyl[1998). Due to the
fact that all required algebraic properties are still satisfied for R[¢] the proof of the
injective cogenerator property similarly follows in DT. The latter property implies
that the theorems, introduced and used in Section[3.1.2] also hold in the DT case.

C. Kernel representations

As a next step, we develop the concept of KR representations of DT-LPV systems
following the same line of discussion as in the CT case.

In discrete-time, all trajectories in (W x P)Z that satisfy (3.44) are considered as
solutions. Now we can give the definition of KR representations of LPV dynamic
systems as follows:

Definition 3.14 (DT-KR-LPV representation) The parameter-varying difference
equation (3.44) is called a discrete-time kernel representation, denoted by Rk (S), of the
LPV dynamical system S = (Z,R™",R™,B) with scheduling vector p and signals w, if

B = {(w,p) € (R™ x R"™)* [ (R(q) op)w = 0} .

Note that in the LPV system class, we consider LPV systems with T = Z that have
a KR representation, so existence of such a representation is explicitly assumed in
the following. We denote the DT-KR representation of a CT-LPV dynamical sys-
tem S = (R, P, R™,B) by Rk (S, Ta), if the DT behavior B’ of this representation
is equivalent in terms of (3.40) with B8 under Tq.

The existence of full row rank representations follows directly:

Theorem 3.3 (Existence of full row rank KR representation) Let B be given with
a KR representation (3.44). Then B can also be represented by a R € R[] ™ with full
row rank.

The proof follows similarly as in (2006) due to the algebraic properties of
R[¢]. This theorem has a crucial importance as the concept of minimality for KR
representations is also based on the full row rank of the associated matrix polyno-
mials R. (see Chapter[3.2).
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D. Input-output representations

IO representations are also important for the DT behavioral framework of LPV
systems. Beside system theoretical aspects, this type of representations connects
the developed behavioral theory to IO models used in the-state-of-the-art of LPV
system identification. In this way, it enables comparison and analysis of 10 iden-
tification methods. In the following, we define DT-IO representations from the
behavioral point of view, based on the same line of discussion as in the CT case.

For DT-LPV systems, IO partitions are also characterized by Definition
The existence of IO partition (u,y) implies the existence of matrix polynomials
Ry € R[{]™*™ and R, € R[¢]"™*™ with R, full row rank, such that (3.44) can
be written in a similar form as (8.30). Based on this, it is possible to introduce IO
representations of DT-LPV systems as follows:

Definition 3.15 (DT-LPV-IO representation) The discrete-time IO representation of
S = (Z,P C R, R™ "™ B) with IO partition (u,y) and scheduling vector p is denoted
by Rio(S) and defined as a parameter-varying difference-equation system with order n,:

Na ny
> (aiop)g'y = (bjop)du, (3.49)
i=0 =0

where a; € R™*™ and b; € R™*™ with a,, # 0and b,, # 0 are the meromorphic
parameter-varying coefficients of the matrix polynomials R, and full row rank Ry with
g > ny > 0and ny > 0.

Note that the coefficient dependencies in Definition can be polynomial func-
tions of p. Thus the behavioral definition of IO representations also contains the
IO models used in LPV system identification (see Chapter[I). By defining u(k) :=
u(kTq) and y(k) := y(kTq4), the DT-IO representation, denoted by R (S, Ta), of a
CT-LPV system S with scheduling p and IO partition (u, y) can similarly be given
with equivalent behaviors in terms of (340) under the sampling-time T4. Note
that the discrete-time projection with arbitrary T4 can change the validity of the IO
partition as dynamic components of the system can be lost due to slow sampling.
Thus, it is important to emphasize that existence of R (S, Tq) is not guaranteed.

Example 3.12 (IO partition and representation) In Example the sampled force variable wx is still a
free variable as it represents the inhomogen part of difference equation (340). Thus the choiceof w = [y u]' =
[wx wg] T yields a valid IO partition. With m being the scheduling signal, the discrete-time PV behavior can
be represented in the form of with polynomials

Ry (&) = ao + a1 + a2€?,  Ru(§) = bo,
which have coefficients:
aop=Tiks +p, a10p=-p—qp, azop=qp, boop=Ti.

Obviously, Ry (&) have full row rank. This implies that Ry (&) and Ry (&) define an 10 representation of the
model with coefficients as above.




3.1 General class of LPV systems 113

Similar to the CT-LPV case, the notion of transfer functions for DT-LPV sys-
tems is not well-defined. The introduction of a viable formulation can be tackled
via the formal series approach of Kamen et all (1985), constructed for DT-SS sys-
tems of the LTV case. However, the extension of this approximative transfer func-
tion calculus to the class of systems considered here is not available. The notion
of frozen transfer functions, frequency responses, impulse responses, poles, and
zeros can be similarly defined for the frozen system set as in the CT case.

E. State-space representations

For the discrete-time LPV behavior B, we can also introduce latent variables with
the property of state (see Definition BIT). Existence of latent variable represen-
tations with equivalent LPV manifest behaviors is guaranteed in the DT case as
Theorem holds regardless wether ¢ is associated with ¢ or % (see Example
B.13). Furthermore, the elimination property also applies for the DT case.

Example 3.13 (Latent variable representation) By considering the DT system in Example[3.I0lwith schedul-

ing p = mand P = [1,2], the following latent variable representation of the model has the same manifest
behavior:
ks +p  —T3 ws qg O
(—p—aq7'p) 0 { w } =| -1 g |wL (3.50)
(-a'p) 0 " 0 1

This can be proved by substituting the third row of B30) into the second row, giving

wr,1 = (p+ ¢ 'p)w — paw.

Substitution of the previous equation into the first row of 50 gives a PV difference equation in the variables
wx and wr, which is equal to (34E). Note, that any wy, € (R?)Z satisfying G50 trivially fulfills the property
of state.

Now we can introduce SS representations of DT-LPV systems as follows:

Definition 3.16 (DT-LPV-SS representation) The discrete-time state-space represen-
tation of S = (Z,P C R™ ,R™ " B) with scheduling vector p is denoted by Rgs(S)
and defined as a first-order parameter-varying difference equation system in the latent
variable v : Z — X:

g = (Aop)z+ (Bop)u, (3.51a)
y = (Cop)x+ (Dop)u, (3.51b)

where (u,y) is the IO partition of S, x is the state-vector, X C R is the state-space,
Bss = {(u,z,y,p) € (Ux X xY x P)? | B31d) & BAID) holds}

is the full behavior of the manifest behavior 8, and

A | B RTLXXTLX | RTLXXTLU
|: O | D :| |: RW«VXTLX | anxnu )
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represents the parameter-varying state-space matrices of Rgs(S).

Again in the full behavior Bgg, the latent variable « trivially fulfills the state prop-
erty. Also the class of SS representations formulated by Definition contains
the SS models used in LPV system identification as the coefficient dependencies
in the behavioral definition can be linear functions of p. This enables the analysis
and comparison of the results of LPV-SS system identification. The DT-SS rep-
resentation of a CT-LPV dynamical system S = (R, P,R™ " B) is denoted as
MRss(S, Ta), where the manifest behavior of Rgg(S, Tq) is equivalent in terms of
(340) with B under the sampling-time T4. As before, existence of such represen-
tations is not guaranteed for arbitrary Tq.

Example 3.14 (SS representation) Continuing Example 3131 the LPV state-space representation of the
model follows by taking [y u]" = [wx wg] " as the IO partition and = = wy, as the state:

0 0 T2ks — p —1 Y
{1 O}H{_;_q,lp ) Hu} (3.52)
y = [0 e (3.53)

By substitution of the second equation into the first one, the state equation in the form of .51a) results, while
the second equation gives the output equation in the form of (3.51b). Thus, the corresponding SS representation
is

qxr

0 p—T3ks
Pk _
Aop | Bop | _ T

{ Cop | Dop }_ L I+

0 =1 | 0

Similar to LPV-IO representations, the notion of transfer function, frequency
response, and impulse response can only be defined in a frozen sense for LPV-55
representations.

3.2 Equivalence classes and relations

In this section, we continue the introduction of the LPV behavioral framework
by defining equivalence relations and classes for the introduced representation
forms. These are essential aspects of the theory as they characterize which rep-
resentations describe the same system, providing tools to compare and analyze
representation capabilities/validity of LPV models for identification. In the up-
coming discussion, we systematically extend the concepts introduced in Section
214 First we define equality of behaviors and investigate why this equality needs
to be understood in an almost everywhere sense to express equivalence of repre-
sentations. Then, we define equivalency, equivalence relations and equivalence
classes of all representation forms together with the concept of minimality and
canonical forms. To do so, we introduce key theorems of left/right side unimod-
ular transformations based on the results of the LTV behavioral framework. To
support these theorems, we also introduce the required concept of the Jacobson
form (similar to the Smith-McMillan form in the LTI case).
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The most important concept to begin with is to define equality with respect
to behaviors of PV systems. Based on Definition [2.16] we introduce the following
definition:

Definition 3.17 (Equal behaviors of PV systems) Let B,,8, C (W x P)! with
W = R™, P C R™, and with T equal to either R or Z. We call B and By equal, if in
case of T =R:

(w,p) € B1NCZ(R,W x P) & (w,p) € Bo NCT(R,W x P), (3.54)
or in the discrete-time case (T = Z):

(wap) €B & (U},p) € Bo. (355)

Two systems are called equal if they have equal behaviors. However, it is impor-
tant to remark that Definition establishes the concept of equal behaviors in
terms of internal, and hence not external equality. This means, that even if two
LPV systems have the same behavior in terms of IO signals for a particular 10
partition, they are not necessarily equal as their scheduling signals or latent vari-
ables can differ. In case of systems with latent variables, equality can be defined
in terms of the equality of the manifest behaviors (see Definition B.26). On the
other hand, there also exist systems with equal signal behavior and isomorphic
projected scheduling behavior (see Example[B.I5). However, due to technical rea-
sons, we do not consider such systems to be equal in the sequel.

Example 3.15 (Equal PV behaviors) Consider the varying-mass and spring system of Exumpleﬂwith m
as the scheduling function. We have seen in Example[3.3] that the PV differential equation (KR representation)

d \ d d?
kswi — wa + <$p> %wl +pﬁw1 =0. (3.56)

is basically the same as the differential equation describing the behavior of the varying-mass and spring
system. Based on the equivalence of the differential equations, the associated LPV behaviors are also equal. Now
consider the image representation in Example BZl The behavior associated with (356 is not equal with the
associated behavior of the image representation B35, as in the latter case the trajectories of the latent variable
are part of the behavior. Another example of inequality is

k 45) 4 +(1-p) @ 0 (3.57)
wy —w2— | —P| —w —p)—wi =0. .
sw1 2 wP) P) gzt
with a scheduling variable p = 1 — m. In this case, the solution trajectories of w for this KR representation are
the same as for (3.56), but the behaviors are not equivalent due to the different scheduling function.

In order to characterize equivalent representations of the same system, another
key notion is required: the equality of behaviors in the almost everywhere sense. In
the LPV framework, we have introduced representations that have meromorphic
coefficient functions. Similar to the LTI framework, R, Ry € R[¢] are expected to
define an equal behavior if they are equivalent up to multiplication by a r € R,
r # 0. However, r can be a rational function for which (r ¢ p)(t) = oo for some
scheduling trajectories p and ¢t € T. The behavior of a kernel representation is
defined to contain only those trajectories of p for which a (weak) solution exists
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and is well defined. The latter is guaranteed by the boundedness of r ¢ p. In
this way, the behavior (solutions) of R; is equal with the behavior of Ry = rR;
except for those trajectories for which r ¢ p is unbounded. This type of almost-
everywhere-equality is what we use in the sequel to define equal behaviors.

Let a behavior B C (W x P)" be given with Bp as its projected scheduling
behavior. Let Bp C Bp. Define the restriction of B to Bp as

B |g,= {(w,p) €B|[peBp}. (3.58)

Then based on the previous considerations, the equivalence of LPV-KR represen-
tations is defined as follows:

Definition 3.18 (Equivalent KR representations) Given a Ry € RI[E]™ ™ and a
behavior B1 C (W x P)T with P = R™ and W = R™ such that B, contains all the
(weak) solutions that satisfy

(R1(§) o p)w = 0. (3.59)

Let Bp C ,Clloc([R, P) (continuous-time) or Bp C PZ (discrete-time) be the projected
scheduling behavior associated with 8. Then the KR representation defined by Ry €
RIE] 7

(R2(§) op)w =0, (3.60)

with behavior By C (W x P)T and projected scheduling behavior By, is called equivalent
with BR9), if By and By are equal almost everywhere, i.e. for the common scheduling
behavior Bp = Bp N Bpp, the restricted behaviors By |, and By |, are equal in
terms of Definition 317 If equality holds with Bp = Bp, then the equivalence of the
representations is called full equivalence.

Example 3.16 (Almost everywhere equivalence) By continuing Example[3.15] the KR representation
ks 1 1(dNd d? 0
—w; ——w2 — — | —p| —w1+ —5w1 =0.
P ! P 2 p \ dt Plagt T g™t

has the same weak solutions as (B56) except for those trajectories of p = m, where m(t) = 0 for some t € T.
Thus, this KR representation and (3.56) are equivalent in the almost everywhere sense.

The existence of equivalent KR equations implies that, similar to the LTI case, rep-
resentations of PV dynamical systems are non-unique. Thus, we need to charac-
terize when two KR representations define the same behavior. This characteriza-
tion follows trough left/right unimodular transformations just like in the LTI case.
To derive these theories in the LPV case, we introduce the concept of unimodular
matrices in R[{] *" and the Jacobson form.

Definition 3.19 (Unimodular polynomial matrix function) Let M € R[¢]™*™.
Then M is called unimodular, if there exists a MT € R[E]"*", such that MT(£)M (&) = I
and M(§)MT(&) = 1.

It provides an important insight that any unimodular matrix operator in R[] *" is
equivalent to the product of finite many elementary row and column operations:
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1. Interchange row (column) ¢ and row (column) j.
2. Multiply row (column) ibyar € R, # 0.

3. For i # j, add to row (column) i row (column) j multiplied by £", n > 0.

Example 3.17 (Unimodular polynomial matrix function) The matrix polynomials M, M € R[¢]?*2,
defined as

2 2 " r+ &% —Erp 1
M = , M= —
{ g g+ } { —&r1 T2 r172
are unimodular as MMT = MM = I. Note that £rq # r1€ due to the non-commutative multiplication rule

of € on RIE].

Theorem 3.4 (Jacobson form) (Chorl[1971) Let R € RIE]™ ™ with n = rank(R).
Then there exist unimodular matrices My € R[§]™ "™ and My € R[E]™ *™ such that
R 0

M;RM, = [ 0 0 ] ,

where R'(§) = diag(1,...,1,7) € R[E|"*" fora 0 # r € R[¢].

Due to the algebraic structure of R[¢] *, the proof of Theorem [3.4 similarly fol-
lows as in @). The Jacobson form, also called Teichmiiller-Nakayama
form, gives a unique representation of the behavior, similar to the Smith-McMillan
form in the LTI case. This form plays a key role in proofs over the ring R[] *" as it
establishes the concept of isomorphism of behaviors, existence of full rank poly-
nomials with equivalent behavior, the injective cogenerator property of modules

in R[¢], etc. (seeZerZ (2006) and llchmann and Mehrmannl (2005)).

Example 3.18 (Jacobson form) ) Consider

_ r+¢ -1 -1 o%3
R_{ 1_%7« -1 _T}ERK] 3,

where r is a meromorphic function and § = %. Then the Jacobson form of R is
1 0 0
MiRM> = { 1 } )
0 r— P + 5 0
with
0 0 1
Mlz{_lr (1):|,M2= 0 1 r |.
-1 -1 ¢

Based on the concept of unimodular matrices and Theorem [34] it is possible
to show that the following theorem holds in the LPV case:

Theorem 3.5 (Left-side unimodular transformation) (Zer22006) Let R € R
and M € R[E]™ *™ with M unimodular. For a given np € N, define R’ := M R. Denote
the behaviors corresponding to R and R' by B and B with scheduling space P C R"*
and signal space W = R™. Then B and B’ are equal (almost everywhere).
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Based on the Jacobson form, the proof similarly follows as in Zer M) and
Ichmann and Mehrmanrl (2005). Furthermore, if R € R[¢]™*™ is not full row
rank, i.e. rank(R) = n < n,, then there exists an unimodular M € R[{]"**" such
that

/
MR = { R;) } , (3.61)
where R’ € R[{]"*™ is full row rank and the corresponding behaviors are equiv-
alent in terms of Theorem[3.5] Note that this theorem establishes the concept when
two representations can be considered equivalent. However, to establish equiva-
lency of SS representations or latent variable systems, we require the concept of
right-side unimodular transformation just like in the LTI case. It can be showed
that the following theorem holds:

Theorem 3.6 (Right-side unimodular transformation) (@ ) Let R €
RE)™ ™ and M € R[E]™*"™ with M unimodular. Denote the behaviors defined
by R and R’ := RM as B and B’ with scheduling domain P C R™® and signal space
W =R". IfT =R, then BNC>®(R,W x P) and B' N C>*(R,W x P) are isomorphic
in the almost everywhere sense. If T = Z, then B and B’ are isomorphic in the almost
everywhere sense.

Again, the proof, based on the Jacobson form, similarly follows as in|ZerZ (2006)
and [lichmann and Mehrmann (2005). It is important that right-side unimodular
transformations do not change the underlying relation between the system signals
nor the projected scheduling behavior, but they do change the system signals, the
trajectories of the behavior. An important difference with respect to the LTI case
(see Theorem 2.4) is that if M € R™*" (zero order polynomial), then only the
C part of B and B’ are isomorphic for T = R, as M can introduce arbitrary finite
order of derivatives on p.

As all the required tools are established, it is now possible to introduce the
notion of equivalence relation for LPV kernel representations. Similar to the LTI
case, this relation is the key to characterize the set of equivalent representations
of the same behavior, which we call an equivalence class. In the LPV case, the
scheduling dimension np plays an important role in R[{] as it defines the exact
coefficient dependence and also how the dot or shift operators behave on R. Thus,
an equivalence relation must be dependent on np. Based on this, the following
definition is given:

Definition 3.20 (LPV Equivalence relation) Introduce the symbol *C to denote the
equivalence relation on |J R[] (all polynomial matrices with finite dimension) for an
np-dimensional scheduling space. Ry € R[§]™ ™ and Ry € R[E]™2*™ with ny > ngy
are called equivalent, i.e. Ry < R, if there exists a unimodular matrix function M €
RIE™ > such that

MRy = [ e } [ m

0 1T (3.62)

This implies that if R, ™ R,, then the corresponding behaviors with P C R"?

and W = R™ are equal (almost everywhere). Using "~ we can define equivalence
classes as follows:
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Definition 3.21 (LPV Equivalence class) Fora given np € N, theset &™ C |JRI[E] ™
is called an equivalence class, if it is a maximal subset of R[§]*" such that for all Ry, Ry €

& it holds that R, ' Rs.

An equivalence class defines the set of all KR representations which have equal
behavior. An important subset of an equivalence class are the so called minimal
representations:

Definition 3.22 (Minimality) Let R € R[{]™*™. Then R is called minimal if it has
full row rank, i.e. rank(R) = n,.

We call deg(r) in the Jacobson form of a R associated with ik (S), the degree of all
KR representations in the same equivalence class. This degree can be considered
as the order of S, hence we call it McMillan degree. Note that for a minimal Rk (S)
with ny = 1, the McMillan degree of S is equal to ng = deg(R). Itis also important
to consider the subclass of representations, so called canonical forms, that can
uniquely identify each equivalence class:

Definition 3.23 (Canonical forms) For a given np € N, &2% C |JRI[E] ™ is called a

can
set of canonical forms, if each element of | JR[E]™" is equivalent under "€ with only one

element of 815, (&1, is the class representative of | JR[¢] " under ).

can* can

Example 3.19 (LPV equivalence relation and minimality) Let the KR representation Ry (S) of an CT-
LPV system S with P C R given by

. d _ _
R()op = { (intplp — costegir } + [ o }5+ [ P }52.
cos(p) cos(p)

Then, there exists a unimodular matrix M € R[€]?*2 with

1

_[ Pt =t =w
cos(p)é —sin(p)%p :| st (M(§R(E)) op= |: 0 (») O(p) :| .

M(g)op= { (1)

Note that this result is obtained by using B22), i.e &r = 7 + 7€, s0

1 sin(p) (d 1 ¢

cos(p)  cos2(p) at’ cos(p)
From TheoremBAlit follows that R, defined as [ (R')T 0 |7 = MR, and R are equivalent for np = 1.
Furthermore, as R is equivalent with R’ having row dimension 1, thus rank(R) = 1. This implies that R is

not minimal in terms of Proposition [3.221 However, R’ is trivially minimal. Hence, deg(R') = 1 implies that
the McMillan degree of S is 1.

The introduced concepts generalize to LPV-IO representations as well:

Definition 3.24 (Equivalence relation of LPV-IO representations) Let R,, R!, €
RIE™ > and Ry, Ry, € RI[E]™ ™ with Ry, Ry are full row rank, deg(Ry) > deg(Ry),
and deg(R) > deg(R,,). For a given np € N, we call (Ry, R,) and (Ry, R;,) equivalent

(Ry, Ru) = (Ry, R)), (3.63)
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if there exists a unimodular matrix M € R[E]™*™ such that

R,=MRy and R = MR, (3.64)

Definition 3.25 (Minimal LPV-IO representation) An [O representation defined
through R, € R[]"™*"™ and R, € R[]™*™ is called minimal for a given schedul-
ing dzmenszon np, if there are no Ry, € RI{|™*™ and R, € R[{]™*" polynomials
with deg(Ry) < deg(Ry) such that

(Ry, Ru) ~ (R, RY).

Using the IO equivalence relation and minimality, the definition of IO equivalence
classes and canonical forms follows naturally. Note that for a minimal Rio(S)
with ny = 1, the McMillan degree of S is equal to deg(Ry).

Example 3.20 (LPV-IO equivalence relation and minimality) Let the IO representation Rio (S) of an
CT-LPV system S with P C R be given by

_ sin? (p)e e
Ry(§)op = { —200t(p)%p§ s (1-p)— %P(l + 2 cot(p)p) } s
sin®(p)
Ru(§)op = { p—2cot(p)Lp—¢ }

Then, there exists a unimodular matrix M € R[£]?*? being equal to

M(f)op={ R

1 0} em@er=| § 7|,
s.t
me(p)§ 1
p

(M(E)Ra()) 0p = [

which can be verified by using
d
-2
= 2cot(p)— .

2 () §sin(p) = 2cot(p) . p+¢
This implies that (R (MRy, MRy)and (Ry, Ry) are equivalent for np = 1in terms of Theorem[3.5]
From Proposztzonlmltfollows that P10 (S) is not minimal as deg(Ry) = 2 is greater than deg(R},) = 1.
On the other hand, it is trivial that (Ry,, Ry,) defines a minimal 1O representation of S. Hence deg(Ry,) =
implies that the McMillan degree of S is 1.

We can also generalize the introduced concepts to LPV-SS representations. To
do so, we first have to clarify state-transformations in the LPV case which is the
required ingredient to formulate equivalence relations of SS representations. As a
contribution we prove that in the LPV case, state-transformations need dynamic
dependence in order to define an equivalence relation of SS representations.

By definition, the full behavior of a Rss(S) is represented by a zero-order and
a first-order polynomial matrix R € R[] *(™Fm) and Ry, € R[¢]™*™* in the
form of

(R(&) o p)eol(u,y) = (RL(£) op)x (3.65)

where ¢ is either ¢ or %, (u,y) is an IO partition of S, x is the state variable of
MRss(S), and p is the scheduling signal. Similar to the LTI case, left and right side
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multiplication of R and Ry, with unimodular M; € R[{]™*"™ and M, € R[£]"**"*
leads to
R'= MR, Ry = MRyM,. (3.66)

In terms of Theorem B.5]and the resulting polynomials R’ and Rj define an
equivalent latent variable representation of S. The new latent variable, given as

o' = (MJ(&) o p)a, (3.67)

fulfills the property of state as Mg is unimodular. To guarantee that the result-
ing latent variable representation qualifies as a SS representation, R} needs to be
monic and deg(R’) = 0 with deg(R;,) = 1 must be satisfied. This implies that the
unimodular matrices must have zero order, i.e. M; € R™*™ and M, € R"™**"x%,
and M, has a special structure in order to guarantee that R’ and Rj, correspond to
an equivalent SS representation. In that case, (3.67) is called a state-transformation

and T' = Mg is called the state-transformation matrix resulting in
¥ =(Top)x. (3.68)

As we have seen, state-transformation for LPV-5S representations can be similarly
introduced as in the LTI case. However, a major difference with respect to LTI
state-transformations is that in the LPV case, T' is inherently dependent on p and
this dependence is dynamic, i.e. T' € R"™**"x,

An invertible 7' € R™**"* used as a state-transformation is always equivalent
with a right and left-side multiplication by unimodular matrix functions yield-
ing a valid SS representation of the LPV system. This is also proved by the alge-
braic equivalency, see (3.68), of the original and the new state variables m
[1971). The converse, namely that the state variables of any two SS representations
of the same LPV system are algebraically equivalent up to a state-transformation
follows directly from Theorem B.5land

Similar to the LTI case, the SS representation resulting from the state-transfor-
mation of Rgg(S), can be analytically computed from the meromorphic matrices
of Mgs(S). However, different commutation rules in R[¢] for the continuous and
discrete-time cases yield different consequences with respect to the system matri-
ces. Let Rss(S) be a given LPV-SS representation with X = R™* and state-equation

éx=(Aop)z+ (Bop)u. (3.69)

Let T' € R™**™* be an invertible matrix function and consider 2/, given by (3.68),
as a new state variable. It is immediate, that substitution of (3.68) into (3.69) yields

T op)r’ = (Aop) (T top)a + (Bop)u. (3.70)

In the continuous-time case, the non-commutative multiplication by ¢ = < in

dt
ives that the state-equation in 2’ is:
m g

%x/ - ({TATA + TT*I} Op) o' +([T'B]op)u. (3.71)
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Here we use the fact that 77! = —T7T~!. In the discrete-time case, the non-
commutative multiplication by £ = ¢ in (3.70) yields:
qx’ = ([?AT’I} <>p) z + ([?B} <>p) u. (3.72)

In both cases, the new state-equation defines a LPV-SS representation with state-
vector z’. Note that due to the different commutation rules of the time-operators,
the transformation rules of the original system matrices are different in the CT and
in the DT cases. Now we can give the following definition of equivalence classes:

Definition 3.26 (Equivalence relation of LPV-SS representations) Let (A, B,
C,D) and (A',B',C", D’) be quadruplets of matrices in R *" defining LPV-SS repre-
sentations with ny > nl;, and with np € N. These representations are called equivalent,

A|B \n[A|B
et ] o) o7

if there exists an invertible T' € R™ *™* such that in case of T = R the following holds:

. / / /
TAT-! + 771 S 0 B I N L
* ok * ] nx—ny  (3.74a)
crt = [¢ 0], D = D,
while in case of T = Z:
!/ !/ !/
?Ale[A 0},?32[3}71 e
¥k * T nx—ng (3.74b)
crt = [C¢ 0], D = D.

Based on the previous considerations, the existence of a state-transformation
T between the matrices of two SS representations implies that they have the same
manifest behavior. Furthermore, the states are related as

(T op)(t)a(t) = { x/f) } - _Z:Z % vt eT. (3.75)

From the concept of LPV-SS equivalence the concept of minimality directly
follows:

Definition 3.27 (Minimal LPV-SS representation) For a given np > 0, an SS rep-
resentation defined through the matrix functions (A, B, C, D) is called minimal, if there
exist no (A', B',C", D") such that

A|B 1w 4| B
clD |~ | c|D |

with nfy < nx.
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Again, using the concept of SS equivalence relation and minimality, the definition
of LPV-SS equivalence classes and canonical forms follows naturally. In addition,
the state-dimension ny of a minimal fRgg(S) is equal to the McMillan degree of S.

Example 3.21 (LPV-SS equivalence relation and minimality) Let the SS representation PRgg(S) of an
DT-LPV system S with P C R be given by

1
p

p

alsy. |4
CDP—1

It is possible to show that Mg (S) is minimal (see Example[3.33). Thus the McMillan degree of S is ny = 2.
Let T' € R2*2 be an invertible state-transformation defined as

RS I

1
- D
Top=| P .

Then 5 L
1. _|p -p = [ ap
T op—{o 1 }, Top—{qop 1],
implyin
ps P2 17173 1
Zar-1 | Tr % o trlp) | 5 +rlap)
{ } op = 0 p p
cr—1! D I_ 2
P i | P

The obtained SS representation is an equivalent minimal SS representation of S as it is in an equivalence relation
with Rgs(S) and its state dimension is the same. As S has no autonomous part, this can be easily checked by
applying an impulsive input to the representations at time o, i.e. w(ro) = 1 and u(k) = 0 for all k # 0.
Then the resulting output trajectory: y(mo) = (D o p)(70), y(70 +1) = (Cop)(70 + 1)(B o p)(10), ... s
the same for both representations for all 7o € Z and p € Bp, which yields equivalence (Brocketi[1970).

3.3 Properties of LPV systems & representations

In the previous section we have developed the basics of a LPV behavioral frame-
work. In order to use this framework as an analysis tool for LPV system identifi-
cation, we also need to investigate key properties of systems and representations
in terms of dynamic stability and state-observability /reachability. As a contribu-
tion, we analyze in this section these concepts using the results of LTV system
theory. We also compare the developed results with their counterparts in the ex-
isting LPV theory. As the developed behavioral approach addresses a larger set
of LPV systems than the state-of-the-art of LPV system theory, the existing LPV
concepts follow as special cases of the theory presented in this section.

3.3.1 State-observability and reachability

The concepts of state-observability and reachability of LPV-SS system representa-
tions are important properties in the LPV case. They are not only key concepts for
control and subspace-based identification, but they also provide the formulation
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of special SS canonical forms. These so called observability or reachability canon-
ical forms are strongly connected to the observability and reachability matrices of
SS representations and they are required to develop equivalence transformation
between different representation domains (see Chapter ).

In the following discussion, we explore complete state-observability and reach-
ability of LPV-5S representations both in CT and DT, based on concepts of the
LTV system theory. We show that these properties are equivalent with the exis-
tence of invertible linear maps for all time instances and scheduling trajectories.
Based on this, we define observability and reachability matrices of SS representa-
tions. We show that complete state-observability and reachability are very strong
properties in the LPV case as only a rather restricted class of representations ful-
fills them. Moreover, they are not required for minimality nor the generation of
observability or reachability canonical forms. We show that a weaker property,
the so called structural state-observability /reachability, which defines the state-
observability /reachability concept in an almost everywhere sense, is a necessary
and sufficient property to generate these canonical forms.

As a first step, we extended Definitions 2.30land 23Tl of complete state-observ-
ability and reachability to the LPV case:

Definition 3.28 (Complete LPV state-observability) Rss(S) is called completely
state-observable, if for all (v, x,y,p), (u,z’,y,p) € Bss it holds that x = 2.

Definition 3.29 (Complete LPV state-reachability) Rss(S) is called completely state-
reachable, if for any given two states x1,xo € X and any scheduling signal p € Bp,

there exist an input signal w and an output signal y such that (u,x,y,p) € Bgs with

x(t1) = x1 and z(t2) = xo for some t1,t2 € T.

The main difference of these definitions with respect to the LTI case follows from
the presence of the scheduling signal p that acts as an extra “time-axis” of the sys-
tem. By freezing this axis, i.e. using a constant scheduling, these concepts coincide
with Definitions and 23T

To establish conditions when an LPV-SS representation is completely state-
observable or reachable, as a next step, the concept of state-observability and
reachability matrices is introduced. Appropriate conditions are derived to for-
mulate when and in which sense the full rank of these matrices implies complete
state-observability or reachability. However, the formulation of these matrices
follows a different track than in the LTI case, due to the non-commutative multi-
plication on R[¢].

A. State-observability in continuous-time

First the CT observability case is investigated based on the results of LTV system
theory by [Silverman and Meadows (1967) and (Callier and Desoer (1991). Using
these approaches, we establish the concept of state-observability of gs(S) on a
finite time interval and show that this property is equivalent with the existence of
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an invertible linear map. Then we define this linear map as the state-observability
matrix of Rsg(S) and claim that state-observability (invertibility of the map) on
any finite time interval implies complete state-observability.

For a given continuous-time LPV-SS representation fRgg(S) with matrix func-
tions (A, B, C, D), define (1, to,p) as the state transition matrix function for & =
(A o p)z. Then the state and output evolution of Rgs(S) satisfy that

ty

x(t1) A(t1,to,p)x(to) + A(t1, 7,p)(B o p)(T)u(r)dr, (3.76a)

y(t1) = (Cop)(t1)z(tr), (3.76b)

for all t; > ¢y along a given scheduling trajectory p € Bp. Note that for LPV-
SS representations in general, the explicit form of (¢1,%0,p) is hard to derive
as it involves integration over the scheduling trajectory, while in the LTI case,
Q[(tl,to) = eAlti—to),

Complete state-observability of 9gs(S) can be described using the concept of
reconstructibility. For a given p € Bp, define the following linear map from X to
£1%([to, 1), Y):

y(t) = (Cop) ()AL Lo, p)x, x € X, T E [to, 1a]. (3.77)

(1)

For the given p € Bp, the mapping y(t) = €(t)x defines the output evolution of
Rss(S) on the finite interval [to,¢1] C R with initial state z(tg) = x and with zero
input signal u = 0. The state x € X is said to be reconstructible on [to, ¢:1], if x
lies in the kernel of the linear map (3.77). This means that if (3.77) is injective,
then every state is reconstructible on [tg, t1]. If 3.77) is injective for every p € Bp,
then MRgg(S) is called state-observable on [to, 1]. It is easy to show that Rgg(S)
is completely state-observable, if it is state-observable for any finite interval of R.
Now we can introduce the following matrix function to describe the map (B.77):

Definition 3.30 (n-step CT state-observability matrix function) (Silverman and
Meadows [1969) In continuous-time, the n-step state-observability matrix function of
Rss(S) is defined as O,, € R *nx ith

: (3.78)

where o1 = C and
041 = OiA + (.)1', 1> 1. (379)

The n-step state-observability matrix function has a similar role as the state-ob-
servability matrix for LTI representations, as in case of complete state-observability,
it provides an invertible map for the reconstruction of the state from the deriva-
tives of .
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Example 3.22 (CT state-observability matrix function) Let the SS representation Rsg(S) of a CT-LPV
system S with P C R™T be given by

p 1|1
ALB |0 L1p
clD |°PT p

1 p|vp

Then the observability matrices of Rgs(S) for n = 1,2, 3 are as follows:

1 P
1 d
Orop=[1 p], Oz<>p={ 9 Py } Oz30p= p , 2t @p
p + @P d o P2t gip | a2
arP TPT T T gEh
These matrices were computed by using:
. d s 2
Olop:[o ap], Ogop:[%p ;?p]

Using the concept of observability matrices and intuition, based on the LTI
case, one could expect that full rank of O,,, i.e. rank(0,,) = nx (full rank in
a functional sense), is the necessary and sufficient condition for complete state-
observability. However, this not true in the LPV case. It can also be shown that
instead of the functional full rank, full rank of O,,, for every time instance along
every scheduling trajectory, i.e. rank((O,, ¢ p)(t)) = ny forallt € Rand p € Bp,
is a sufficient but not a necessary condition for complete state-observability. To
show this and to derive the sufficient and necessary condition for complete state-
observability, first introduce a weaker notion of state-observability:

Definition 3.31 (Structural state-observability) Rss(S) with state-dimension ny is
called structurally state-observable if its ny-step observability matrix O, is full rank, i.e.
rank(0,,,) = nx.

Note that full rank in a functional sense, does not guarantee that O,, is in-
vertible for all ¢ € R and p € Bp. Therefore, for specific scheduling trajec-
tories and time instances, reconstructibility of state x by the linear map 0, is
not guaranteed. In this way, complete state-observability is not implied. Even
if reconstructibility may fail for some scheduling trajectories, for the rest state-
observability holds on R. This gives that structural observability can be under-
stood as complete state-observability in an almost everywhere sense. In the fol-
lowing we show that in fact structural state-observability is a necessary condition
for complete state-observability.

To derive the appropriate conditions for complete state-observability the fol-
lowing lemma has a key importance:

Lemma 3.2 (Constant observability rank) (Silverman and Meadows 1969) Let a

representation Mss(S) be given with a projected scheduling behavior Bp and observabil-
ity matrices O,,. For a scheduling trajectory p € Bp, it holds that, if there exists n > 0
such that

rank((0, o p)(t)) = rank((Ons1 0 P)(1)) = 7 (3.80)
forallt € T, then rank((O; o p)(t)) = v foralll > nandt € T.
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The proof is given in Silverman and Meadows (1969). The minimal n > 0, for
which (3:80) holds, is called the observability radius of Rgs(S) with respect to the
scheduling trajectory p. This lemma has the obvious consequence that for a given
p € Bp, if the ranks of O, o p and O,,; ¢ p are constant and equal along the entire
trajectory of p, then the rank of O; ¢ p remains constant for all [ > n. Contrary
to the LTI case, it is not guaranteed that the rank of O,,, ¢ p is equal to the rank
of Onyy1 ¢ p for all ¢, i.e. the observability radius is smaller or equal than ny. As
the observability radius can vary for each trajectory of p, the introduction of the
notion of constant observability rank representation is required:

Definition 3.32 (Constant observability rank representation) (Silverman and
Meadows 1969) A Rgs(S) representation has constant observability rank, if there ex-
istan € {1,...,ng}andal > 0 such that

rank((Q,, ¢ p)(t)) = rank((0,11 ¢ p)(t)) =1 < ny, (3.81)

forallp € Bpandt e T.

Example 3.23 (CT non-constant observability rank representation) For Example it holds, that
rank((O2 ¢ p)(t)) = 2 for all possible scheduling signals and time instances, except when for a t € R the
scheduling signal satisfies p*(t) = 2 + %p(t). At that time instant, rank((O2 ¢ p)(t)) = 1. Hence it is not a
constant observability rank representation, but its minimal observability radius is 1. For a constant observability
rank representation see Example[3.24)

Using the previously introduced concepts the following theorem holds:

Theorem 3.7 (Induced complete LPV state-observability in CT) (Silverman and
Meadows 1967) The CT-LPV-SS representation Rss(S) is completely state-observable,
iff for every p € C*>° (R, P) NBp there exists a 0 < n < oo such that rank((0,, op)(1)) =
ny for all T € R. If Rss(S) is a constant observability rank representation, then the
condition is rank((Op, o p)(7)) = nx forall T € R.

The proof follows similarly as in Silverman and Meadowd (1967). The clear inter-

pretation of this result is important. If a LPV-SS representation is completely state-
observable, then it is not guaranteed that the reconstruction of the state is available
for every time instance through the linear map (O, < p)(7), as it is not injective.
It can happen, that this property is only satisfied for n > ny. In case Rgs(S) is a
constant observability rank representation, then similar to the LTI case, full rank
of (O, ©p)(7) along every p € Bp guarantees complete state-observability. For
an SS representation with complete state-observability, see Example[38.24]

It can be shown that the class of LPV-SS representations with constant ob-
servability rank includes the class of LTI-SS representations, similar to the LTV
case (Silverman ). In LPV control design, instead of observability, the so called
detectability of the state is investigated together with stabilizibility [1997). These
concepts are formulated in a quadratic sense, similar to quadratic Lyapunov sta-
bility (see later in Section B:32). It can be shown, that if quadratic detectability
is satisfied for a LPV-SS representation with static linear dependence, then it is a
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necessary condition in terms of Theorem B.7 for complete state-observability. In
the existing LPV system theory, the notion of complete-state observability is only
considered in Balas et al/ (2003), where invariant observability subspaces of LPV-
SS representations with static linear dependence are explored using the concepts
of nonlinear system theory. However, the connection of these results to Theorem
BZneeds further investigation.

Example 3.24 (CT complete state-observability) Let the SS representation Rgg(S) of an CT-LPV system
S with P = [— 2, L] be given by

23
LR ]

O 0p = { cos(p) 1 }

As cos(p) # 2sin(p) on P, Oz has a constant rank of 2 for all p € Bp and t € R . This means that Rgg(S)
is completely state observable on [P.

Then it follows that

In case rank(0,,) = nyx is satisfied, i.e. the SS representation is structurally
state-observable, then it holds that rank((O,, ¢ p)(7)) = nx for all t € R except
for some p € C*°(R, P) N Bp. Then it is obvious that structural state-observability

is a necessary condition for complete state-observability (see Example[3.25)). This
claim is also proved in Silverman (1971)

Example 3.25 (Structural state-observability) The representation defined in Example[3.22has been shown
to be not completely state-observable as min;cg rank((O2 ¢ p)(t)) = 1 for scheduling trajectories that sat-
isfy p2(t) = 2 + % p(t) for a t € R. However, it is obvious, that it is completely observable for all other
scheduling trajectories, as rank(O2) = 2 in the functional sense. This implies complete state-observability of
the representation in an almost everywhere sense, i.e. the representation defined in ExampleB22)is structurally
state-observable.

To check complete state-observability of a given Rgg(S), an iterative computa-
tion strategy must be applied in terms of Theorem[B.7] checking the rank of O; ¢ p
for increasing [ > 0. In step [ of this iterative scheme, computation of the mini-
mum of rank((0; o p)(7)) for all p € Bp and 7 € R is required which is usually an
infinite dimensional and hence unsolvable optimization problem. An approxima-
tive solution may follow through the parametrization of p like polynomial, piece-
wise continuous, periodical, etc. and then using this parameterized scheduling to
set up a feasibility problem for the full rank of the matrix function on a large inter-
val of R. If in iteration step [ it holds that rank((O; op)(7)) = rank((O;—1 op)(7)) for
allp € Bp and t € R, then the observability rank of the representation is found. As
this condition cannot be checked in a non-conservative sense, the iterative scheme
can only prove complete state-observability if full rank of O; ¢ p can be showed in
a computationally feasible number of steps.

On the other hand, the rank test for structural state-observability can be ac-
complished in the SISO case based on symbolic computation of the determinant
of O,,,. In case the result is a non-zero function, then structural state-observability



3.3 Properties of LPV systems & representations 129

is satisfied. In the MIMO case, full rank of O,,, can be checked by forming square
matrices from the rows of O,,, using all possible combinations and checking if any
of the determinants of these matrices is non-zero.

B. State-reachability in continuous-time

The concepts introduced in the observability case can be similarly introduced in
the reachability sense. The only difference is that to show the results, instead of
state-reconstructibility, we need to introduce the so called controllability map. By
introducing this map, we develop the analog of the results of the observability
case.

In terms of Definition reachability of an LPV representation represents
the ability to transfer an arbitrary initial state to an arbitrary target state of X in
case of any scheduling trajectory. This can be explained using controllability maps
between the space of input signals and the state-space X. For a given p € Bp,
define the following linear map from £°¢([t2,#;],U) to X :

a= [ At r ) B )u(r)dr, xE X L€ [fo,ta]. (3.82)

to

For the given p, the mapping (8.82) defines the state evolution of Rgg(S) in the
finite interval [to, 1] for an initial condition z(¢y) = 0 and input u € £°([to, 1], U).
The state x € X is said to be controllable on [to, 1], if x lies in the image of the linear
map (3.82). Note that in case of initial condition z(ty) = xo and target state z(¢1) =
x1, linearity of the signal behavior implies that the input u € £1°°([to, 1], U) which
satisfies 382) for x = x; — A(l1,t0,p)xo, transfers the state x to x1 in [to, t1].
This means that if (3.82) is surjective, then every state can be reached from an
arbitrary state in the time-interval [to, ¢1]. If (3:82) is surjective for every p € Bp,
then Mgs(S) is called state-reachable on [tg,t1]. It is easy to show that Rgg(S)
is completely state-reachable, if it is state-observable for any finite interval in R.
Now we can introduce the following matrix function to describe the linear map

G.32):

Definition 3.33 (n-step CT state-reachability matrix function) (Silverman and
Meadows [1969) In continuous-time, the n-step state-reachability matrix function of
NRgs(S) is defined as R, € Rrxx(nmw) gyith

fRn:[rl ro ... rn], (3.83)

where r1 = B and
iyl = —Ari + fi, 1> 1. (384)

The n-step state-reachability matrix function has similar role as the state-reachabi-
lity matrix for LTI representations.
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Example 3.26 (CT state-reachability matrix function) Consider the LPV-SS representation Rgg(S) de-
fined in Example[322] The reachability matrices of Rsg(S) for n = 1,2, 3 are as follows:

2 d
1 1 —2p 1 —2p 1+42p* =35p
9€1<>p={ } 9€2<>p={ d } Rz op = -4 2 :
p pogp—1 p oAp-1 —IP 4 Loy
These matrices were computed by using:
. T . 2 T
trop=[0 Lp ", iep=[ —24p Lp

We can also introduce the notion of structural state-reachability:

Definition 3.34 (Structural state-reachability) PRgs(S) with state-dimension ny is
called structurally state-reachable if its ny-step reachability matrix R, is full rank, i.e.
rank(R,, ) = nx.

Moreover it can be shown, that Lemma holds also for R,, implying all the
properties that have been noted in the observability case (Silverman and Mead-
ows 1969). Similarly we can introduce the reachability radius of a given SS repre-
sentation with respect to a scheduling signal p € Bp. As the reachability radius
can vary for each trajectory of p, thus the notion of constant reachability rank rep-
resentation is introduced:

Definition 3.35 (Constant reachability rank representation) (Silverman and
Meadows 1969) A Rss(S) representation has constant reachability rank if there exist
ane{l,...,ny}andal > 0 such that

rank((R,, ¢ p)(t)) = rank((Rp41 0 p)(t)) =1 < ny, (3.85)

forallp e Bpandt e T.

Example 3.27 (CT non-constant reachability rank representation) For Example it holds, that
rank((Reo)p(t)) = 2 for all possible scheduling signals and time instances, except when for a t € R the
scheduling signal satisfies 2p2(t) = —%p(t) + 1. At that time instant, rank((Rz © p)(t)) = 1. Hence
it is not a constant reachability rank representation, but its minimal reachability radius is 1. For a constant
reachability rank representation see Example[3.28]

Using the previously introduced concepts, the analog of Theorem B.Z1holds in the
reachability case as well:

Theorem 3.8 (Induced complete LPV state-reachability in CT) (Silverman and
Meadows|1967) The CT-LPV-SS representation Rss(S) is completely state-reachable, iff
for any p € C*°(R, P) NBp it holds that there exists a 0 < n < oo such that rank((R,, ¢
p)(T)) = ny forall T € R. If Rgs(S) has constant reachability rank, then the condition
is rank((Ry,, 0 p)(7)) = ny forall T € R.
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The proof follows similarly as in Silverman and Meadows (1967). The interpre-
tation of this theorem is the same as in the observability case: an LPV-SS can be
completely state-reachable, even if the ny-step state-reachability matrix is not full
rank along every scheduling trajectory. In case fgs(S) is a constant reachability
rank representation, then similar to the LTI case, full rank of (R,,, op)(7) along ev-
ery p € Bp guarantees complete state-reachability. For an SS representation with
complete state-reachability, see Example B28

It can be also shown that the class of LPV-SS representations with constant
reachability rank includes the class of LTI-SS representations (see Silverman
(1971)). It can be also shown, that if quadratic stabilizibility (see Led @)) is
satisfied for a LPV-SS representation with static linear dependence, then it is a
necessary condition in terms of Theorem[3.8/for complete state-reachability.

Example 3.28 (CT complete state-reachability) Let the SS representation Rgs(S) of an CT-LPV system
S with P = [—1, 1] be given by

272
Al B —tan(p)gp  sin(p) | cos(p)
4’7 op= 0 2 1|
{C b } [ 1 1 ] 0

Ryop— { cos(p) - sinp) } '

As 2cos(p) # sin(p) on P, thus Ry has rank 2 for all p € Bp and t € R. This means that Rss(S) is
completely state reachable on P.

Then it follows that

In case rank(R,,) = nx is satisfied, i.e. the SS representation is structurally
state-reachable, then it holds that rank((R,, ¢ p)(7)) = nx for all t € R except some
p € C(R,P) N Bp. Then similar to the previous case, it is obvious that structural
state-reachability is a necessary condition for complete state-reachability. To check
complete or structural state-reachability the computational considerations are the
same as discussed for the observability case.

C. State-observability in discrete-time

The concept of state-observability can be similarly investigated in DT for a given
LPV-SS representation Rgg (S) with state and output equations (3.51alb). By using
a similar line of reasoning, we explore the previously introduced concepts based
on the theory for DT-LTV systems in/Gohberg et al! (1992). Define the state transi-
tion matrix as

ki—ko—1

Q[(k'l,ko,p) _ il;[() (A Op)(kl — i), if k1 > ko; (386)

I, if k1 < ko;
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for k1, ko € Z. Then, based on (351atb), the state and output evolution of Rgg(S)
in the finite time interval [ko, k1] C Z satisfies

k1

w(k) = Wk ko,p)z(ko) + Y Alkr,i,p)(Bop)(iu(i),  (3.87a)
i=ko

y(k1) = (Cop)(ki)z(k1), (3.87b)

for all k1 > ko along a scheduling trajectory p € Bp. Again, complete state-
observability of Mgs(S) can be considered as a reconstruction problem of any xo =
x(ko) from a zero input response in the time interval [k, k1] C Z. Then state-
observability on [k, k1] requires that the linear map

y(k) = (Cop)(k)U(k, ko, p)x, x€ X, k€ [ko, k1], (3.88)

from X to YlFo-#1] is injective for every p € Plko-F1l. It can be shown again, that

NAgs(S) is completely state-observable if it is state-observable for any finite interval
of Z with ny < ki — ko < co. Now we can introduce the following observability
matrix in DT to describe the linear map (3.88):

Definition 3.36 (n-step DT state-observability matrix function)
(1992) In discrete-time, the n-step state-observability matrix function ©,, € R™>X1mv of
NRss(S) is defined as (3.78) with

0] = O, 011 = O_ZA, Vi > 1. (389)

The n-step state-observability matrix function has a similar role as the state-observ-
ability matrix for LTI representations, as in case of complete state-observability, it
provides an invertible map for the reconstruction of the state from the samples
of y. Note that the difference in the structure of the discrete-time n-step state-
observability matrix with respect to its continuous-time counterpart is due to the
different commutation rules for the % and ¢ operators on R[¢].

Example 3.29 (DT state-observability matrix function) Consider the DT-LPV-SS representation Rgs(S)
of Example[BZ1] This representation is given by

Al B P 1 1
+ =| 0 plp
{ ¢l D } or 1 '
= |p
P
with P = [%, g] Then the observability matrices of Res(S) for n = 1,2, 3 are as follows:
1 1

1 1 ; 1 +p P
=1 = = p E = p s
Orop [ p}, O20p {p 1+qlp , Ozop ()Zp

plap) L+ H5) +ap

These matrices were computed by using:

sier=[0 %] Faer=[w 1]
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Again we can introduce structural state-observability in terms of Definition
B31] Similarly, Lemma [3.2] also holds in the DT case and by using the concepts
of n-step state-observability matrix and constant observability-rank representa-
tion, given by Definition and 332 the induced complete state-observability,
Theorem [3.7] can be shown to hold in DT as well:

Theorem 3.9 (Induced complete LPV state-observability in DT) m
(1992) The LPV-SS representation Rss(S) is completely state-observable, iff for any p €
Bp it holds that there exists a 0 < n < oo such that rank((0,op)(7)) = ny forall T € Z.
If Rgs(S) has constant observability rank, then the condition is rank((Op, op) (7)) = nx
forallT € Z.

The proof follows similarly as inGohberg et all (1992). The consequences of this

theorem are similar as in the CT case, also implying that discrete-time LPV-SS rep-
resentations with constant observability rank include the class of DT-LTI-SS repre-
sentations (see|§.d1b_e1:g_e_t_al.| (1992)). Furthermore it can be shown, that structural
state-observability is a necessary condition for complete state-observability also in
the DT case. Again, basic DT results of the existing LPV system theory follow as
special cases of Theorem 3.9

Example 3.30 (DT complete state-observability) Consider Example[3.29 It is trivial that det(O2 o p) =
ﬁ can not be zero on P = [%, %}, thus rank((O2 o p)(k)) = 2 forall p € Bp and k € Z. Naturally, the

same holds for Oz. Hence the SS representation of Example[3.29]is completely state-observable.

Again an iterative test can be applied to check complete state-observability in
terms of Theorem[3.9] However in the DT case, computation of the minimal rank
of (O, ¢ p)(7) can be accomplished by the generalization of the Popov-Belevitch-
Hautus (PBH) spectral test, resulting in an almost eigenvalue problem (Peters and
Iglesias|1999). As computation of the almost eigenvalue/eigenvectors (Beauzamy
@) is difficult in most general cases, even for representations with linear de-
pendence, therefore in practice an approximative approach is suggested. By this
approach, the full rank condition of (O,,¢p)(7) is checked for finite sequences of p,
like {po, - .., P~_1}. Each shifted instance of pin O,,, like ¢'p, is associated with the
appropriate element of the sequence, i.e. ¢'p = p;. In this way, the full rank test of
(0, 0p)(7), can be formulated as a feasibility problem on P, which can be solved
via nonlinear optimization or by gridding. Note that this mechanism corresponds
to a conservative rank test, as the feasibility is checked for arbitrary variations of
p. To compute the actual rank of O,, the previous method is applied iteratively,
checking the full rank of O; for increasing [. This yields an approach that is eas-
ily computable for small dimensions. To check structural state-observability, the
same symbolic approach can be used as given in the CT case.

D. State-reachability in discrete-time

In discrete-time, the concept of complete state-reachability can be similarly in-
vestigated as in CT, except that in case of state-reachability on a discrete interval
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[ko, k1], it is required that the linear map

k
x= > Ak,i,p)(Bop)iuli), ke [ko,ki], (3.90)
i:k}o
from Ulko-F1l to X is surjective for every p € Bp. Then, Rss(S) is completely state-

reachable, if it is state-reachable for any finite interval of Z. Similar to the CT case,
we can introduce the following matrix function to describe the linear map (3.90):

Definition 3.37 (n-step DT state-reachability matrix function) (m
[1992) In discrete-time, the n-step state-reachability matrix function R,, € R™*™"v of
NRss(S) is defined as (3.83) with

r, = B, Tit1 = A(I‘_l, Vi > 1. (391)

Similar to the previous part, the difference in the structure of the discrete-time
n-step state-reachability matrix with respect to its continuous-time counterpart is
due to the different commutation rules of the - and ¢ operators on R[¢].

Example 3.31 (DT state-reachability matrix function) Consider the SS representation Rgg(S) defined in
Example[B29] The observability matrices of Rgs (S) for n = 1,2, 3 are as follows:

—1
Rlop={;}, 3%2<>p=[1 pta p},

p plg'p)
_[ 1 p+a'p pla'p)+@+a tp)ap
Toor= [ p  pla'p) p(a~'p)(¢%p) } '

These matrices were computed by using:
- T - - . . T
Ti=[0 q¢1p] To=[qap+a 2 ¢ lpc?p) |

)

Again we can introduce structural state-reachability in terms of Definition[3.34]
Additionally, using the previously introduced concepts, the induced complete
state-reachability, Theorem[3.8] holds in DT as well:

Theorem 3.10 (Induced complete LPV state-reachability in DT)

(1992) The discrete-time LPV-SS representation Rgs(S) is completely state-reachable, iff
for any p € Bp it holds that there exists a 0 < n < oo such that rank((R,, ¢ p)(7)) = nx
forall T € Z. If Rgs(S) has constant reachability rank, then the condition is rank((R,, ¢
p)(T)) = ny forall T € Z.

The proof is follows similarly as in iGohberg et all (1992). The consequences of

this theorem are the same as in the CT case, also implying that discrete-time LPV-
SS representations with constant reachability rank include the class of DT-LTI-SS
representations (Gohberg et all[1992). Furthermore it can be shown, that structural
state-reachability is a necessary condition for complete state-reachability also in
the DT case. Again, basic DT results of the existing LPV systems theory follow
as special cases of Theorem[3.9] To check complete or structural state-reachability
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in discrete-time the computational considerations are the same as given in the
observability case.

Example 3.32 (DT complete state-reachability) Consider Example[331] det(Rp o p) = —p? implies that
rank((Rgop)(k)) = 2forall p € Bp and k € Z. Trivially, the same holds for R3. Hence the SS representation
of Example[3.291is completely state-reachable.

FE. General properties and minimality

As a next step we show that structural state-observability /reachability are the
necessary ingredients to develop observability and reachability canonical forms
of SS representations which are similar to their LTI counterparts. Additionally,
minimality of LPV-SS representations is implied by structural state-observability
instead of the complete concept.

Based on the definition of structural state-observability /reachability, an im-
portant corollary is the following:

Corollary 3.1 If Rgs(S) is structurally state-observable (reachable), i.e. rank(O,,) =
ny (rank(R,,) = nx), then at least ny number of rows of Oy, (columns of Ry, ) are
linearly independent in the functional sense. This implies that in the SISO case, Oy,
(Rny ) is invertible.

Based on this property, O,, and R,, can be used to define state-transformations in
the behavioral framework and, by using similar argumentation as in the LTI case
(see Section 2.1.6)), to develop canonical forms for LPV-SS representations. Note
that in case of complete state-observability /reachability, O,, or R,, are invertible
for all scheduling trajectories and time instances, which is a much stronger prop-
erty than the previous one. Thus by requiring this stronger property to generate
canonical forms, we would exclude a large set of SS representations that have an
equivalent (in the almost everywhere sense) observability /reachability canonical
form (see Chapter[d).

A key theorem that enables construction of observability /reachability canoni-
cal forms in LPV case is the following:

Theorem 3.11 (Transformation of the state-observability/reachability structure)
(Silverman and Meadows [1963) If the matrices of two LPV-SS representations, with
state dimensions ny and with a common np dimensional scheduling space, fulfill the

equivalence relation *€ via state-transformation T € R™ " then for all n € N:

T=R, O, =0,T" R, =TR,
{for ) O n (3.92)

_ o —1 / __>
for T=2, 0, =0,T Rl = TR,

hold, where O,, and O),, respectively R,, and R, are the corresponding n-step state-

observability/reachability matrices of the representations.
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The proof of this theorem similarly follows as in Silverman and Meadows (1965).
This means that the state-observability /reachability structure of equivalent repre-
sentations is projected through the state-transformation that connects them, which
is the required property to develop canonical forms with special structure of O,
orR,.

Similar to the LTI case, complete state-observability also implies minimality,
however in the LPV case, minimality only implies structural state-observability:

Theorem 3.12 (Induced PV-SS minimality) The representation Rgs(S) is minimal
iff it is structurally state-observable.

The proof of this theorem similarly follows as in the LTI case. We can also define
the concept of joint minimality, meaning that gg(S) is jointly minimal if it is
minimal and structurally state-reachable.

Example 3.33 (Induced minimality) Consider Example B2 and B31 Then the DT-SS representation is
minimal as it is completely state-observable. Additionally it is completely state-reachable, hence it is jointly
minimal. In case of ExampleB22) structural observability of the representation holds even if it is not completely
state-observable. Thus, this representation is also minimal.

3.3.2 Stability of LPV systems

In this subsection we study stability of LPV systems, expanding the concepts in-
troduced for the LTI case in Section We follow a similar line of reasoning.
First, we define dynamic stability in the behavioral point of view, then we ex-
plore its connections with IO stability concepts like Bounded-Input Bounded-Output
(BIBO) stability. Then as a next step, we investigate stability in the Lyapunov
sense and we show the connection of the derived theory with the existing results
of LPV control design.

There exist various stability concepts of LPV systems, originating either from
the concepts of stability along frozen, i.e. constant scheduling trajectories (frozen
stability) or stability along arbitrary varying p (global stability). While the first as-
pect defines stability in the LTI sense of the frozen behaviors, the latter establishes
this concept on the full behavior. In many works, LPV stability issues are only
discussed for the state-space case with static dependence, involving the notion
of state e%uﬂibrium points and Lyapunov functions (Scherer [1996; Apkarian and
Gahinet ), or mixing the concepts of frozen and global stability by consider-
ing slow variations of p (Shamma [1990; &QQg and Lau [1972; Rosenbrock ﬂ%ﬂ)
Here we intend to define stability in the developed behavioral framework, inves-
tigating dynamic, IO, and Lyapunov stability both in a global and frozen sense.

Global stability

Global stability is the natural concept of stability for LPV systems, as it means that
small causes produce small effects for any scheduling trajectory. Historically, it
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originates from LTV system theory (Halanay and Ionescu [1994;Sreedhar and Rad

) and robust control synthesis (Zhou and Doyle [1998), where the problem of
stability over the variations of the system has been first encountered. From the
behavioral point of view, this concept extends the notion of dynamic stability (see
Definition 2.27) for LPV systems as follows:

Definition 3.38 (Global dynamic stability) The autonomous LPV dynamical system
S = (T,R™,P C R"*,%B) is said to be globally stable, if ((w,p) € B) = (e € R
such that ||w(t)| < e for all t > 0) (in an arbitrary norm || . ||). It is said to be globally
unstable, if it is not stable; it is said to be globally asymptotically stable, if ((w, p) € B) =
(w(t) — 0ast — o).

The definition strongly builds on the linearity (the only fixed point of the dynamic
relation is 0) and time-invariance (stability on ¢ > 0 implies stability on ¢ > ¢, for
all ty € R) of the LPV system class. Note that in terms of Definition B.38 any sig-
nal trajectory, i.e. signal evolution of the system on the half-line, is bounded no
matter the scheduling trajectory it is associated with, and the bound depends on
the particular solution w. It is obvious that global stability includes stability with
respect to frozen behaviors, as boundedness of w must hold for constant schedul-
ing trajectories as well. In this way, it generalizes the previously introduced LTI
concept of Definition 2.27] This also emphasizes the difference between LPV and
LTV systems, as in the latter case stability is defined with respect to only one,
linear-trajectory of the scheduling (p(t) = t).

Contrary to the LTI case, conditions of global dynamic stability for LPV-KR
representations can not be formulated in terms of eigenvalues or root conditions
of polynomials in R[¢]. To show this, consider the following argument: In the
CT-LTI case, %w = rw has solutions on the half-line in the form of w(t) = ¢"w(0),
thus the condition r < 0 guarantees boundedness of the solutions. However in the
CT-LPV case 4w = (r o p)w withr € R, has solutions on the half-line in the form
of w(t) = e"*P)(y(0) only for constant p. Thus boundedness is not guaranteed
by (r o p)(t) <0,t > 0. In fact, it is often possible to find a scheduling trajectory p
such that the solution diverges even if (r ¢ p)(t) <0, > 0.

In case of an IO partition of S, the concept of dynamic stability is formulated
around the autonomous part of the behavior on the half line [0, o0), where u = 0.
Similarly, the notion of global dynamic stability generalizes for systems with state-
variables. Furthermore, global dynamic stability of LPV systems with 1O partition
also implies BIBO stability in the /., norm, and global asymptotic stability implies
BIBO stability in the £, norm, 1 < 7 < oo:

Definition 3.39 (BIBO stability) The LPV dynamical system S = (T,R™,P C R"",

B) with IO partition (u,y) is said to be BIBO stable in the {. norm with 1 < 1 < oo, if
forall (u,y,p) € B it holds that

for T=R, [llu(l|7dt < oo = [|y(t)]7dt < oc;
0 0

for T=1, kX_:OHU(/ﬂ)H’ <oo= kX_:OHy(/f)HT < 00
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It is said to be BIBO stable in the (o, norm, if for all (u,y,p) € B it holds that

sup||u(t)|| < oo = sup|ly(t)[| < occ.
t>0 >0

Dynamic stability implies BIBO stability in the o, norm as all trajectories of y
are bounded in case of dynamic stability. This boundedness holds due to the fact
that the autonomous part of the behavior is bounded and 9B fulfills the linearity
and time-invariance properties in Definition Similarly, asymptotic dynamic
stability implies BIBO stability in an arbitrary ¢; norm as all trajectories of y in
the autonomous part of the behavior converge to zero. The concept of Bounded-
Input Bounded-State (BIBS) stability can be defined for LPV systems with both 10
partition and state variables in a similar manner as BIBO stability. Also in the LPV
case, BIBS stability always implies BIBO stability.

Another notion of stability follows through the direct method of Lyapunov,
extending the concepts that have been established in the LTI case (see Section
2I5). Let z € X' be the solution of the autonomous part of a SS representation
NAgs(S) for a given scheduling trajectory p € Bp:

éx = (Aop)x, (3.93)

where € is either % or ¢. Similar to the discussion in the LTI case (see Section2.1.5)
we investigate dynamic stability of (3.93) by constructing a Lyapunov function
that fulfills certain properties. Again, consider the class of quadratic functions as
Lyapunov functions, but now assume that P € R"**"x, so V(7,p) = 7' (P o p)T,
where 7 € R"™ and P = P (symmetric). Then in continuous-time, using the
chain rule of differentiation, it holds that

(z,p)=z" (ATP+ PA+ P)op)z, (3.94)
Q

where Q € R™*"¢ is symmetric. The term Q = ATP + PA + P is called the
parameter-varying CT Lyapunov equation. In discrete-time, using a quadratic
Lyapunov function yields

%V

V(gz,qp) = V(x,p) = (AT PA— P)op)z, (3.95)
Q

where Q € R™*"x is also symmetric. Here the term Q = ATPA — P is the
parameter-varying DT Lyapunov equation. Similar to the LTI case, the concept
of stability is formulated around the “definiteness” property of (3.94) or (3.95)
and the quadratic Lyapunov function. In case of a quadratic parameter-varying
function V(7,p) = 7" (P o p)7 with symmetric P € R"**"x, we can define for a
given p € Bp the positive definiteness of P. We call P positive definite for p, i.e.
(P o p) = 0, if there exists a ¢ > 0 such that (P op)(t) = el forallt > 0 (Pop
is bounded away from 0). The definition of negative definit, semi definit, etc.
similarly follows (see Definition 2.29). Then, based on Theorem [2.9] the following
holds:
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Theorem 3.13 (LPV Quadratic stability) Consider and a projected scheduling
behavior Bp. Assume that P € R™ ™, P =P and Q = Q" satisfy the correspond-
ing Lyapunov equation (see (3.94) and (3.95) and P < p is bounded for all p € Bp. If for
all p € Bp it holds that

* (Pop)>0and (Qop) =0, then (3.93) is dynamically stable.

* (Pop)>=0,(Qop) =0,and (A, Q) is completely state-observable, then is
dynamically asymptotically stable.

* (Pop) <0, (Qop) =0,and (A, Q) is completely state-observable, then is
dynamically unstable.

The proof of this theorem can be given according to Ravit et all (1991) in CT and
@) in DT. However, there are two important facts to be noted. First,
complete state-observability is required to ensure that the behavior of all state tra-
jectories are characterized by the Lyapunov function. In this way, as V is bounded
away from zero with a positive ¢ and its derivative (difference) is bounded away
from zero with a non-positive ¢ along every state and scheduling trajectory, con-
vergence of the state to the origin is ensured. However, checking complete state-
observability of (A, Q) is a computationally difficult problem (see Section B3.1).
Second, due to the freedom of the functional dependence of P, the theorem is
non-constructive in the general case.

Based on the previous considerations, in practice R™**"* can be found to be
too general for Lyapunov function construction. Especially in LPV control, the
search for quadratic Lyapunov functions is commonly restricted to either a con-
stant matrix P € R™*™* or to rational functions with static dependence on p.
This restriction introduces conservative use of the Lyapunov theorem: If such a
P € R™*™ can be found that either of the first two items of Theorem is
satisfied, then stability of the system can be concluded, however, the lack of such
a P does not necessarily imply instability. What we gain by the restriction of
P e R™*™%  is that the parameter-varying Lyapunov equations are modified as

3.96
for T=27, (AT op)P(Aop)— P <0. (3.96)

{ for T=R, AT op)P+P(Aop) =<0,
By assuming that A has linear and static dependence on p, then the inequalities
(3:96) become LMIs, defining an infinite dimensional Linear Semi-Definite Program-
ming (LSDP) problem on P for the synthesis of P. If additionally it is assumed
that P is a convex polytopeﬁ in R"®, then (3.96) reduces to a finite LSDP problem,
where the feasibility of the Lyapunov equations is only checked at the vertices
of the polytope P (see Scherer (1996) and |Apkarian and Gahinet (1995)). This
gives the foundation of the traditional 7> and H., LPV control synthesis. Addi-
tionally, the use of full-block multipliers also enables to handle A with rational
dependence through an LFT representation of the system (Scherer 2001)). In some
works, parameter-varying Lyapunov functions with rational (Wu and Dong 2006)

A convex polytope is the convex hull of a finite set of points, i.e. it is the intersection of half-spaces.
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or general (Apkarian and Adams [1998), static dependence are also considered to

overcome the restrictions of searching for a constant P . In the most simple case,
assuming linear dependence of both P and A on p and restricting the derivative of
p to a polytopic set, gives that the parameter-varying Lyapunov equations (3.94)
and (3.99) can be formulated as LMIs by the use of relaxations, which again trans-
lates to a finite LSDP problem .

Example 3.34 (Global LPV stability) Consider the DT-SS representation Rss (S), defined in Example[329]
Choose a quadratic Lyapunov function

As all eigenvalues of P are positive, thus P - 0. By computing the DT Lyapunov equation, it follows that

— (AT BA_ _ [t P
Qop=(A PA P)op—lo{ » 10p2—9}'
Because P = [%, %}, it holds that there exists a e < 0 such that (Q o p)(k) R el forall k € Z and p € Bp.
Furthermore (A, Q) is completely state-observable as the rank of Q is always 2 along any p € Bp. Thus the
chosen Lyapunov function proves asymptotic stability of S.

Frozen stability

Another important aspect of LPV stability is the so called frozen stability. Stability
analysis of the frozen behaviors has been in the focus of LPV control during the
gain-scheduling area, before the appearance of global LPV control synthesis tech-
niques. At that time, researchers concluded global stability of the system based
on the stability of the frozen behaviors by assuming appropriately slowly vary-
ing scheduling signals (Yaz and Niu ﬂ%g;&QQg and Laﬂﬂﬂ;&m@ﬁﬂ%ﬂ).
This view has been found misleading as the term “appropriate” was not well-
defined (see the arguments of Rughl (1991) and [Shamma and Athans (1992)). To-
day, frozen stability is still important in LPV analysis as it is a necessary ingredient
for global stability.

Definition 3.40 (Frozen stability) Let .#p be the frozen system set (see Definition [3.3)
of the LPV system S with scheduling space P C R™. Then, in the frozen sense, S is

e Uniformly asymptotically stable, if for all p € P F5 € Fp is dynamically asymp-
totically stable.

e Uniformly stable, if for all p € P, Fy is dynamically stable.

* Non-uniformly stable, if it is not uniformly stable but there exists ap € P s.t. F is
dynamically stable.

e Uniformly unstable, if for all p € P, F; is dynamically unstable.
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Note that uniform frozen stability of S does not imply global dynamic stability,
though the converse is true. In terms of Definition the stability of the frozen
aspects of the system is checked separately for each frozen behavior. For exam-
ple this means the construction of quadratic Lyapunov functions separately for
each p € P. If there exists such a common quadratic Lyapunov function which
proves stability for all p € P, where P is convex, then in case of linear and static
dependence of 4, it also implies global stability in terms of Theorem This
makes an important distinction for systems with dynamic dependence, where the
evaluation of A along a constant scheduling trajectory excludes the effect of the
dependence on the derivatives/time shifts of p. For these systems, a common
Lyapunov function of the frozen systems set does not imply global stability.

Example 3.35 (Frozen LPV stability) Consider again the DT-SS representation Rss (S), defined in Example
For every constant scheduling trajectory p € Bp, where p(k) = p, Vk € Z, it holds that the eigenvalues
of (Ao p)areequal top. Asp < 1 forall p € P, thus uniform frozen asymptotic stability of S holds.
This is a not surprising discovery, as global asymptotic stability of S, proved in Example[B.34) implies uniform
frozen asymptotic stability of S. Now consider the CT-SS representation defined in Example For this
representation, eigenvalues of (A o p) are {0, 2} for any constant scheduling trajectory which proves uniform
frozen instability of the represented system. Uniform frozen instability also implies global instability.

3.3.3 Gramians of LPV state-space representations

Gramians are also important concepts for LPV-SS representations, as they de-
scribe the complete state-observability and reachability properties and they can
also characterize model reduction (see Wood et all (1996)). Using the previously
developed linear input-map (877) and linear output-map (3.:82) of the CT case,
and their DT equivalents (3.88) and (3.90), the concept of PV gramians is intro-
duced as follows:

Definition 3.41 (PV gramians) In CT, the observability gramian O and the reachability
gramian R of an asymptotically stable Rss(S) on the time interval [to, t1] C R and along
a scheduling trajectory p € Bp are defined as:

Oltitop) = [ A(rt0.0)(CT op)(r)(C o p)(r)A(r.to, p)dr, (3.97a)
to
Rttop) = | At 7.p)(Bop)(r) (BT op)(n)AT (tr, 7. p)dr, (397b)

to

while in DT, they are given on the time interval [ko, k1| C Z as:

k1

Ok ko,p) = > A" (i ko, p)(CT op)(i)(C o p)(D)A(i, ko, p), (3.98a)
i=ko
k1

R(k1,ko,p) = > U(k1,i,p)(Bop)(i)(BT op)(i)A” (k1,i,p). (3.98b)

i=ko
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Similar to the LTI case, the full rank property of gramians implies complete state-
observability and reachability on the considered time interval and scheduling tra-
jectory:

Theorem 3.14 (Induced PV observability/reachability) (Silverman and Meadows
[1967) The LPV-SS representation Rgs(S), is completely state-observable/reachable) iff
its observability/reachability gramian is full rank for any finite time interval and each
scheduling trajectory of Bp.

See the Eroofs in (Silverman and Meadows [1967) for the CT case and in Gohberg
etal. ) for the DT case.

3.4 Summary

In this chapter, we have developed a behavioral framework of LPV systems as an
extension of the LTI behavioral approach introduced in Chapter2l The introduced
theory has been established to give a unified view on LPV system theory and to
enable to approach LPV system identification in a well-founded system theoretic
sense.

First in Section we have introduced the behavioral concept of LPV sys-
tems, setting this system theoretical concept as a modeling approach in terms of
the gain-scheduling principle. Then we have systematically built up the behav-
ioral framework by introducing kernel, state-space, and input-output represen-
tations of LPV systems both in continuous and discrete-time. We have analyzed
the notion of state and established three key theorems: the existence of kernel
representations, the existence of state-kernel forms, and later in Section the
concept of left/right unimodular transformations based on the results of
(2006) and Tlchmann and Mehrmann (2005). We have also shown that the be-
havioral definition of these representations includes the existing LPV-SS and 10
model definitions of the literature. Our main contribution in this context is the
development of an algebraic structure upon which the previous results are based
on. By this structure, the behavior of LPV systems is described by polynomials in
the time operators 4 (or ¢) and the coefficients of these polynomials are meromor-
phic functions of the scheduling variable p and its derivatives or time-shifts. This
type of coefficient dependence has been introduced as dynamic dependence and it
provides more freedom than the so called static dependence (dependence only on
the instantaneous value of p) used in the models of the-state-of-the-art of the LPV
literature. By establishing equivalence classes and relations of the introduced rep-
resentations in Section 3.2} a major conclusion resulted that dynamic dependence
is necessary to develop equivalent representations of the same system.

As a next step in Section 3.3} important properties of systems and representa-
tions have been investigated in terms dynamic stability and state-observability /re-
achability. Based on the results of LTV system theory, we have shown that com-
plete state-observability and reachability are very strong properties in the LPV
case as only a rather restricted class of representations fulfills them. Moreover,
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they are not required for minimality nor the generation of observability or reacha-
bility canonical forms. We have shown that a weaker property, the so called struc-
tural state-observability /reachability, which defines the state-observability /reach-
ability concept in an almost everywhere sense, is a necessary and sufficient prop-
erty to generate these canonical forms or to imply minimality. After this, we have
introduced dynamic stability of LPV systems in the behavioral sense and shown
that BIBO stability is implied by this concept. Then we have explored Lyapunov
stability of the considered LPV system class and we have shown that the devel-
oped theory includes the current Lyapunov theory of LPV control design as a
special case.

In the next chapter, we continue by extending the concept of equivalence trans-
formations between different representation domains, introduced in Section 2.1]
to the LPV system class. This contribution gives the finishing details of the devel-
oped behavioral framework and enables the comparison of different LPV model
structures.
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CHAPTER

LPV equivalence transformations

n this chapter, we continue the discussion of the LPV behavioral frame-
Iwork by establishing equivalence transformations between the state-
space and the input-output representation domains. These equivalence
transformations enable the comparison and analysis of LPV model struc-
tures and provide essential tools to formulate the identification approach
of this thesis. First we define LPV canonical forms based on the concept
of observability and reachability canonical forms of the LTI case and we
give an algorithmic scheme to construct them from an existing SS rep-
resentation of the system. Then, transformations are introduced which
provide an equivalent IO representation of a SS representation and vice
versa. In both cases, the introduced LPV canonical forms are special cases
of the transformation problem, serving as a simple gateway between the
representation domains.

4.1 State-space canonical forms

Specially structured canonical forms of state-space representations of LPV sys-
tems are essential ingredients to accommodate equivalence transformations be-
tween the state-space (SS) and the input-output (I10) representation domains. One
set of these canonical forms are the so called observability /reachability canonical
forms which are also used in the state-of-the-art of LPV identification and control
design. In this section, LPV observability and reachability canonical forms are
developed in the introduced LPV behavioral framework, using the same line of
reasoning as in the LTI case (see Section 2.1.6)).

The canonical forms in continuous-time (CT) and discrete-time (DT) are intro-
duced through a transformation mechanism applied on a given SS representa-
tion of the LPV system. Using the concept of structural state-observability/re-
achability, i.e. the associated observability /reachability matrices, state-transfor-
mations are defined in the SISO case, that result in an equivalent SS representa-
tion with special structure in the system matrices. It is shown that this special

145
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structure implies complete state-observability /reachability of the resulting repre-
sentation and hence it is called a LPV observability/reachability canonical form.
Additionally, the introduced canonical forms give a unique representation of their
associated equivalence class. The applied transformation mechanism is based on
the results of LTV systems theory and it can be seen as extension of the LTI canon-
ical form construction approach given in Section 2.1.6]

Besides the derivation of observability /reachability canonical forms, a con-
struction approach for their companion counterparts is also introduced. The con-
cept of transposition of SS representations is also investigated, with the main con-
clusion, that contrary to the LTI case, the transpose of a SS representation in the
LPV framework does not have an equal manifest behavior. This means that such
a transformation alters the dynamical relation.

It is also investigated how the developed concept of canonical forms relates
to applied theories of the current LPV literature. It is shown that the common
practice to use LTI theory to compute canonical forms for LPV systems results in
SS representations that do not have an equal manifest behavior. This underlines
that the correct formulation of observability/reachability canonical forms is an
essential contribution of this thesis to the general LPV systems theory.

4.1.1 The observability canonical form

At first, observability canonical forms are considered. It is assumed that a struc-
turally state-observable state-space representation fRgs(S) is given for the SISO
LPV system S. Due to the structural state-observability, i.e. the full rank of O,,
associated with gg(S), it is possible to introduce a new state-basis for the repre-
sentation with the parameter-varying transformation matrix, 7, € R"™*"*:

To := Opy. (4.1)
This leads to a new state variable x,,, obtained as
2o := (Toop)x, Vp € Bp. (4.2)

Due to the full rank property of O,,,, T;, is invertible in R™**™*_ If Rgg(S) has con-
stant observability rank and it is completely state-observable, then T, is invertible
for any scheduling trajectory and time instant. Thus in that case, 2) implies
algebraic equivalence between x, and x. If only structural observability holds,
then invertibility is guaranteed in a functional sense, which means that €.2) im-
plies algebraic equivalence almost everywhere. However, the latter is a sufficient
property for T, to be a PV state-transformation, which leads to an equivalent SS
representation of S in terms of “£. Moreover, this transformation projects the ob-
servability structure in terms of Theorem[B.ITlto the identity matrix (0,0, ! = I).
Thus, similar to the LTI case, we call the equivalent SS representation, resulting by
the state transformation 75, the observability canonical form.

To obtain the equivalent representation of S in terms of the new state vari-
able, T, is applied to the system matrices in accordance with ¥, resulting in a SS
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representation with the following special structure:

0 1 0 1
A B : : : ?(?Lx—Q
[ Co | Da ] o0 o0 ... 1 :
—ag  —aj ... —a%x_l 0
1 0 0 s

Then

A, | B, :| |: TRNx XX | Rnwx1 (43)

9C{(Si)s(s) = [ c, | D, RI1xnx | R ’

is called the observability canonical state-space representation of S. Proof of that the
invertible state-transformation based on (&.2) always results in the above given
structure follows similarly as in the LTV case (see Silverman (1971) and Zenger
and Ylinen (2005) for the CT case and Marcovitz (1964) and
M) for the DT case).

Example 4.1 (CT-LPV observability canonical form, SISO) Consider the structurally state-observable
CT-LPV-SS representation Rss(S) of ExampleB220 By applying state-transformation @&2) in terms of Defi-
nition B26) the resulting observability canonical form is as follows:

0 1 1+p?
a? 2, d \d 3 d a?
R _ | paEr(trit@e)ge PP=2ptpfr—dmr d
Rss(5) i U =, | et egp
1 0 | p

Because the original representation Mgs(S) is not completely state-observable, the resulting canonical repre-
sentation R (S) is equivalent with Rsg(S) only in the almost everywhere sense. Furthermore, REg(S) is
completely state-observable (its observability matrix is an identity matrix) even if Mgs (S), used for its constriic-
tion, is not.

It is important to note that due to the state-transformation 2), the complex-
ity of the dependence of the meromorphic coefficients of R4 (S) can increase con-
siderably. If in the representation Mgs(S) all the coefficients/matrices are linear
static functions of p, then the matrix functions defining R (S) can have rational
dependence on p and its derivatives/forward time-shifts up to the order nyx. This
property has been one of the reasons to define coefficient dependence of LPV sys-
tems over the field of meromorphic functions R with variables associated with p
and its derivatives/time-shifts in the introduced framework.

Example 4.2 (DT-LPV observability canonical form, SISO) As a DT example, we can consider the DT-
LPV-SS representation defined in Example BZ9 Again, by applying state-transformation @&2) in terms of
Definition [3.20] the resulting observability canonical form of this representation is the following:

0 1 1+ 5
0 _ 2 (gp)
Rs(S) = | —(av°) 5, ar+ & | B3 +ptap
1 0 | p
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o011 012 011 - »— — 012
011A +011 > < OlgA +612 011A +011 > < 012A +612
o114 / 0124 6114 G124
0214 +021 y 0224 +022 0214 +02 0224 +022
021 A > < G22A 621 A > < G2 A
(a) Scheme I (b) Scheme II

Figure 4.1: Young's PV selection scheme for O,,,.: ny = 3, ny = 2. The rows of O,,,,
are indicated on the left and right side of the figures based on the generation rule
in continuous 3.79) or discrete-time (3.89). The vector functions represented by
dark cells must be selected if they are independent.

Due to the complete state-observability of the DT example, the resulting canonical form is fully equivalent with
the original representation and it is also completely state-observable. Note that in the following, we restrict
examples to the DT case to simplify the discussion.

As a next step the MIMO case is treated. According to theory given for LTV
systems inlGuidorzi and Diversi (2003), observability type of canonical forms with
respect to a MIMO, structurally state-observable fRss(S) can be realized by a map-
ping rule of three steps, similar to the LTI case:

1. Choose ny-independent rows of the full column-rank O,,, with a given or-
dering sequence.

2. Rearrange those ny-independent rows with a fixed order to form a nonsin-
gular state transformation matrix 7, € R"™**"x,

3. By applying the equivalence transformation defined via T, compute the
canonical representation.

In the following, these steps form the line of reasoning for the introduction of a
MIMO observability canonical form through its construction mechanism.

According to Step 1 of the previous algorithm, write O,,, as the sequence of
row vectors:

.
Ong=1]0{1 - 0op1 Olg o Opo o] (4.4)
where C = [o]; ... o, 4]T. Eacho; = [0;;]!"%,, j > 1 is defined similarly as (3.79)

in the CT case and as m in the DT case. To complete Step 1 of the algorithm,
the selection of ny linearly independent vector functions from the ny x ny rows
of (£4) is needed, to form the new state-basis of the canonical representation. Due
to the structural state-observability of the system, it is always possible to make
such a selection, but in general it is not unique (Guidorzi and Diversi [2003; Lu-
enberger 1967). Depending on the particular way of the selection procedure, dif-
ferent canonical forms can be obtained. In the following, the selection strategy
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that reproduces the structure of the previously introduced SISO LPV observabil-
ity canonical form is used. According to this, select the vectors of @4) in the order
of

{0117 021, -+, 0nyl,012,022;,-..,0ny2;-- } ) (45)

which matches with the generalization of Young’s selection scheme II, discussed
in the LTI case (see Section2.1.6). In the LPV case, this scheme is presented in Fig-
ure[d.]] For the sake of simplicity, temporally assume that rank(C) = ny, meaning
that {011,021, ...,0ny1} are linearly independent vector functions. Then, the lin-
ear dependence of every vector function from the ordered sequence @5) can be
analyzed one after the other: if 7; € [ is the smallest number such that o;, is
linearly dependent on the previous vectors, then there exists a set of unique func-
tions {af;; € R}, such that

ny Tij—1
Oir, = 3 > A%y o1, (4.6)
j=1 1=0
where the ordering of the vectors, similar to the LTI case, implies that 7;; satisfies
(254). Once all dependent vector functions have been found, a total of ny =
221 7; independent vectors is selected due to the full rank assumption of O,.
Furthermore, as the first ny vectors {011,021, ..., 0ny1} are independent, they are
automatically selected, implying that 7; satisfies (Z.55). Moreover, the remaining
linearly dependent relations are described by >~ >" | 7;; number of functions
{ag;;}- This accomplishes Step 1 of the algorithm.

Using the previously selected vectors, the new state-basis is defined by

.
T,:=| oy ... 01—(71»—1) 0;;(1 OIY(TW_D} ) (4.7)

Due to the linear independence of the rows, T, is invertible and implies an equiv-
alence relation in terms of Definition[3.26] This completes Step 2 of the algorithm.

As a final step, applying the previously constructed equivalence relation on
Rgs(S), yields the transformed matrices in the following form:

By
Ao | By | [A?j} i, 7 el
C, 1D, | = B |’
ny
€1 Onvx(‘rlfl) cee Cny Onvx(nw*l) D
where {e;}"¥, is the standard basis of R"¥, and
- 4T
0 ... 0 —a%
0 ... 0 —a% 7'
1 —agy : Co—ab,
A9 = i A = ij(ri;—1)
D0 : : : 0
0 1 _a%(ﬂ,l) (i x75)
0 ... 0 U P
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ﬁ?l(n—l) ﬂfnu(n—l) 6?171 ﬂ?nUTl
BO = 5 E DO — . N

2

I6) 0 e} {¢]
Biio s ﬂmuo (s xnw) nylrny 0 MUy (g xong)

Proof of that the invertible state-transformation based on (@.7) always results in
the above given structure follows similarly as in |Guidorzi and Diversi (2003).
Based on this representation, the LTI system is separated to an interconnection of
subsystems characterized by the A, and By matrices and the connection of these
subsystems is defined through the A;’j matrices. In this way, using the constructed
state-space transformation T, applied on fRgs(S), we have constructed a canoni-
cal SS representation of S. Due to the fact, that the projected nx-step observability
matrix of R (S) is the identity matrix (SISO case) or composed from zero row
vectors and the standard basis of R'*"* (MIMO case) such a canonical represen-
tation is always completely state-observable. Thus the following corollary holds
for all representations of S with the structural form of (4., B,, Co, D) both in the
SISO and the MIMO cases:

Corollary 4.1 RE(S) is completely state-observable and hence minimal.

In case rank(C') # ny, the observability canonical form does not exist in the
previously introduced structure as C, cannot be a matrix composed from zero
vectors and standard bases. In this case, T, is constructed by considering the sys-
tem only with output channels which are associated with the independent rows
of C. Then, Ty, is applied to the original matrix functions. The resulting C, retains
the structure of the conventional canonical form for the linearly independent out-
put channels (containing only zero vectors and standard bases), however it also
contains meromorphic coefficient functions (the weights of the linear combination
of the independent channels) in the rows corresponding to the dependent output
channels. If the LPV-SS representation is not structurally state-observable, then
computation of an equivalent observability canonical form by the presented algo-
rithm requires to search for a SS representation of the LPV system with structural
state-observability. Then, such a representation can be converted to an observ-
ability canonical form. As we will see in the Section[d.3] the construction of such
a representation is always possible.

Example 4.3 (DT-LPV observability canonical form, MIMO) Let the SS representation Rgs(S) of an
DT-LPV system S with P = [0.1,0.3] be given by

P 0 0 —-0.5 1 1
0 —p 0 0 p p
0 0 —p 0 -1 0
{%’%} op= 0.5 0 0 P 0 1
0 P 0 0 0 0
0 0 1 P 0 0
P 1 0 0 0 0
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By computing the 2-step observability matrix of Rss(S),

0 p 0 0

0 0 1 P
b 0.0 .

O20p=1"0 —p@@) 0 0
0.5¢gp 0 —p  plgp)
p(egp) —p 0 —0.5gp

results. It is clear, that the first four rows of O are independent in the functional sense, thus Rsg(S) is struc-
turally state-observable. Howeuver, the first three rows and the sixth are independent along all possible scheduling
trajectories on P, thus Rsg(S) is also completely state-observable. Note that in this case, computation of Oy
is not necessary to show these properties. By calculating the observability canonical form R3g(S) of Rss(S)
using the first three and the sixth rows of Oa, the resulting matrices are the following (the sub-matrices are
denoted by dashed lines):

qp 10 0 0
_ ap®+4p>+8p(gp) +4p° (9p?) b gptapd+4p®(gp) p(p+qp)
2p2(qp) PP 2p 2qp
Ao O P = |
0 20 0 1
_ (ap)(¢®p)+4p° (ap*)+4p> (¢°p)+8p% (ap) (¢*p) | 0 (1+4p%)¢’p _ (ptap)d®p
4p2(qp) A 4p q2p
p(ap) p(ap)
777777777777777777777777777 1:0:00
Boop e, e Coop 0i1i00
- El o — H
¢ p+ap p+ap 0ioito
2 2(¢*p—2p)ap—a’p :
(¢®°p —p)lgp 5L

Note that the resulting LPV-SS representation is the interconnection of 3 subsystems, each associated with a
specific output channel. Furthermore, this observability canonical form is not generated using Young’s selection
scheme as in that case the first 4 rows of O2 would have been selected for the transformation. In opposite with the
used state-transformation, the transformation of the state, based on the first 4 rows, only provides an equivalent
representation in the almost everywhere sense, as independence of the rows only holds in the functional sense.
This underlines that in the MIMO case there is a freedom in the construction of observability canonical forms
and the provided selection scheme is only one from the available possibilities.

4.1.2 Reachability canonical form

As a next step, we extend the previously introduced mechanism to the reachability
case. Similar to the previous part, SISO systems are considered first. It is assumed
that a structurally state-reachable state-space representation fRss(S) is given for
the SISO LPV system S. Due to the full rank of R,,, associated with Rgs(S), it is
possible to introduce a new state-basis for the representation by using

7. { :Rnxv if T= R,

— 4.
! Ry, if T=2, (4.8)

that leads to a new state variable x,, obtained as

zy = (Ty op)x, Vp € Bp. (4.9)
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Again, the full rank property of R,,, implies that T; is invertible in R™**"*. Thus,
([@9) yields an equivalent SS representation of S in terms of “£. In case of complete
state-reachability, (£9) also implies algebraic equivalence of the original and the
new states. Moreover, this state-transformation projects the reachability structure
in terms of Theorem B:IT]to the identity matrix. Therefore, we call this equivalent
SS representation the reachability canonical form.

By applying the transformation associated with T} on the matrices of $gs(S)
in accordance with ¥, the transformed matrices are given by:

0 0 —ay 1
Al | ! AR
C. | D | : 0 : :
0 1 —ap, 0
’Ilibxfl /8’;)(72 M 66 ’flx

Then,

nx Xnx nxl
l B [ e e w0

mgs(s) = { C, | D, R1xnx | R ’

is called the reachability canonical state-space representation of S and it is equivalent
with Rgg(S). Proof of the above given matrix operations similarly follows as for
LTV-SS representations (see/Silverman (1971); Zenger and Ylinen (2005) for the CT
case and Marcovitz (1964); Park and Verriest (1990) for the DT case).

Example 4.4 (LPV reachability canonical form, SISO) Consider the completely state-reachable DT-LPV-
SS representation defined in Example[3.29) By applying state-transformation (&9) in terms of Definition 328
the resulting reachability canonical form of this representation is the following:

0 ;q_poQ ‘1
R - 1 g 'p+q“p 0
S) =
Ps(8) a'p a?p\ —1 —2
1+ (149 2) g lp4q2p | p

Due to the complete state-reachability, the resulting canonical form is fully equivalent with the original repre-
sentation.

Note that the previously introduced algorithm can also be applied to generate
reachability-based MIMO canonical forms, but instead of the rows of 0,,,, the
columns of R,,, are used in this case. According to Step 1 of this mechanism, R,
is rewritten as a sequence of its column vectors:

:Rnx = [ rip ... Ipyl Ti2o ... Tny2 - ] y (411)

where B = [r11 ... T,,1] and eachr; = [r;;]Y,, j > 1is defined similarly as (3.84)
for CT and as (8:9]) for DT. To accomplish Step 1, the selection of ny linearly inde-
pendent vectors from the ny x ny column vectors is required in order to determine
the state-basis of the reachability canonical form. In the following, such a selection
strategy is used that reproduces the structure of the previously introduced SISO
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Figure 4.2: Young’s PV selection scheme for R,,,.: ny = 3, ny = 2. The columns of
Rny are indicated on the left and right side of the figures based on the generation
rule in continuous (3.84) or discrete-time (3.91). Vectors represented by dark cells
must be selected if they are independent.

LPV reachability canonical form. According to this, select the rows of R,,, in the
order of
{rn, 125+ s Ti(ngny)s T21, 122, - - } J
which matches the extension of Young’s selection scheme I presented in Figure
Temporally assume that rank(B) = ny which means that {r11,r12,...,T1,y}
are linearly independent vector functions. Then, the linear dependence of every
vector function from the ordered sequence can be analyzed one after the other
just like in the observability case. However, in Young’s selection scheme I, the
vectors {ri1,T21,...,Tn,1} have to be selected to the state transformation even if
the ordering would indicate it else. The explanation follows similarly as in the LTI
case. According to this selection scheme, if 7; € 17” is the smallest number such
that r;;, is linearly dependent on the previous vectors, then there exists a set of
unique meromorphic functions {«};; € R}, such that
i Tij—1
Tir, = Y ol T, (4.12)
j=1 1=0

where {7;;} satisfies (Z.54) because of the ordering of the vectors. Once that all
dependent vector functions have been found, a total of ny = > ¥, 7; independent
vector functions are selected due to the full rank assumption of R,,,,. Furthermore,
by the selection scheme, the ny number of vectors of {r11,r12,...,T1,,} are auto-
matically selected, thus 7; satisfies the upperbound (Z.61). The remaining linearly
dependent relations are described by > ', 3°°_, 7;; rational functions {a}; } € R,
and T, is defined as:

1=

r

{ [ I rl(ﬁ,l) e Iyl rnﬂ)(Tnu)*l) ], lf —[I—:|R7

[ ?11 ?1(71_1) (?nrul (FTLU(TnU_l) ], lf -I]—:Z
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which accomplishes Step 2. Again, linear independence of the selected vector
functions assures the existence of the inverse, thus T, implies an equivalence re-
lation in terms of Definition As a final step, applying the previously con-
structed equivalence relation on fRgg(S), yields the transformed matrices in the
following form:

- elT -
0(7'1 —1)xny

A B 1| Ay e :
Cr Dr o eID ’

0(7'7va1) XNy

cy ... O, D

where {e;}."¥, is the standard basis of R"¥ and

0 0 —ij0
0 ... 0 — Q0 |
1 —aly : .
Ay = " Ay = vt
L 0
0 o b =iy |y : : ‘
r r | 0O ... 0 0 - (mixT5)
ﬂli(nfl) ce ﬂliO ﬁiln s ﬂ{nuﬂ
=] : R |
Bri(ri—1) -+ Pryio (nyxTi) Ty PvnuTey d (ny xng)

Proof of that the invertible state-transformation 7 always results in the above
given structure follows similarly as in [Park and Verriest (1990). Again, RE(S) is
equivalent with Mgs(S) and characterizes the decomposition of RE (S) into state-
reachable subsystems associated with each output channels. Due to the fact, that
the projected ny-step reachability matrix of RZ(S) is the identity matrix (SISO
case) or composed from zero column vectors and the standard basis of R"* (MIMO
case) the resulting canonical representation is always completely state-reachable.
Thus the following corollary holds for all representations of S with the structural
form of (A;, By, Cy, D;) both in the SISO and the MIMO cases:

Corollary 4.2 RE(S) is completely state-reachable.

Furthermore it also holds that if Rgs(S) is minimal, then the resulting RE(S)
by the given construction procedure is also minimal. In the case of dependent
columns of B, the state transformation is constructed based on the independent
input channels. If the LPV-SS representation is not structurally state-reachable,
then computation of an equivalent reachability canonical form is possible by find-
ing an SS realization of the system which is structurally state-reachable. Similar
to the observability case, such a realization always exists, if S has no autonomous
dynamics.
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4.1.3 Companion canonical forms

The LPV observability and reachability canonical forms can also be given in an
other, so called companion or phase-variable form. These representations RS (S)
and REs(S) are defined in the SISO case as:

0 ... 0 —af oo
1 —ac° co
ACO BCO ! !
RAE(S) = |:Cco De. }z : 0 : ;
0 L —ay 1 | Prg—1
0 0 1 co
0 1 0 0
Acr Bcr . . . . .
RE(S) = {Ccr Dcr]: 0 0o ... 1 0o |,
—agt  —aft ... —ap 1
cosr . O | o

Again, it can be proved, based on Silverman (1966) and Weiss (2003), that every
LPV system S admits a state-variable representation in these forms and they are
equivalent with all SS representations of S. The state-transformations that lead to
these canonical forms can be constructed as:

[r1,72,...,1py), if T=R;
T..' = 4.13
0 { 1,52, T, if T=Z; (4.132)
T, = [OI, 09, .) OIA ; (4.13b)

where r; is the last column of O;; which is additionally shifted forward in time
in case of T = Z, o, is the last row of fR;Xl which is additionally shifted backward
in time in case of T = Z, and r;, o; are generated recursively by (3.79) and (3.:84)
in continuous-time and by (3:89) and (B.9]) in discrete-time. In the MIMO case,
the companion forms are generated by selecting the linearly independent rows
(columns) based on a different ordering. Similar to the LTI case, the ordering of
the rows of O,,, by Young’s extended selection scheme I presented in Figure &1l
results in the companion observability canonical form, while the ordering of the
columns of R, by Young’s extended selection scheme II of Figure d.2] results in
the companion reachability canonical form.

Example 4.5 (Companion canonical forms) Consider again the DT-LPV-SS representation defined in Ex-
ampleBZ9 By constructing the state-transformations @I3atb) and applying them to the original SS represen-
tation, the following companion canonical forms result.

2 2
_pdr_ _4ap
P2 0 o 0 Pyzp q%p
Teoop = |: fp 1 :| = S)L{SSC(S) 1 p+§7 1+qlp )
p
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0 1 0

T = qjlp _q*%pz Re(8) = ¢ 'p2 p+qglp |1
wop=| 7 0 = RS = RIS ‘

R

4.1.4 Transpose of SS representations

An important difference with respect to the LTI case is that transposed LPV-SS
representations do not have an equal manifest behavior. To show this, consider
the following argument:

Let Rgs(S) be a state-space representation of a given SISO LPV system. Then
the transposed SS representation, defined as

T T
RIL(S) = [ gT % } when Rgs(S) = {%’%} (4.14)

is not a SS representation of S, because the associated output trajectories of these
representations are not equal in case of a varying scheduling signal (see Example
[4.6). This can be proved by computing the output responses of the representations
for an impulsive input at k = 0, i.e u(0) = 1, and zero initial state x(0) = 0. Denote
the resulting output sequences by y for Rgs(S) and y' for Rig(S). Then these
sequences reads as

y(0) = (D < p)(0),
y(1) = (Cop)(1)(Bop)(0),
y(2) = (Cop)(2)(Aop)(1)(Bop)(0), y'(2)=(BTop

It is obvious that these sequences are not equal if p is not a constant signal. The
reason for this phenomena is based on the non-commutativity of the multiplica-
tion on R[£].

Example 4.6 (LPV system transposition) In this example, the connection between LPV canonical forms
and their transpose is investigated. Consider the canonical forms derived in Example B2l and B4] which are
equivalent with the DT-SS representation of Example The transpose of these canonical forms have been
obtained according to @A) by computing the transpose of the matrices. The output response of these transposed
representations, the canonical forms, and the original SS representation have been calculated for

1 T 1 1 1 T
w(k)=sin{ -k+—), k)=—+-sin|-k+ -],
(k) <4+6> p(k) 2+4 <4+2)
and with zero initial conditions of the state variables at k = 0. The results are presented in Figure[L3] From
the obtained signals one can conclude that the transposed forms are not equal to the original SS representation.
This proves that transposition of SS representations changes the manifest behavior of LPV-SS representations in
general.

4.1.5 LTI vs LPV state transformation

In the previous part, we have seen that through the developed behavioral frame-
work, canonical forms of LPV systems can be similarly formulated as in the LTI
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Figure 4.3: Comparison of the transpose of canonical representations given in Ex-
amples d2]and B4l in terms of their output response, i.e. their output error with
respect to the original representation. Transposed canonical observability form
(dashed blue), transposed canonical reachability form (dotted red), original rep-
resentation (solid green).

case. It has also been emphasized how this framework extends the concepts of LTI
system theory to LPV systems by proper handling of the time operators and their
effect on scheduling-dependent coefficient functions. Comparing the introduced
construction mechanism of LPV canonical forms to the state-of-the-art of the LPV
literature, similar mechanisms can be found, which have been developed for CT-
SS representations with linear dependence (see Kulcsér et al! (2008) as a notable
approach). Thus the develop algorithm can be seen as a generalization of these
approaches.

However in the general LPV literature, at many occasions the LTI theory is
used intuitively, applying-state transformations in the form:

A =T71AT, (4.15)

where T' is dependent on p. Such a state-transformation is equivalent to a state-
transformation applied separately for every constant scheduling signal of Bp.
Based on Section[3.2] it is obvious that this transformation does not imply equiva-
lence in any sense if T is not constant. It is also common, that canonical forms are
usually “achieved” by generating O,,, and R,,,, similar to the LTI case (see Defini-
tion[2.32]and 2.33). This corresponds to the observability /reachability matrices of
the representation with respect to constant scheduling signals. Using independent
rows (columns) of these matrices a state-transformation matrix 7" is formed. Then
T is applied according to (4.15) to calculate the “canonical” form (see Wassink
et al. (2004) and (2003) as examples). It is not surprising that by
this methodology the resulting structures resemble the observability /reachability
canonical forms, however they are not equivalent in manifest behavior with the
original system. To illustrate this see Example .71

Example 4.7 (LTI vs LPV state transformation) Consider the canonical forms of the DT-SS representation
derived in Example @2l and B4 for the DT-SS representation Rss(S) defined in Example[329 Let OLX and
IR,LX denote the “observability " and “reachability ” matrices constructed for Rgs (S) in the LTI sense:
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Figure 4.4: Comparison of global and frozen canonical representations of Example
B 7lin terms of their output response, i.e. their output error with respect to the orig-
inal representation. %194 (S) (dashed blue), REE™ (S) (dotted red), R (S) (solid
green), R (S) (identical to green), original representation (identical to green).
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', ®y=[B 4B ]
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Now compute what would result by applying the state transformation with T = OLX or T~1 = fRiLX
just like in the LTI case. This intuitive approach produces the following so called “frozen” canonical forms:

’ 0 1 p . T
Red™(S) = [ ) ‘ —p? } o RET(S) = ()
1 0 | p
Generally in the literature some follow this approach (see\Wassink et all (2004); |Steinbuch et all (2003)). 1t is
important to note that the two sets of LPV representations derived here and in Examplel2land@Alare equivalent
for constant scheduling trajectories, but they are unequal globally. To show this phenomenon, the output response
of these frozen canonical representations, the global canonical forms, and the original SS representation have been
calculated for the signals p and w indicated in Example[:0] The results are presented in FigureEdl As can be
seen, the global canonical forms MY (S) and RE (S) completely reproduce the original output with zero error.

However, %SSLTI (8) and SR;%TI (8) have a relatively huge representation error in the magnitude of 35% even
for these very smooth and slowly varying p and w, which mainly comes from a scheduling dependent phase and
gain lag with respect to y.

4.2 From state-space to the input-output domain

Equivalence transformations between SS and IO representations in the LPV be-
havioral framework are of paramount importance. Such transformations are not
only necessary to provide representations of a given system in these domains, but
they are also the key elements to compare LPV model structures in terms of rep-
resentation capabilities, to compare identified models in different representation
domains, and also to convert results of IO identification approaches to SS models
applicable for control.

As one of the main contributions of this thesis, in the following we develop
these transformations. We show that they generalize the theory presented for LTI
systems in case the coefficient dependence on the scheduling vector is meromor-
phic and dynamic. It is also shown that the canonical forms, developed in the
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previous part, give special cases of the transformation problem, thus they serve
as a simple gateway between the SS and the IO representation domains. Again,
it is proved that the common practice of the current LPV literature, namely to ap-
ply LTI theory to convert IO models to SS models, provides results which have an
unequal manifest behavior.

At first the equivalence transformation from the SS to the IO representation
domain is considered. The equivalence transformation in this context means the
search for an equivalence class of IO realizations with the same manifest behavior.
To derive such a transformation, it is first shown that the state as a latent variable
can always be eliminated without changing the manifest behavior. Then a spe-
cific algorithm is established which provides a minimal realization of a given SS
representation in the IO domain. According to this plan, consider the following
theorem:

Theorem 4.1 (Elimination of the latent variable in the LPV case) (@ )
Given a latent representation (see (3.33)) of S with manifest behavior B and polynomial
matrices R € R[E]"*™, Ry, € R[{]™*"™*. Let the unimodular matrix M € R[£]™*"r
be such that ) )

MRy, = [ }EL } . MR= [ g,, } , (4.16)
with Ry, of full row rank. The manifest behavior defined by (R"(§) o p)w = 0 is equal
(almost everywhere) with B.

Due to the algebraic structure of R[¢], the proof of this theorem follows similarly
as in (ﬁﬂg@). Based on Theorem 1] the state vector as a latent variable can
be eliminated from a given Pgg(S) with an unimodular transformation. Note that
due to the latent nature of the eliminated variable, this elimination is always possi-
ble. Furthermore, Theorem[B.5implies that such a transformation does not change
the manifest behavior, hence in analogy with the LTI case, this transformation is
an equivalence transformation.

The next step to establish an IO realization is to formulate the unimodular
transformation of Theorem {.Tland the resulting R” in the form of an output side
polynomial R, and an input side polynomial R,. Write the LPV state-space rep-
resentation Rgs(S) with matrix functions (A, B, C, D) into the latent form (B33):

[Ig—_CA]x:[—OI gHZ] (417)

RL(§) R(§)

The resulting polynomials R € R[¢]("x+mv)x(mvinu) and Ry, € R[¢](mx+mv)xnx give
an equivalent representation of the full behavior of Rss(S). Now by applying
Theorem [T, we are looking for a unimodular matrix M € R[¢](x+mv)x (nxtny)

such that Mi(€) M6 ] { IE— A } _ [ * ] (4.18)
M (&) Maa(€) —-C 01

M(€)
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where deg(Ms2) = ny and deg(Ma1) < ny — 1. Note that there is a particular free-
dom in choosing M to satisfy @.I8), however by restricting Ms5(€) to be monic,
Mz (&) and Ma2(€) can be uniquely determined. Multiplying (4.17) with the re-
sulting M (&) yields

{ ; }x N { —le(ﬁ) Mm({)Bngg(g)D ] { Z ] ; (4.19)

from which the polynomials of a equivalent IO representation can be trivially de-
termined.

Corollary 4.3 (IO Equivalence transformation) Let Rss(S) be a state-space repre-
sentation with manifest behavior B and system matrices (A, B,C, D). Then there ex-
ists a unique monic polynomial Ry, € R[E]|™*™ with deg(Ry) = ny and a unique
Ry € RIE™ ™ with deg(Ry) < ny — 1 such that

Ry (€)C = Ry(I€ - A). (4.20)

Let Reom = diag(r1,...,7ny), 1i € R[E], be the greatest common divisor of Ry and R,
such that there exist Ry, R, € R[¢] satisfying

Ry(€) = Reom(&)Ry(§) and  Reom(§)Ru(§) = Ru(§)B + Ry (§)D. (4.21)

Then the IO representation of S, denoted by Rio (S), is given by

(Ry(&) op)y = (Ru(§) o p)u. (4.22)

In this way, similar to Corollary 24]in the LTI case, an equivalent, minimal IO
representation of S is obtained, based on the given SS representation Rgg(S) (see
Example[£.8). Note that the algorithm defined by @.20) and @.2I)) is more compli-
cated than in the LTI case, as it involves multiplication with the time operators on
the coefficients. Thus, this transformation can result in an increased complexity of
the coefficient functions in the equivalent IO representation, e.g. if Rgg(S) has a
static dependence on p, then its equivalent IO realization commonly has dynamic
dependence on p. The following property also holds in the LPV case:

Corollary 4.4 Assume that Rss(S) is minimal, i.e. structurally state-observable. Then
the polynomials R, and Ry satisfying @&20Q) are left-coprime (their greatest common di-
0is0r Reom is 1).

Corollary 4] means that the equivalence transformation between the SS and 10
domain results in the elimination of dynamics related to unobservable states.
Thus in case of a structurally state-observable SS representation, like the observ-
ability canonical forms, the equivalence transformation simplifies. However, dy-
namics related to unreachable states are preserved. This underlines the validity
of the proposed minimality concept of LPV-SS representations, namely that mini-
mality is equivalent with structural state-observability.
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Example 4.8 (IO realization of a LPV-SS representation) Consider the observability canonical form given
in ExampleE2] Note that

Ao={ 0 10} and Ié—Ao:[ ¢t }

—ag  —af ag £+af

with o o p = p% and o op = —qp — %. In terms of {@20), we are looking for a Ry € R[€]Y*2 with
deg(Ry) = 1 and a monic polynomial Ry € R[E] with deg(Ry) = 2. Parameterize these polynomials as
Ry(¢) =& +a1f+ao, Ru(§) =[ bui&+biz bal+ba |.

Then in terms of E20):

(€ +aé+a)[ 1 0]=[bi&+bw b215+b22}{§8 5;106?}-

Solving this equation system it follows that

ar =af, bi1=1, biz=aqaf,
ap =ag, b2 =0, b =1

The resulting polynomials Ry and Ry are left coprime, hence
Ry(§) = Ry() =€ +ai¢+af
_ _ = — —
Ru(€) = Ru(§)Bo+ Ry(€)Do = B56* + (o965 + 7)€ + agf3 + o 7 + 6,

where B3 op=p, B op=1+ q%' and 8§ o p = p% + p + gp. The above given polynomials provide an
1O representation of S with coefficients

agop=1 ba op=q°p,

a10p=—qp(1+%), biop=(1-qp?) (1+%),
2 2

agop=pif, boop=qp*Pit.

After this simplified example, consider the DT-LPV-SS representation defined in Example[3.29] which is
equivalent with the above considered observability canonical form. In this case

_|r 1 _ _ | &—-p -1
Aop—|:0 p} and (1€ A)Op—{ 0 §—p}'
In terms of @&20), we are again looking for a Ry € RI[E]'*? with deg(Ru) = 1 and a monic polynomial
Ry € R[] with deg(Ry) = 2. By using the previously introduced parametrization of these polynomials,

(@.20) reads as

((§2+a1£+a0)0p)[ 1 % ]=([ b11€ + b1z b21& + bao }Op){ éap g__lp }

Solving this equation system it follows that

2
a1<>p=—qp2(1+%), bnop=1,  biop=-1,
agop=pi_, barop= 5, baop=0.
Additionally, Ry and Ry are left coprime and they result in exactly the same IO realization as the previous
example.

Contrary to the LTI case, closed formula on the conversion rules between the
parameters of the previously introduced canonical forms and the resulting IO re-
alization can only be given for the observability canonical form and its companion
version in DT. Even if the algorithm defined by 20) and @Z2I) is always solv-
able for the reachability canonical forms, the resulting formulas of the {b;} coef-
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ficients are complicated rational functions of the original matrix coefficients. The
reason of this phenomenon is again the non-commutativity of multiplication by
¢ on R[¢]. In CT, the chain-rule of differentiation gives also complicated expres-
sions. Therefore the conversion rules are only stated for the observability forms
in discrete-time:

Corollary 4.5 (IO conversion rules) The IO realization of canonical SS representa-
tions of the discrete-time SISO LPV system S is given by

R (S) Rss(S)
a; OZ? [ago](i)
Uny 1 1
o1 () ngl o o ) co co pco 1)
bj [63} ! + l; Qg |: 7lx—l+j:| [ﬂj + aj ”X} ’
o 7(nx) o 1(nx)
b 6] [Bre] ™

with | . ](”) denoting the forward-shift operation applied to the coefficients n times, i,j €
ﬂgxil, and n, = ny, = nx.

Note that in the reachability and reachability companion cases, the conversion

formulas are the same for all parameters except {;}7% L

4.3 From the input-output to the state-space domain

As a next step, the equivalence transformation from the IO to the SS representa-
tion domain is considered. To derive such a transformation, a vital ingredient is to
construct a state-map for a given IO representation that defines an equivalent SS
representation. This construction can be seen as the reverse operation of the previ-
ous latent variable elimination. The actual aim is to introduce a latent variable into
(@.22) such that it satisfies the state-property, ergo it defines a SS representation of
the original system via Theorem[3.2]

Generation of a state-map is more involved in the LPV case than for time-
invariant systems as the scheduling dependence of the coefficients does not com-
mute with time operators as integration, derivation, and time-shift. In order to
improve readability of the upcoming rather technical discussion, we first investi-
gate the intuitive idea behind the used state-construction mechanism, the so called
cut-and-shift operation. Then this operation is formally defined over the ring R[¢]
both in CT and in DT. As a next step, state-maps generated by the cut-and-shift
procedure are constructed and it is shown that they introduce latent variables sat-
isfying the state property. Minimality of the resulting state kernel forms is also
shown in the SISO case. Finally, algorithms are derived that provide realization of
a given 1O representation in terms of the previously introduced canonical forms.
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The idea of recursive state-construction

The central idea of state-construction for LPV-I1O representations is the extension
of the previously introduced cut-and-shift mechanism of the LTI case (see Section
217). However, before venturing into the technicalities, we explain the intuitive
idea of the cut-and-shift-map based state-construction through a simple example.
Assume that, in continuous-time, a kernel representation Rk (S) with P = R is
given. Rk (S) is described by R € R[¢], providing the differential equation

d d?
(ro o p)w + (r1 Op)aw + (7o op)ﬁw =0. (4.23)
In the following, we construct an equivalent SS representation of i (S). This
requires a state-construction, where our aim is the elimination of the derivatives
of w in #23) through the introduction of state-variables. Introduce the latent
variable z1 : R — R, defined by

x1 = ((r — 7o) o p)w + (12 op)%w. (4.24)

Then equation (£.23) can be rewritten as

%xl + ((ro — 71 +72) op)w =0, (4.25)
using the rule of chain-derivation. It is obvious, that the resulting equations (£.24)
and ([#25) define the same manifest behavior as (£.23). In this way, we have elimi-
nated the derivatives of w from (£23), however the resulting extra equation (£.24)
still contains a first order derivative of w. Thus, introduce the latent variable
T2 : R — R such that

xo2 = (r2 0 p)w. (4.26)
Then, equation #.24) can be rewritten as
d
ﬁxg — 1 + ((7’1 — 27."2) <>p)w =0. (427)

We have arrived at the following equation system

— 7'1—27"2 OSp | w= —1

’I"O—’I."l—|—’l.".2 % 0 |:
d
(] 0

_ ] : (4.28)

which is equivalent with #23). Due to the fact that the left side is a zero-order
while the right side is first-order polynomial, (Z.28) is a state-kernel form and = =
[£1 )T trivially fulfills the property of state (see Theorem [3.2). Additionally,
the algebraic equivalence of the introduced state-relations £.24) and (£.26) implies
that there exists an unimodular transformation in terms of Theorem[4.1] which can
eliminate x from [@28) such that @23) is reobtained. Thus, the manifest behavior
of @.28) is equivalent with the behavior of Rk (S). Note that in this way, we have
defined an equivalent state-map of the original system. Using this state-map, one
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choice of SS realization follows through the use of 26) as the output equation
and by the substitution of this equation into (Z:28). This results in the state-space

representation
d <l 0 _T07”:1+’F2 ‘| )
—r = o op |, (4.29a)
dt 1 —a
w = ([0 & Jop)um, (4.29b)

which is a companion observability canonical form if 7o = 1,i.e. if R is monic. This
SS realization is equivalent with (Z23) only for those scheduling trajectories where
(ra o p)(t) # 0 (see @26)). Thus, @29alb) is equivalent in an almost everywhere
sense with @.23). If r, is unequal to zero for all scheduling trajectories, then full
equivalence holds.

The intuitive idea behind the state construction that we exposed in this exam-
ple can be formalized as the following recursive scheme. For a given continuous-
time SISO kernel representation ik (S), the behavior is described by

(Ro(%) op)w = 0. (4.30)

Let [ = 1 and define a latent variable as

= (Rl(%) op)w, st Rg_1)(€) == R+ ERi(E), (4.31)

where R; € R, R; € R[{], and due to the multiplication rules, Ry is chosen as:

77.{

Ry =m0+ > (-1)i", (4.32)
i=1

where 7() denotes the dot operation applied to » € R for i-times (see equations
(@25) and [#2Z7) as examples). According to this mechanism

for [ =1, Lo = —(Ryopw,
{ ar (Boop) (4.33)

for 1 < < mng, %ml = x11— (Ri_10p)w.

holds and @31) with @33) give a latent variable representation of S. Repeat these
steps recursively on @3]) till | = n¢ which results in R, (§) = 0. Then the ob-
tained polynomials { R;(£)},"¢, define a state map and {R;} ', give the coefficients
of the associated SS representation, as it holds that

{ for 1 <1< ng, 7%x(l+1) = x;— (R opw, (4.34)

for | = ng, (Rpeop)w = Tp,.

The procedure, defined by @.31), gives the algorithm of state-construction which
we call the parameter-varying cut-and-shift map o : R[{]* — R[{]*". In this
terminology, R, corresponds to the cut term while R;(€) is the shift term. Similar
to the LTI case, the PV cut-and-shift operator ¢_ acts on polynomial matrices but
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with meromorphic coefficient functions. Another difference with the LTI case is
that the cut-and-shift-map is defined differently for the CT and DT time-axis, due
to the different non-commutative multiplication rules of derivation and time-shift
with respect to the scheduling dependent coefficients. In the following, the tech-
nical definition of p_ is given both in the CT and DT cases, using the idea of the
recursive scheme introduced before.

Cut-and-shift in continuous-time

In the CT case, the indeterminant ¢ is associated with <, implying that multipli-

cation with £ on R[¢]* gives the non-commutative rule of (322). The reverse
operation, multiplication by %, results in integration, which yields:

i—1
€71 [re + (-1 | = 3o (-1 (4.35)

J=0

This operation is the same as what is used in (@31). Based on this, the cut-and-
shift-map in continuous-time is defined on R[¢] *" as

o_(ro+ré4 ... Frp&™) =0y +.. et (4.36)
R(&) R/(&)

where R, R’ € R[¢]* and each new meromorphic coefficient function of R’ is
computed as the result of elementary cut-and-shift operations:

i—1

(—1)ir@gi=i=1 ifi>1;

Ny

0-(ré') = j=0 (4.37)
0, ifi = 0.
This yields that
=Y (-1 (4.38)
=0

Cut-and-shift in discrete-time

In the DT case, ¢ is associated with the forward time-shift operator ¢, implying
that multiplication with £ on R[¢] ¥ gives the non-commutative rule of (342). The
reverse operation, multiplication by ¢!, results in backward time-shift, giving:

el =Tt (4.39)

This implies that in discrete-time, the cut-and-shift-map is defined on R[{] ¥ in
the form of ([£.36), where each new meromorphic coefficient function is computed
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as the result of elementary cut-and-shift operations:

i T i > 1
o-(rt) = { or6 120, (4.40)

giving that 7/ = 7; where . is the backward shift operation on R.

State-maps and polynomial modules

As a next step we formulate the construction of a state-map, i.e. the generation of
state variables, for a given kernel representation, as the recursive use of the cut-
and-shift operation on the polynomials of R[¢]. This procedure is the analog of
the introduced recursive-scheme of state-construction in the CT case (see (£33)).
The resulting state-map characterizes a state-kernel representation of the system,
which is minimal in the SISO case. In order to describe all equivalent (minimal)
state-kernel representations of the system, equivalence classes of the state-map are
established in terms of polynomial modules over R[¢].

Let R € R[{]™*"™ Dbe the associated polynomial of the kernel presentation
Rk (S). Assume that R is monic and given as

RE) =l + e+ .. 4+ rl0en, (4.41)

where superscript .[*) denotes an additional index of the coefficients. Repeated
use of p_ on R and stacking the resulting polynomial matrices leads to

o (R) AL e
¢* (R) P2l s gn
Y (R)= : = : . (4.42)
n—2
o_ (R) T[n—l]
n— n— + §
0" H(R) Y

where each coefficient function rl[-j ]
shift rules based on {rl[-j -4 —j11 recursively. It is obvious, that if n, = 1 (SISO
case if additionally ny, = 2), the rows of X _ are independent, thus it can be shown

that X = X_(R) defines a minimal state-map in the form of

is computed according to the local cut-and-

x = (X(§) op)w. (4.43)

Later it is shown, that such a state-map implies a unique SS representation. Before
that, we characterize all possible minimal state-maps that lead to an equivalent SS
representation.

Denote the multiplication by £ as g, which acts in the same way as as defined
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by (.22) and (3:42): Consequently

" ({ ik D - [ 5 } B r(g:ﬂ - (4.44)
1

Note that o_p; = I, while g4 (o_(R)) = R(&) — R(0).

Following a similar path as in the LTI case, denote by span3™(R) the sub-
space spanned by the rows of R € R[{] ¥, viewed as a linear space of polynomial
vector functions with coefficients in R™*". Also introduce moduler¢)(R) as the
left-module in R[¢]™ *™ spanned by the rows of R € R[{]™*™™:

modulege(R) = R[E""™ /R[] ™R, (4.45a)
R
= span’®™ [ | o+(B) | |, (4.45b)

This module represents the set of equivalence classes on spand™ (X_(R)). Let X €
R[] "™ be a polynomial matrix with independent rows (full row-rank) and such
that

spanyk ™ (X) @ moduleg e (R) = spank™ (X _(R)) + moduleg ¢ (R). (4.46)

Then similar to the LTI case, it is possible to show that X is a minimal state-map
of the LPV system S and it defines a state variable by (£43). This way it is pos-
sible to obtain all minimal SS realizations of S that are equivalent with the kernel
representation associated with R.

State-maps based on kernel representations

In the previous part, we have established state-map constructions for kernel rep-
resentations based on the cut-and-shift operation and characterized the class of all
state-maps that result in an equivalent SS representation. The next step is to char-
acterize these SS representations with respect to an IO partition. We develop an
algorithm which, based on a given state-map, provides a SS realization of a ker-
nel representation for a chosen IO partition. We show that, for specific choices of
the state-map, the algorithm provides the SS realization in terms of the previously
introduce observability and companion observability canonical forms.

For a given kernel representation fk (S) associated with the polynomial R €
R[E]™*™, the input-output partition of R is characterized by choosing a selector
matrix S, € R*"™ giving u = S,w and a complementary matrix S, € R*"
giving y = Syw. In case of an unknown IO partition, the construction of S, follows
by computing the subspace of R'*"™ consisting of the R-span of the elements
with degree zero in span’y" (X (R)) + moduleg ¢ () and choosing S, such that
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the rows of S, span a complement of this subspace relative to R™. Then, S, is
chosen complementary to S..

Assume that a full row rank X € R[¢] *™ is given which satisfies (.46). Then
the matrix polynomial X and the matrix S, jointly lead to the direct sum decom-
position:

span™ (Iny, xny,) + spani™ (X (R)) + moduleg e (R) =
spanyk™ (X _(Sy)) @ spangp™ (¥ (X)) ® moduleg ¢ (R). (4.47)

From (#44), it follows that

span™ (04 (X (X)) € spaniy™ (Iny,xns, )+
spang” (X (R)) + moduleg (R), (4.48)

which implies
spany™ (04 (X)) C spany™ (X) @ span™ (S,) © moduleg ¢ (R). (4.49)
On the other hand, Sy gives
spang"” (Sy) C spang™ (X) @ spang” (Su) @ moduler ¢ (R). (4.50)

These inclusions imply, that there exist unique matrix functions (4, B, C, D) in
R and polynomial matrix functions X, X; € R[¢] *" with appropriate dimen-
sions such that

¢X = AX + BS,+ XuR, (4.51a)
Sy = CX+ DS, + X,R. (4.51b)

Then

|: A | B :| |: Rnxxnx | Rnxxnu} (4'52)

C | D anxnx | Rnyxnu ’

is a minimal state-representation of the LPV system S. This algorithm provides
an SS realization of both LPV-1IO and LPV-KR representations.

As a next step, we show that specific choices of X lead to the construction
of the observability and the reachability canonical forms via algorithm @5Iatb).
Consider the SISO case. Assume that fR1o(S) is given with polynomial matrices
Ry,R, € R:

Ry(€) = af +ae+ .. +allem, (4.53)
Ru(€) = ol +olle . pl0em. (4.54)
where n, = ny. Additionally, let R be monic, i.e. aﬂ = 1, otherwise redefine the
polynomials by dividing by the coefficient function ag. Then ¥_ ([Ry — Ru])
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gives:
_ agl] 4o+ agiflfna72 + gnafl _b[ll] = b53,16n371 -
all 4.l gnem pgna2 Bl P gna2
: : (4.55)
am e —be b
1 —pirel

Obviously, this n, x 2 matrix has independent rows and the span of these rows is
linearly independent from moduleg ¢ ([Ry ~ — Ru]). Thus, the construction of the
state-map in terms of (£46) requires to choose X € R[¢]"»*? such that spanis™ (X))
equals the rowspan of ([£55). As all rows of (£55) are independent, therefore X
can be easily constructed. The selector matrices are also evident: S, = [0 1 ]
and Sy =[1 0].

A convenient choice for X is to take the rows of (£.53) in the given order (top-
to-bottom). Application of the algorithm defined by @.51alb) with such a X leads
to the companion-observability canonical form 9gs(S). This can be shown by

solving the corresponding equation system of @.51alb). Note that the resulting
conversion rules in DT are exactly the same as in Corollary &5

To derive a realization in terms of the observability canonical form, define
B0, -+, Pn, € R such that

Ru(€) = BYR(€) + B¢ Ry(€) + ...+ BV Ry(€) + . .. (4.56)

These functions are the resulting expansion coefficients (left-fractions) of R, in
terms of Ry. Then, by choosing X as

- 1 - 7[1"&] _
¢ o
X@©=| : : , (4.57)
fna—Q _6£2] — = ﬂ?[’i]fna—Q
I fna—l _6?] — = ﬂg&]fna—l i

results in R (S) via the algorithm defined by @5Tatb). The resulting coefficients
in this case are )
o =d, g =pY, (4.58)

7

where i,j € 1%, nx = na, By, = bm"]. Again, it can be shown that the resulting

conversion rules in DT are exactly the same as in Corollary .5
The following claim obviously holds in the LPV case as well:
Claim 4.1 The REs(S) and R3S (S) SS realizations of a SISO Rio (S) via @IIab) are

completely state-observable and hence minimal. They are also structurally state-reachable
iff Ry and R, are left-coprime on R[E].
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State-maps based on image-representations

The previously developed algorithm provides SS realizations based on kernel rep-
resentations. However it is also possible to derive another algorithm that is based
on state-maps generated from the so called image representations. In this part, we
develop this algorithm and we show that for specific choices of the state-map it
provides the SS realization in terms of the previously introduced reachability and
companion reachability canonical forms.

To deduce reachability canonical forms, investigate 10 (S) with matrix poly-
nomial functions R,, and monic Ry in the following, so called image representation:

{ y ] B ([ g ] op)ur. (459)

X(©)

with ¢ either equal to 4 or ¢. Note that any LPV system has an image represen-
tation in the form of (£59) with equal manifest behavior (see ) for a
proof). Applying the cut-and-shift based state-construction mechanism on (£59)
with system variables (wr,, u, y) leads to

S([X he]=[Z(X) 0 0],
where
aV+allet pemt
o bl bl
a4 a2
Do(X) = R |

1
b[”a]

Na

A minimal state for .59) is therefore given by
x = (X&) op)wr, (4.60)

where X € R[¢]">*! has independent rows and satisfies

spanio™ (X) = spanie™ (X_(X)). (4.61)
The input is given as u = S, (X(€) o p)wr, with S, a selector matrix such that
spano™ (X)) and spanig™ (S, X) are direct summands. This implies that S, =[ 0 1 |
and Sy =[ 1 0 |. Then again, it can be seen that
spanie™ (04 (X)) € spanig¥(X) & spani™ (S,%), (4.622)
spang‘gw(SyX) C  spaniyV(X) @ spanie™ (S, X). (4.62b)
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These inclusions imply the existence of unique matrices (A4, B,C, D) in R"™*" and
a polynomial matrix X € R[{] ** with appropriate dimensions such that

£EX = AX + BS.X, (4.63a)
S, X = CX + DS.X, (4.63b)

giving a state-representation of the LPV system S.

Consider again the SISO case. By choosing X as

XE=[1 ¢ ... g2 gn1] (4.64)

algorithm (@&3alb) results in the companion-reachability canonical form R%s(S),
while, using

r a[11]_|_“._|_€na—1 ]
afl 4. g2
X = : , (4.65)

CLEZ&: 11] +¢&

1

gives RE(S). Unfortunately, due to the same reasons as in the state-elimination
case, closed formulas of the coefficient relations can not be given for the reachabil-
ity and its companion canonical forms. However, the transformed coefficients can
always be uniquely obtained through algorithm (@.63alb). The following claim
also holds:

Claim 4.2 The RE,(S) and RTs (S) SS realizations of a SISO Rio (S) via @63ab) are
completely state-reachable. They are also structurally state-observable and hence minimal
iff Ry and R, are coprime.

State-construction in the MIMO case

In the MIMO case, algorithms (@51alb) and @.63atb) also provide SS realization
of 10 representations, however with different selector matrices (due to the multi-
dimension) and with a more complicated path to select independent rows from
the shift-map for X. It is only guaranteed that at least n, number of rows of the
shift-map are independent, thus such selection is not evident. Similar to the se-
lection schemes generating the SS MIMO canonical representations, only certain
selection strategies for X lead to the MIMO observability and reachability canoni-
cal forms. Thus minimality of the obtained SS realizations via algorithm @5Talb)
and (£.63alb) is not guaranteed in the general sense.

Example 4.9 (SS realization of LPV-IO representations) Consider the following DT-LPV-IO representa-

tion Ko (S): . ) )
y+pg y+pg “y=pqg u,
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with P = [1, 2]. Then the polynomial form of this representation is characterized as
R op=[ Ry() op —Ru(op | =] &+ (@®pé+d®p —(*p)¢ |.

In the following we derive a SS realization of this representation in an observability canonical form. According
to B42), associate the involved scheduling dependencies as

Co1=p, C1=gqp, (a1 =2q°p.
In terms of these variables, R reads as
R() =[ Ry(§) —Ru(§) |=[ €+Caé+C1 —Caf |.

By solving @X56), it follows that

g =0, Bl = car.
Then, by generating X (€) in terms of @R7), we obtain

(1 o
X©) = { & —Cu } '

Nowwith Sy =[ 1 0 Jand Su=1[ 0 1 ], equations @5Iatb) read as

3 0 . a1 al2 1 0 0 B Xu1(8)
{ 2 —(ué } N { a1 Q22 } { § —(n }4_{ 0 B2 } +[ Xu2(&) (),
e —
£X(8) A X (&) BSu
(1 0] = [a e }-{ E e }+[ 0 di ]+ Xy(OR(E),
——— ——— 11 ———
Sy c T DSy

These give the following

& = o011 +aé+ Xu(§)Ry(£), = Xu(¢)=0,011=0 a12=1,
0 = —Cuaz+B1—Xu(€)Ru(§), = p1=~C,
€2 = ao1 + ané+ Xw(&Ry(6), = Xw2(é) =1, ao1 = azx = —(o1,
—(21& = —Cuiaee + B2 — Xw2(§)Ru(§), = B2 =—C1121,
1 = C1 + 026 +XY(§)RY(£)7 = XY(&) = 07 Cc1 = ]-7 Cc2 = 07
0 = —Ciica+di — Xy(f)Ru(g)y = d; =0.

Then, the observability canonical form results as

0 1 ‘ qp
R5(S) = [ -*p  —¢*p | —(ap)(d®p) } :
1 0 | 0

Similarly, the reachability canonical form can be obtained, giving

0 —q p ‘ 1
NE5(S) = [ 1 —q7'p |O } :
0

P —plgtp) |

4.4 Summary

In this chapter, we have established equivalence transformations between the
state-space and the input-output representation domains. These transformations
have been introduced to enable comparison of LPV model structures and identi-
fied models later on and also to provide essential tools for the identification ap-
proach of this thesis. Additionally, we have defined observability and reachability
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canonical SS representations of LPV systems and we have shown that they pro-
vide a simple gateway for the conversion between the representation domains.

First in Section 1] we introduced the observability /reachability canonical SS
representation trough a transformation mechanism applied on a given SS repre-
sentation of the LPV system. It has been shown that in case of structural state-
observability /reachability of the SS representation, state-transformations can be
computed both in the SISO and in the MIMO case that result in observability /re-
achability canonical representations. It has been pointed out that the matrix struc-
ture of these canonical forms imply complete state-observability /reachability and
the canonical forms provide a unique representation of their associated equiva-
lence class. This means that, using the weak property of structural observabil-
ity /reachability of the given SS representation, such representations of the sys-
tem can be computed that have these properties in the complete-sense. The lat-
ter property is a consequence of the almost-everywhere-equality concept of the
equivalence relations introduced in Section 3.2

Besides the observability /reachability canonical forms, their companion coun-
terparts have also been introduced. Furthermore, it has been shown that the trans-
pose of a LPV-SS representation does not have the same manifest behavior, which
is a notable difference with respect to the LTI theory. This property also proves
that coefficients of canonical forms that structurally seem to be the transpose of
each other (like the reachability and observability forms), are not equal. The con-
nection of the introduced canonical forms with the applied theories of the current
LPV literature has been also investigated. This has resulted in the conclusion that
the common practice to use LTI theory to compute canonical forms for LPV sys-
tems yields SS representations that do not have an equal manifest behavior. Thus,
the correct formulation of observability /reachability canonical forms is an essen-
tial contribution of this thesis to the general LPV systems theory.

In Section we have introduced an equivalence transformation from the
SS to the 1O representation domain, extending the results of the LTI case. Us-
ing the concept of latent variable elimination, we have derived an algorithm that
results in a minimal IO realization of a given SS representation. Using the algo-
rithm, we have also provided simple conversion rules between the coefficients of
observability and companion observability canonical forms and the resulting 10
representation.

Continuing the line of reasoning, in Section 3] we have introduced an equiv-
alence transformation from the IO to the SS representation domain as a reverse
operation of the previously used latent variable elimination. We have studied a re-
cursive scheme of state variable construction using elementary operations called
cut-and-shift. Then, we constructed state-maps based on this mechanism, and
formalized the equivalence class of all equivalent (minimal) SS representations.
Using the previously developed concepts, we have introduced algorithms which,
for special choices of the state-maps, result in the introduced canonical forms. In
this way, simple conversion between the representation domains is accomplished.
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5 CHAPTER

LPV series expansion representations

n this chapter, series-expansion representations of LPV systems for a
I given IO partition are developed using the framework of the behavioral
approach. In fact, expansion of DT asymptotically stable LPV systems
is considered in terms of OBFs and the connection between this type of
expansion and the gain-scheduling principle is explored. It is shown that
this series-expansion representation is unique and always exists for the
considered system class and in some cases only a finite number of the
expansion coefficients are nonzero. This implies that finite truncation of
a OBFs-based series-expansion can be used as a model structure for the
identification of asymptotically stable DT-LPV systems just like in the LTI
case.

5.1 Introduction

In the LTI framework, series-expansion representations have proved their useful-
ness in a number of contexts. They not only characterize a unique representation
of the input-output (10) system dynamics, like impulse-response representations,
but they also provide model structures, like Orthonormal Basis Functions (OBFs)-
based models, that provide an efficient alternative for LTI system identification.
Using such model structures for the identification of LPV systems has a number
of attractive proprieties and it would also allow the extension of the OBFs based
identification approaches to the LPV case (see the argument of Chapter[I). Based
on this, we develop in this chapter the concept of series-expansion of LPV sys-
tems in terms of OBFs, providing a unique perspective on the representation of
the system dynamics with respect to an 1O partition. This contribution of the the-
sis enables the introduction of model structures as the finite truncation of a OBF
series-expansion with respect to a LPV system. These model structures are vital
ingredients of the LPV identification approach developed later.

To simplify the discussion and to avoid cases that are complicated but unim-
portant for our identification approach, we restrict the discussion to discrete-time

175
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(DT) asymptotically-stable LPV systems. For this type of systems, we first develop
in Section[5.2]the series-expansion representation for a given IO partition in terms
of the pulse basis. We investigate convergence of the expansion and we show that
it uniquely characterizes the behavior for signals with left compact support. Next
in Section[5.3] by using basic relations of OBFs with respect to the pulse basis, we
develop LPV series-expansion representations in terms of general LTI orthonor-
mal basis functions. We claim that these representations also uniquely charac-
terize the behavior and the convergence rate of the OBFs expansion depends on
the used basis sequence. As a next step in Section 5.4] we explore the connec-
tion between series-expansion representations and the gain-scheduling principle,
showing that the expansion coefficients characterizes the scheduling function part
of the LPV system, while the basis functions are strongly related to the frozen sys-
tem set. It is also shown,that Kolmogorov n-Width (KnW) optimality of the OBFs,
with respect to the transfer functions of the frozen system set, implies optimal
convergence rate of the basis sequence based series-expansion of the LPV system
for constant scheduling trajectories. Furthermore, it is motivated that for systems
with minimal input-output (10) representation having static dependence, the opti-
mal convergence rate of the series-expansion with respect to such basis also holds
for arbitrary scheduling trajectories. We will see later, that these observations en-
able to accommodate OBFs-based model structure selection in practice for LPV
identification.

5.2 Impulse response representation of LPV systems

As a first step, we develop the series-expansion representation of DT asymptoti-
cally stable LPV systems based on a pulse basis (see Section 2.2] for the definition
of pulse basis). LPV systems can not be handled in the frequency domain, thus
we develop the concept of series-expansion in terms of the time operator form of
the pulse basis. To do so, we first introduce the filter form of an LPV-IO represen-
tation. Then we generate the expansion in terms of the pulse basis by recursive
substitution of the filter form. We show the uniqueness and the convergence of
the resulting expansion coefficients. Additionally we briefly cover how this series-
expansion can be generalized to unstable and continuous-time (CT) systems.

Filter form of LPV-IO representations

Based on the previously given line of discussion, first the filter form of LPV-IO
representations is introduced. Let a discrete-time LPV system S = (Z,P, W, B)
be given with a IO partition w = col(u,y) and scheduling variable p. Assume
that S is asymptotically dynamically stable and that a minimal IO representation
Rio(S) of S is given, characterized by the polynomial R, € R[{]™*" and the
full row rank R, € R[£]™*"™ with deg(Ry) = na > ny, = deg(Ry). In this way, the
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behavior B is described by the relation

Mg ny

> (aiop)g'y = (b op)giu. (5.1)

i=0 §=0

for every (u,y,p) € B with left compact support. Without loss of generality, as-
sume that R, is monic and multiply (5.I) by ¢~ "* according to the non-commutati-
ve multiplication rules in discrete-time (see Definition B.I3). The resulting expres-
sion reads as

na—1 ny
y=- Z ([a;]™ o p)g" "y + Z([bj]”a op)g? ", (5.2)
i=0 =0

where [ . |"* denotes the backward shift operator applied on the coefficient func-
tion for n, times. As only the backward time-shifted versions of y appear on the
right side of (5.2)), the relation (5.2) is called the filter form of (5.J).

Series expansion by pulse basis

Assume that n, = np, which can be realized by including extra coefficients
{bj}j2,, 11 that are zero functions. By substituting the relation (5.2) recursively

into itself to eliminate the shifted versions of iy we obtain:

y=(goop)ut(grop)g tut(gzop)g  u+... (53)
where
go = [bna]na7
gl = [bnafl]na - [a’nafl]na [bna]na+17
g2 - [bna—Q]na - [ana—l]nHL [b71a—1]na+1 - [ana—Q]na [b77,a]na+2 +

Han,—1]" [an, -] b, ] F2.

It is obvious that {go, g1,82, . . .} are meromorphic coefficient functions. Further-
more, they are backward-shifted combinations of the coefficients of Mo (S) and
due to the minimality of fRio(S) they are unique with respect to the considered
IO partition of S. In addition, the signal trajectories (u,y,p) € B described by
(5.1) have left-compact support. This means, that there exists a n € N, such that
after n substitutions of the relation (5.2)) recursively into itself, y vanishes from the
expression (2.3). This shows, that by this recursive substitution we have obtained
an infinite expansion of (5.2) in terms of the LTI pulse basis {1,¢!,¢72,...} with
coefficients g; € R™*"™ for i = 1,2,.... If the coefficients of Rio(S) have static
dependence or they are all dependent only on the backward shifted versions of p,
then each g; depends only on the past values of p.

Furthermore, in case of a given scheduling trajectory p € Bp, and a pulse input
at k = 0, the output trajectory of S satisfies

y(0) = (goop)(0), y(1)=(g1op)(1), ¥(2)=(g20p)(2),
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thus {g;}5°, can be considered as the impulse response coefficients of S for the con-
sidered IO partition. Additionally, the asymptotic stability of S implies that

y(k) — 0, as k— oo, (5.4)

which means that the sequence of coefficients {g;};°, converges to zero along
every scheduling trajectory p € Bp. Thus

lim (g; op)(i) =0, Vpe Bp. (5.5)
This implies that due to the shift-invariant property of B:

lim (g; op) =0, Vp € Bp, (5.6)

holds, which means that the sequence of coefficient functions {go, g1, g2, . ..} con-
verges to the zero function with respect to Bp. It is also important that asymptotic
stability of S implies BIBO stability in the /., norm:

sup||u(k)|| < oo = supl|y(k)| < occ.
k>0 k>0

As (5.3) holds for any (u,y,p) € B with left compact support,

<sup||u(k)|| < oo and suplly(k)] < oo) = supz l(giop)(k)|| < oo. (5.7)
k>0 E>0 k>0 55

These properties yield the following theorem:

Theorem 5.1 (Existence of series-expansion representation, pulse basis) Any
asymptotically stable, discrete-time LPV system S = (Z,P,W,B) with an 1O partition
(u, y) has a unique, convergent series-expansion in terms of the pulse-basis {q=*}22, and
coefficients g; € R™*"V, such that

oo

y=> (giop)q 'u, (5.8)

=0

is satisfied for all (u,y,p) € Bp with left compact support.

For a proof see Appendix[A.2] The LPV series-expansion in terms of the pulse
basis is similar to the series-expansion in the LTI case (see (ZI11)). This means
that the LPV system has a convergent series-expansion in terms of an LTI basis,
which has a strong connection to the gain-scheduling concept of LPV systems.
Furthermore it is a general property of the expansion coefficients {g; } 72, that they
have dynamic dependence even if the original IO representation, used for their
computation, has coefficients with static dependence.

Note that in case of a uniformly unstable LPV system (S is unstable for every
constant scheduling trajectory in Bp), a series-expansion representation can also
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be derived in terms of the pulse basis {¢*, ¢%,¢3,...}. If the system is only non-
uniformly stable, then the series-expansion follows by taking the two sided pulse
basis {...,¢71,1,¢%,...}. These cases are not treated here as we consider only the
identification of asymptotically-stable LPV systems in this thesis. Furthermore,
the continuous-time case of series expansions is also not covered in the following.
One of the reasons is that in the introduced behavioral framework it would be
cumbersome to handle £, which corresponds to an integral operator in CT. An
additional problem is that the unit-step function, which is associated with {1 =
s~ 1 in the LTI case, is not an Hs function, thus it does not correspond to a basis
function sequence. Remember, that a CT basis is related to its DT counterpart by
the bilinear transformation (Z.134). Based on these considerations, we only treat
the asymptotically stable DT case.

The impulse response representation

Based on Theorem[5.]] it is possible to define the series-expansion representation
of § in terms of the LTI pulse basis {1,¢~*,¢2,...} as follows:

Definition 5.1 (LPV series-expansion representation, pulse basis) The pulse ba-
sis series-expansion representation of a discrete-time asymptotically stable S = (Z,P C
R™ R™v ™ B) with scheduling signal p and 10 partition (u,y) is denoted by R (S)
and defined as:

y=> (giop)q ‘u (5.9)
1=0

where g; € R™*™v, i € [§° are the meromorphic expansion coefficients.

In the following, we call this representation the Impulse Response Representation
(IRR) of the LPV system. Note that Ry (S), similar to the IO representations, de-
scribes the behavior of S restricted to signal trajectories with left-compact support.
However, in contrast with other LPV representations, it is unique. It is also impor-
tant that an equivalence transformation exists from IO representations to the IRR
domain, i.e. R1o(S) can be always transformed to Ry (S) if S is asymptotically
stable, however realization of a IO representation from the IRR is unsolved yet.
See Example Bl for the construction of a IRR.

Example 5.1 (Pulse basis series-expansion representation of an DT-LPV system) Consider the DT-
LPV-IO representation Rio (S) given in the following filter form:
y=—0.1pg" 'y — 0.2pg~ %y +sin(p)g v,

with P = [0, 1]. By recursive substitution of this equation for g~ 'y, ¢~2y, . .., the following series-expansion
in terms of the pulse basis functions {q=1,q2, ...} results:

y= sin(p)qilu + (—O.l sin(qilp))q72u + (0.02p(q71p) - 0.2) sin(q72p)q73u .

g10p 820p g3°0p

The resulting expansion coefficients are uniquely defined by the above expression with go = 0. As Rio(S)
corresponds to an asymptotically stable behavior, the above series-expansion is convergent. This can be seen from
the increasing power of —0.1 and —0.2 in the resulting expression.
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5.3 LPV series-expansion by OBFs

As a next step, we generalize the series-expansion concept to general OBFs in
RHa— (E). To do so, we first show that each element of the pulse basis sequence
can be written in a series-expansion form of an orthonormal basis @ of RH2_ (E).
By substituting each pulse function by its expansion in terms of a ¢, the series-
expansion of a R0 (S) can be obtained for general orthonormal basis functions in
a similar way as before.

Expansion of pulse functions by OBFs

Consider an OBF set @, C RH>- (E). Then, based on the LTI transfer function
theory, a pulse basis function ¢—*, ¢ > 0 has a unique series-expansion in terms of

O ={oibis: .
¢ "= Zwij¢j(Q)a (5.10)
j=1

where w;; € R, i,j € 1{°, are the expansion coefficients. This series-expansion
is convergent and it is a well-known property that for all i € 13°, the sequence
{wi;}32, is an {2 sequence. Additionally, the same property holds for each {w;; }3<;
sequence.

Series expansion by OBFs

As a next step, by using the relation derived in the previous part, we develop the
series-expansion of a minimal Rio(S) in terms of an OBF set &, = {¢;}72; in
RHa— (E). Let S be asymptotically stable and assume that the pulse basis expan-
sion of R0 (S) has been already derived in the form of (5.9). Then by substituting
(5.10) into the expansion (5.9), we obtain

y=(goop)u+(g1op) Y wi;¢;j(@)u+(g20p) Y wadi(q)u+...

j=1 j=1

By rearranging this expression we arrive at

y = (goop)u+ (Z Wil <>P> $1(q)u + (sz‘zgi <>p> d2(q)u+ ...
—— ———

i=1 i=1

w1OP wo OP

where {w1, ws,...} are the coefficient functions of the new series-expansion in
terms of the basis ®_ . Note that for each j € 1°, {w;;}72, is an ¢, sequence.
Furthermore the expansion coefficients satisfy (5.6) and (5.7) for every p € Bp.
Thus, each w; exists and it is an element of R"¥*"v_ Furthermore, zero conver-
gence of all {w;;}32, and (57) implies that the sequence {w1,ws,...} converges
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to zero for every p € Bp similarly as in the pulse-basis case. Based on this, the
following theorem holds:

Theorem 5.2 (Existence of series-expansion representation, OBFs) Any asymp-
totically stable, discrete-time LPV system S = (Z,P,W,B) with an 1O partition (u,y)
has a unique series-expansion in terms of a orthonormal basis sequence @, = {¢;}52,
in RHa— (E) and coefficients w; € R™*™V, such that

y = (woop)u+ Y (w;op)di(g)u, (5.11)
i=1

is satisfied for all (u,y,p) € Bp with left compact support.

For a proof see Appendix Note that the rate of convergence of the series-
expansion directly depends on the basis sequence ®_ . Moreover, it is a gen-
eral property of the expansion coefficients {w;}:2, that they have dynamic de-
pendence. In contrast with the LTI case, commonly the analytical computation of
these coefficients is only available in an approximative manner by truncating their
infinite sum relation with respect to the impulse response coefficients.

The OBF expansion representation

Based on the previously developed series-expansion concept, the following defi-
nition follows as the extension of Definition 5.1}

Definition 5.2 (DT-LPV series-expansion representation, OBFs) Let ¢ =
{$:}52, beacollection of orthonormal basis functions in RHo— (E) with poles { A1, Az, ...}
satisfying the completeness condition Y=, (1 — |\;|) = oc. Then, in terms of the basis
&, the series-expansion representation of a discrete-time asymptotically stable LPV sys-
tem S = (Z,P C R™ Rt B) with scheduling vector p and IO partition (u,y) is
denoted by Ropr (S, P,) and defined as:

y = (woop)u+ Y (w; op)i(a)u, (5.12)
i=1

where w; € R™*™ are the meromorphic expansion coefficients.

In the following we call this representation the OBF expansion representation of the
LPV system. Again, Ropr(S, P, ) is unique and describes the behavior of S re-
stricted to signal trajectories with left-compact support. Similar to the IRR case,
equivalence transformation from IO representations to the expansion representa-
tion domain exists, however realization in the other direction is unsolved. See
Example 5.l for the construction of a LPV expansion representation.

Example 5.2 (Hambo basis series-expansion representation of an LPV system) Continue Example[5.]]
to develop the series-expansion of the considered Py (S) in terms of the Laguerre basis ®° = {¢;}52, with
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—1

poles A1 = 0.5. Based on the LTI transfer function theory, the pulse basis {q=',q~2,...} has the following

series-expansion in terms of $°:

g " = 0.866¢1(q) —0.433¢2(q) +0.217¢3(q) + ...
g ? = 0433¢1(q) +0.433¢2(q) — 0.541¢3(q) + ...
g = 0.217¢1(q) + 0.541¢2(q) — 0.108¢3(q) + - - -
Then by substituting these series expansions into the pulse basis expansion of Example[511 it follows that
y = (0.866sin(p) — 0.0433sin(q~'p) +0.0433 (0.1p(g~'p) — 1) sin(g~2p) +...)p1(q)u
w1OPp

+(—0.433sin(p) — 0.0433 sin(q~'p) + 0.1082 (0.1p(g~'p) — 1) sin(g2p) +...) p2(q)u

w2 0P

+...

Note that the infinite sum expression of the coefficients {w1, w2, ...} converges as the expansion coefficients
of each Laguerre basis ¢;(q) with respect to the pulse basis corresponds to an ¢ sequence. In this way, the
resulting expression is the series-expansion of Ry (S) in terms of ®3°. Note that the coefficients {w1, w2, ...}
of this new series-expansion are linear combinations of the coefficients of the IRR. The weights of these linear
combinations are uniquely determined by the series-expansion of the pulse basis functions in terms of ®°.

Similar to the LTI case, expansion representations haves the property that the
relative contribution of the basis, i.e. the w; functions, converge to the zero func-
tion on Bp as i — oo. In this way, for an asymptotically stable LPV system, it
is always possible to find a finite ®, C ®_, i.e. the truncation of (5.12), with
a relatively small number of functions, such that the representation error for all
(u,y,p) € B is negligible. This provides an efficient approximation of the system.
Based on this, finite truncation of a OBF based expansion representation can be
used as a model structure for the identification of asymptotically stable DT-LPV
systems. Similar to the LTI case, identification based on this type of model struc-
ture reduces to the estimation of the meromorphic coefficient functions {w;}7,
which appear linearly in the dynamic relation. This vital result provides the basic
concept for the identification approach of this thesis.

5.4 Series expansions and gain-scheduling

There is an interesting relation of the OBF expansion representation and the gain-
scheduling principle. This relation helps to understand whether an orthonormal
basis is adequate for the series-expansion of the LPV system, i.e. how the rate of
convergence of the expansion can be characterized. In the following, we explore
this relation by first showing that for constant scheduling trajectories the OBF
expansion representation is equivalent with the series-expansion representations
of the frozen system set. As a next step we show, that this equivalence implies
that for some LPV systems, KnW optimality of the basis with respect to the frozen
system set implies an optimal convergence rate of the series-expansion in the LPV
case.
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The role of gain-scheduling

Let Rosr(S, P,,) be the expansion representation of a discrete-time asymptoti-
cally stable S in terms of an orthonormal basis ® ., € RHz_ (E). Denote by .%p the
frozen system set of S, and introduce § as the set of transfer functions associated
with each F; € Zp for the IO partition (u,y). As S is asymptotically stable, each
F; € §isin RH; (E) and its strictly proper part has a convergent series-expansion
in terms of ®__. It is obvious, that in case of a constant scheduling signal p(k) = p,
the expansion coefficients {w; }3°, of Ropr (S, P, ) satisfy that

wiop=w®, (5.13)

)

where wi("6 € R, i € I§° are the expansion coefficients of the transfer function £}

with respect to ®_.. In this way, ¢, with coefficients {wi(p) o characterizes the
behavior of each F; € Zp in terms of an LTI expansion representation. We have
already discussed that by the gain-scheduling principle, an LPV system can be
viewed as a collection of LTI behaviors (frozen system set) and a scheduling sig-
nal dependent function set (scheduling functions) that selects one of the behaviors
to describe the possible continuation of the signal trajectories at every time in-
stant. Form the previous observation it is clear, that the basis ¢ with coefficients

wi(P) characterizes all frozen systems .%p, while the remaining part of the LPV dy-
namic relation is in the global expansion coefficients {w;};2,. This provides the
conclusion that from the gain-scheduling perspective, series-expansion separates
the LPV system into a frozen behavior set, described as the linear combination
of the basis functions, and a scheduling function set, which is represented by the
coefficient functions.

Optimality of the basis in the frozen sense

Now we can use this insight to consider the question, how the basis should be
chosen to achieve a fast convergence rate of the LPV series-expansion. This prob-
lem has a key importance in using truncated series expansions as model structures
for LPV system identification as it formulates the optimality of a model structure
with respect to a given system. To simplify the following discussion, we only
investigate the SISO case.

Consider the optimality concept of OBFs in terms of the Kolmogorov n-width
theory discussed in Section[2.4l By this concept, for a given transfer function set
§ C R'Hs (E) with pole locations

Q={xeC|)Nisapoleof F € §}, (5.14)
the finite set of OBFs ®,, is called optimal in the n-width sense, if the subspace
M, = span(®,), (5.15)

has the minimal distance in terms of (2.168) for the worst-case F' € §. Denote
by ®7° the Hambo basis generated by the inner function G with ng number of
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poles and let @7 describe the Hambo functions obtained with n. as the number
of extensions of G (finite truncation of ®2° > )- It has been shown, that if @7e with
ne > 0is optimal in the n = (ne + 1)ng-w1dth sense with respect to §, then the rate
of convergence of the series-expansion of each F' € § in terms of ®7* is optimal

and it is bounded by p"< ™! where

p =sup |G(1/N\)]. (5.16)
AEQ

This means that in the series-expansion of any F' € § with a n = (ne + 1)n,-
width optimal Hambo basis ©7° = {¢;; };illffg, there exists a v > 0 such that all
expansion coefficients w;; satisfy:

|awij| < ypMetDE+DI, (5.17)

It is obvious that if § corresponds to the transfer function set of .#p with respect
to a given IO partition and the Hambo basis ®7° is n = (n. + 1)ng-width optimal
with respect to §, then there exists a v > 0 such that the expansion coefficients of
the LPV system in terms of ®7° with respect to the considered IO partition satisfy
that

[(wij o p)(k)| < ypmetDEHIIT vE € 7. (5.18)

for any constant scheduling trajectory p(k) = p. This means that if the basis is
optimal with respect to the frozen behaviors of the LPV system, then fast con-
vergence rate of the expansion coefficients holds in the frozen sense. However,
this does not imply fast convergence for non-frozen scheduling trajectories in the
general case. This leads to the conclusion, that to achieve a fast convergence rate
for the expansion of general LPV systems, a necessary condition is to have fast
convergence with respect to the frozen system set.

Optimality of the basis in the global sense

As a next step, we investigate when it is possible to characterize the convergence
rate of the global expansion coefficients based on the KnW optimality in the frozen
sense. Though, we have not been able yet to prove it, we strongly believe that
optimality with respect to the frozen system set is also a sufficient condition if the
LPV system has a IO representation with static coefficient dependence. This is
formalized in the following conjecture:

Conjecture 5.1 (Optimal basis) Given a discrete-time asymptotically stable SISO sys-
tem S = (Z,P C R, R?,B) with scheduling vector p and IO partition (u,y). Assume
that there exists a minimal Rio(S) such that all coefficient dependencies in Rio(S) are
static. Denote by Fp the frozen system set of S and let § be its associated transfer function
set with respect to the IO partition (u,y). Let ®7° = {QSU} . be a Hambo basis

which is n = (ne + 1)ng-width optimal with respect to § with convergence rate p. Then,
there exists a set of meromorphic expansion coefficients w;; € R and v > 0, such that for
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all (u,y,p) € B with left compact support:

oo Mg

y=(wooop)u+ > > (wij op)o(a)u, (5.19)
i=0 j=1
and o
[(wij o p)(k)| < yplt it ) ¢ B and Vi € Z. (5.20)
If additionally,
§ C span{®p°}, (5.21)
is satisfied, then
wij op =0, (5.22)

forall i > neand j € 17%.

Conjecture5.1lis of crucial importance even if its proof is an open problem for the
general case. By this concept, under the condition of a minimal IO representation
with static dependence, the KnW optimality of the basis with respect to the frozen
system set can imply optimality of the basis in the series-expansion of the LPV
system. Optimality in the latter case means that the same convergence rate of the
expansion coefficients is satisfied both in the global and in the frozen sense. Fur-
thermore, an asymptotically stable LPV system can have a finite series-expansion
in terms of a basis that can represent all the frozen transfer functions of the system
by linear combinations. For example in case of LPV systems with a minimal SS
representation where the A and B matrices are constant and the C' and D matrices
have static dependence, (5.21)) is satisfied for a basis function set with poles equal
to the eigenvalues of A. In that case, a series-expansion exists with finite nonzero
expansion coefficients. This gives the conclusion, that to achieve a fast conver-
gence rate for the expansion of this subclass of LPV systems, it is both a necessary
and a sufficient condition to have fast convergence with respect to the frozen local
system set.

5.5 Summary

In this chapter, series-expansion representations of DT asymptotically stable LPV
systems for a given IO partition have been developed based on the concepts of the
behavioral approach. We investigated expansions in terms of orthonormal basis
functions with the intention to use finite truncation of these expansion represen-
tations as a model structure for the identification of asymptotically stable DT-LPV
systems later on. This contribution enables the use of the LTI OBF-based identi-
fication approach in the LPV case, which is of crucial importance in providing an
efficient and theoretically well-founded LPV identification method.

First in Section [5.2] we have develop series-expansion representations for DT
asymptotically stable LPV systems in terms of the pulse basis, which uniquely
characterizes the behavior for signals with left compact support. It has been
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shown that such an expansion always exists for these systems and it can be uniqu-
ely generated from a minimal IO representation. Additionally, asymptotic stabil-
ity of the system implies zero convergence of the expansion coefficients, which are
meromorphic coefficient functions.

As a next step, in Section we have develop LPV series-expansion repre-
sentations in terms of general LTI orthonormal basis functions. We have shown
that series-expansion of each element of the pulse basis in terms of arbitrary OBFs
of RH,_ (E) implies that OBFs expansion representations of LPV systems can al-
ways be generated uniquely from their pulse basis expansion. It has been shown
that the resulting representations also uniquely characterize the behavior and the
associated expansion coefficients are convergent with respect to the projected
scheduling behavior.

As a next step in Section 5.4} the connection between series-expansion repre-
sentation and the gain-scheduling principle has been explored, showing that the
expansion coefficients of the basis sequence characterizes the scheduling function
part of the LPV system, while the basis functions are strongly related to the frozen
system set. Based on this connection, it has been proved that KnW optimality of
the basis sequence with respect to the frozen system set associated transfer func-
tions implies optimal convergence rate of the LPV series-expansion with these ba-
sis functions for every constant scheduling trajectory. It has been also motivated
that for systems with minimal IO representations having static coefficient depen-
dence, optimal convergence rate of the LPV series-expansion with such basis also
holds for every scheduling trajectories. These properties have a paramount im-
portance for OBFs-based model structure selection in LPV identification.



CHAPTER

Discretization of LPV systems

his chapter is devoted to the discretization of LPV systems through

the discrete-time projection of their state-space representations. Both
exact and approximative approaches are developed in a zero-order hold
setting, where the continuous-time input and scheduling trajectories are
restricted to be piecewise constant. Primary attention is given to the
discretization of state-space representations with static coefficient de-
pendence. For this case, criteria are derived to assist the choice of the
sampling-time in terms of preservation of frozen dynamic stability and
acceptable upperbound on the discretization error. Discretization of rep-
resentations with dynamic dependence is briefly investigated with the
main conclusion that their adequate discretization requires a higher-order
hold setting with respect to the scheduling variable. In such a setting, the
scheduling trajectories are restricted to be piecewise polynomial with a
given order.

6.1 The importance of discretization

Transformation between LPV systems represented on the continuous-time (CT) and
the discrete-time (DT) axis, has primary importance both for control and identifica-
tion in the LPV framework:

Implementation of LPV control designs in physical hardware often meets sig-
nificant difficulties, as CT control design approaches (see Packard and Becker
(1992) and lS_ch.er_eﬂ (1996)) are preferred in the literature over DT solutions (see

(1995) and Packard (1994)). The main motivation for this
preference is that stability and performance requirements for LPV systems can
be expressed significantly easier in CT, like in a mixed sensitivity setting (Zhou
and Doyle (1998)). As a result, the current design tools focus on continuous-time
LPV state-space (SS) controller synthesis, requiring efficient discretization of such
representations for implementation purposes.

187
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In the LPV modeling framework, first principle LPV models of nonlinear sys-
tems are also often derived in a CT form. In LPV system identification, such mod-
els serve as a primary source of information to assist adequate model structure
selection in terms of order, type of coefficient dependence, etc. However, current
LPV identification methods are developed exclusively for DT. This means that
DT projection of first principle LPV models is required to assist model structure
selection for practical identification.

These issues imply that general discretization of LPV representations is a cru-
cial topic, which must be well explored and analyzed. However, the existing
literature about LPV discretization is very limited. In the early work of Apkar-
ian (1997), three different approaches have been introduced based on an isolated
(stand-alone discretization of a CT system aiming at only the preservation of the
CT input-output behavior) zero-order-hold (variation of free CT signals is restricted
to be piecewise-constant) setting. These approaches: the complete, the rectan-
gular, and the trapezoidal methods have been developed for the discretization
of LPV-SS representations by extending the concepts of the LTI framework (see
Section 2.1.8). However, only a limited discussion on the discretization error of
the introduced approaches and on their applicability for specific LPV systems has
been provided. InHallouzi et al. (2006), an attempt has been made to characterize
the discretization error of the rectangular method by expressing the approxima-
tion error of the involved state-space matrices. Other types of discretization tech-
niques or criteria for the selection of sampling-time have not been investigated,
leaving the-state-of-the-art of LPV discretization incomplete.

In this chapter, we aim to complete the extension of the isolated discretiza-
tion approaches of the LTI framework (see Section[2Z.1.8). Additionally, we aim to
compare the properties of the resulting methods with questions of sampling-time
choice, preservation of stability, and discretization errors. Our main purpose is
to give tools for the use of CT first principle knowledge in the model structure
selection of DT-LPV identification approaches.

First in Section[6.2] we clarify the zero-order-hold (ZOH) discretization setting in
the LPV case and we motivate why such a setting is adequate for the discretization
of LPV representations with static dependence. Focusing on LPV-SS representa-
tions with static dependence, in Section[6.3lwe develop the extension of both exact
and approximative discretization methods of the ZOH setting, which have been
discussed in the LTI case (see Section[Z.1.8). To give these extensions an important
assumption is made, namely that the switching behavior of the signal trajectories
takes place smoothly in the ZOH setting. As a next step, in Section[6.4]we analyze
the discretization error and numerical properties of the derived methods based
on the results of the numerical analysis field (see |A d@)) Using the
introduced concepts, we derive criteria for the choice of sampling-time in terms
of preservation of dynamic stability of the discretized representation and guar-
anteed upperbound of the discretization error. This contribution enables the use
of the developed discretization methods to assist the adequate choice of a model
structure in the LPV identification framework. Additionally, important proper-
ties of the discretization approaches are also discussed in Section from the
viewpoint of identification and control. In Section[6.4.4] the result of the assump-
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Figure 6.1: Ideal zero-order hold discretization setting of general LPV systems.

tion about the smooth switching behavior is analyzed, with the main conclusion
that this assumption has no significant consequences in practical situations. As
a final step in Section it is investigated how the introduced theory can be
applied to the discretization of LPV-IO or LPV-SS representations with dynamic
dependence. It is concluded that adequate discretization of such representations
requires a higher-order hold setting with respect to the scheduling variable. In
that setting, the scheduling trajectories are restricted to be piecewise polynomial
with a given order. To illustrate the introduced methods and the applicability of
the derived criteria, a numerical example is presented.

6.2 Discretization of LPV system representations

As a first step of the previously given line of discussion, the exact characterization
of the applied discretization setting is given. Similar to the LTI case, we consider
an isolated approach in an ideal ZOH setting presented in Figure [6.T] where the
following assumption holds:

Assumption 6.1 We are given a CT-LPV system S, with input-output partition (u,y)
and with scheduling signal p, where w and p are generated by an ideal ZOH and vy is
sampled in a perfectly synchronized manner with Tq € R™. The ZOH and the instrument
providing the output sampling have infinite resolution (no quantization error) and their
processing time is zero.

In this way, the problem we intend to solve in the following part is to find the
DT equivalent of a given CT-LPV system according to Assumption[6.]] Introduce

ez

subscript “4” to denote sampled /discretized signals. Then it holds for the signals
of Figure[6.T] that

k), Ve [kTq,(k+1)Ta), (6.1a)
: d ) , Vte [k‘Td, (k + l)Td) s (6.1b)
UYd (k’) =y (de) , (6.1C)
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for each k € Z, meaning that u and p can only change at every sampling-time
instant. However, in the LPV framework p is considered to be a measurable ex-
ternal/environmental effect (general-LPV) or some function of the states or out-
puts of the system S (quasi-LPV). Therefore, possibly it can not be fully influ-
enced by the digitally controlled actuators of the plant which contain the ZOH.
Furthermore in Section B.1.3] equivalence of CT and DT behaviors under a given
sampling-time has been established without any restrictions on the variation of u
or p.

On the other hand, the variation of u and p inside a sample interval must be
restricted to exactly characterize the effect of these signals on the plant. The reason
is similar as in the LTI case. In DT, observations of the CT signals v and p are only
available at each sampling-time instant. Thus there is no information about the
trajectory of these signals during the sample interval. This means that the output
signal can not be uniquely determined, unless the variation of the signals v and p
is restricted to a certain class of functions. In the ZOH setting, this function class is
chosen to be the piecewise constant (zero-order) class. It is also possible to choose
this class wider, including linear, 2rd_grder polynomial, etc., functions and in this
way to define higher-order hold discretization settings of LPV systems. However,
in conclusion it holds true that in any LPV discretization setting, the variation of
the scheduling signals must be restricted.

By applying the ZOH setting for the discretization of a given LPV representa-
tion, the piecewise-constant variation of p implies that coefficients with dynamic
dependence simplify as the derivatives of p are zero inside the sampling inter-
val. This means, that unless the representation has static dependence, the ZOH
setting may result in the loss of certain parts of the original behavior. Based on
this, we assume that the CT representation to be discretized has static coefficient
dependence. Later we explore how this limitation can be overcome, i.e. how the
discretization of representations with dynamic dependence can be properly han-
dled.

In conclusion, the introduced discretization setting coincides with the conven-
tional setting of the LTI framework. Moreover, the presented setting is also appli-
cable to closed-loop controllers in the structure given in Figure[6.2] This closed-
loop setting has also been used in (ﬁ). Note that the assumption that
the scheduling vector of the continuous LPV controller is affected by the ZOH
setting, i.e. it can only vary in piece-wise manner, also holds in this case.

6.3 Discretization of state-space representations

Based on the previously introduced discretization setting, the isolated approaches
of the LTI framework are extended to the LPV case. We only give this extension
with respect to LPV-SS representations. In case the system description is avail-
able in the form of an other representation, using the equivalence transformations
developed in Chapter[] an equivalent SS realization can always be obtained. Ad-
ditionally, we assume that the SS representation has only static coefficient depen-
dence. Investigation of the discretization errors and other properties is postponed
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Continuous Plant

Continuous LPV controller

. J

Figure 6.2: Ideal ZOH discretization setting of closed-loop LPV controllers.

till Sections [6.4] and Before venturing into the derivation of discretization
methods, consider the following phenomenon:

For the continuous-time signals u, p defined through (6.1atb) it holds that

u(t) = i 1(t — kTq) [ug (k) — uaq (kK —1)], (6.2a)
k=—c

p() = > 1(t—kTa)[pa (k) —pa(k—1)], (6.2b)
k=—c

where 1 (t) is the unit-step function (positive zero assumption based Heaviside
function) defined as
0, ift<O0;
L(t) = { 1, ift>0. 6.3)

The result of 1 (t — kTq) on Rgg(S) in every sampling period is called the switch-
ing effect of the ZOH actuation. Based on this, the following important assump-
tion is made:

Assumption 6.2 The switching behavior of the ZOH actuation has no effect on the CT
plant, i.e. the switching of the signals is assumed to take place smoothly.

The analysis of the consequence of this assumption is postponed till Section[6.4]
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Complete method

First the complete signal evolution approach of the LTI framework is extended to
the LPV case. Let a continuous-time PRgg(S) be given in the ZOH setting. Based
on Assumption[6.]] i.e. p and u are constant signals inside each sampling interval,
the state-equations (3.37atb) of Rgs(S) can be written as

#(t) = (Aop)(kTa)a(t) + (Bop) (KTq)u (KTa), (6.42)
y(t) = (Cop)(kTa)a(t) + (Dop) (KTa)u (K1), (6.4b)

for t € [kTq, (k + 1) Tq) with initial condition z (kTq). Assume that, {4, B,C, D}
have static dependence on p. Then the DT signal pq satisfies that

(Aop)(kTa) = (Aopa)(k),  (Bop)(kTa) = (Bopa)(K), (oo
(Cop)(kTa) = (Copa)(k),  (Dop)(Ta) = (Do pa)(k). |

The state-equation (6.4a), associated with the k*® sampling interval, is an Ordinary
Differential Equation (ODE) which has the following solution:
t—kTq
x (t) = et=FT(A e p) (k) 1 () 4 / e(=Fla=1) (A )R (B o ) (k)u (kTq) dr.
=0

By substituting ¢t = (k + 1) Tq, x4 (k) = x (kTq), and uq (k) = u (kTq), the previous
formula results in

Ta
zq (k+ 1) = eTaAP) R g (k) 4 eTalAora)(k) / e~ AP (B o pg) (k) uq (k) dr.

7=0

Assume that A (p) is invertibld] for Vp € P. Then by evaluating the integral it
follows that

qra = efAorag, 4 (Afl <>pd) [er(A opa) _ I} (Bopda)ug, (6.6a)
ya = (Copa)ra+ (Dopa)ug, (6.6b)

where x4 (k) = x (kTq) and yq (k) = y (kT4). Then the complete method gives that
the DT equivalent of Rgss(S) under Assumptions[6.Tland [6.2]is (M%@):

el | A (A -1)B } 6.7)

Rss(S,Ta) 1:[ o 1)

Example 6.1 (Complete discretization) Consider the CT-SS representation

2p—1 P 0
Rss(S) = 0 -1 11
1 p | 0

with P = [—1,1] . The above representation has static linear dependence and it can be shown that it is uni-
formly frozen stable. By applying the complete method to Rsg(S), it follows that the DT equivalent of this

"Due to the assumed static dependence of A, i.e. A € R[;X*"™*, it holds that (4 o p)(t) = A(p()).
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representation under the sampling-time Tq is

eTa(ra—1)  1,Tq(2pa—1) _ lo—Tq efdBrd 7D 4 (2pg —1)e~Td —2py
2 2 ipg—2
Rss (S, Ta) = 0 o—Ta 1 — e=Ta
1 Pd | 0

Even for this simple LPV state-space representation, the DT projection results in a complicated rational/expo-
nential dependence on the samples of the scheduling signal.

6.3.1 Approximative state-space discretization methods

The complete method is commonly not favored in the LPV literature as it intro-
duces heavy nonlinear dependence on pyq, like €44 which is the main drawback of
this approach. Many identification and control design techniques build on the as-
sumption of linear or polynomial static dependence on p, and hence it is required
to develop approximative discretization methods that try to achieve good repre-
sentation of the original behavior, but with a low complexity of the coefficient
dependence. To do that, we systematically extend the approximative discretiza-
tion methods of the LTI case, by using different approximations of the integral
that describes the state-evolution inside the sample-interval.

Rectangular (Euler’s forward) method

The simplest way to avoid the appearance of "4

imation:

is to apply a first-order approx-

efa(Aopa)(k) o 1 + Ta (Aopa) (k). (6.8)

Introduce f(z, u, p, t) as the right hand side of (3.37a). Under Assumptions[6.TJand
[6.2lit holds that

(k+1)Tq (k+1)Ta
/ f(@,u,p,7) dr = / (Aopa)(k)x (7) + (Bopa)(k)u (kTa) dr,  (69)
T=kTq4 T=kTq

which defines the solution of (6.4a) in [kTq, (k + 1) Tq). Left-hand rectangular eval-
uation of the integral (6.9) gives

2 ((k+1)Tq) = 2 (kTq) + Ta (Ao pa) (k) x (kTq) + Ta (Bopa) (k) u (kTq), (6.10)

coinciding with the suggested matrix exponential approximation of (6.8). Based
on this rectangular approach, the DT approximation of Rgg(S) is:

I+ T4qA | TqB
C | D

Rss(S,Ta) ~ (6.11)

Another interpretation of this method follows from Euler’s forward discretization

formula (ZI02) substituted into &4a) (seelApkarian (1997)).
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Example 6.2 (Rectangular discretization) Continuing Example[6) the rectangular discretization method
applied to Rgg (S) results in

2Tgpa +1—Ta  Tapa 0
MRss(S,Tq) ~ 0 1-Tq | Tq .
1 Pd | 0

Comparing this DT approximation with the result of the complete method given in Example[edlillustrates well
the difference in complexity of the resulting coefficient dependencies.

Polynomial (Hanselmann) method

It is also possible to develop other methods that achieve better approximation of
the complete case but with increasing complexity. One way leads through the use
of higher order Taylor expansion of the matrix exponential term:

eTa(Aopa)(k) 1 4 lZF (Al opd) (k), (6.12)
=1

This results in the extension of the LTI polynomial discretization methods (see
Section[2.1.8). Substituting (6.12) into (6.6a) gives the following SS representation:

no n—1 _;
I AL g (1 h Al) B
Rss(S, Ta) ~ * l; : ¢ ( * z; b (6.13)
C | D

Example 6.3 (Polynomial discretization) Approximating the LPV-SS representation of Example[&d]by the
2nd-order polynomial method results in

1+ Ta(2pa — 1) + %Tg(QPd —1)2  (Tq — T%)pa + T3p3 %Tﬁpd
mss(S,Td)% 0 l—Td-i-%T?l Tq — %Tﬁ
Pd | 0

Due to the polynomial approximation, the originally linear coefficient dependencies are transformed to polyno-
mial functions with order 2.

Trapezoidal (Tustin) method

An alternative way of approximation leads through the extension of the Tustin
method. By using a trapezoidal evaluation of integral (6.9) we obtain:

2 ((k+1)Ta) ~ 2 (KTa) + %d (2, p, KTa) + F(aowp, (k+ 1)Ta)],  (6.14)

Using this approximation, the derivation of the LPV Tustin method can be given
similarly as in[Apkarian (1997). The key concept is to apply a change of variables:

VTd
2

azﬂduc):w% 1 (Ao pa) ()|« (kT) -

(Bopa) (k)ua (k). (6.15)
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If [I — 3 A(p)] is invertible for ¥p € P, then substitution of (©I5) into (6.14)
gives a DT state-equation after some algebraic manipulations. Based on this state-
equation, the resulting SS representation reads as

(T+3a) (-3 | V-3

mSS(SaTd)% —1 1
VIIC(1-3A) " | Mo -%A) " B+D

It is important to note that, like in the LTI case, the trapezoidal method approxi-
mates only the manifest behavior of Rsg(S, Tq), as it gives an approximative DT-
SS representation in terms of the new state variable 4.

Example 6.4 (Trapezoidal discretization) Applying the trapezoidal method to the LPV-SS representation of
Example[@Tlresults in

3/2

2+2Tqpa—Ta 4T4 pa 2Ty "Pd
2—2Tqpa+Ta (2—2Tqpa+Ta)-(24+Tq) (2—2Tqpa+Ta)-(24+Tq)
Rss (S, Ta) ~ 0 2-1q 2vTa
2+Td Ty
2V T4 S a+1-Tapq Ta+1—Tapd
2—2Tqpa+Ta 4VTapa (2— QTde+Td) (2+Tq) 2Tapa (2—2Tqpa+Ta)-(2+Tq)

Due to the discretization method, the originally linear coefficient dependencies are transformed to rational func-
tions.

Multi-step methods

Next, the multistep approximation of the LTI case is extended. Consider the state
evolution as the solution of the DE defined by (8:37a), where all the coefficients
are assumed to have static dependence. Then, this solution can be numerically
approximated via multi-step formulas. Due to the reasons discussed in Section
in the ZOH setting of the LPV case, the family of Adams-Bashforth methods
represent a viable approach for such a discretization method. The 3-step version
of this type of numerical approach yields the following approximation:

c((k+1)Ta) ~ za(k+1)=x(KTq)+ % [5£(, u, p, (k — 2)Tq)—
—16f(z,u,p, (k — 1)Tq) + 23f (z,u, p, kTq)] . (6.16)

Then, formulating this state-space equation in an augmented SS form with the
new state-variable:

'i;d (k) = col (ﬂfd (k) ) f(xda u,p, (k - 1)Td)7 f(mdv Uu, p, (k - 2)Td)) ) (617)
leads to 23T 16T, 5T, 23T
I+ Al2d A — (1) 47 1—(2‘)1[ gB
Rss (S, Ta) = 0 I 0o | o
C 0 0 | D
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The resulting DT-SS representation is an approximation of gs(S,Tq) in terms
of the new state variable #4. Note that multi-step discretization results in linear
conversion rules but the state-dimension is increased.

Example 6.5 (3-step Adams-Bashforth discretization) Applying the 3-step Adams-Bashforth method to
the LPV-SS representation of Example[6.] results in

1+ %pod - %Td %qud —%Td 0 %Td 0 0 ‘0
0 — %Td 0 —%Td 0 %Td %Td

2pg — 1 Pd 0 0 0 0 0

0 -1 0 0 0 0 1

0 0 1 0 0 0 0

0 0 0 1 0 0 0

1 Pd 0 0 0 0 | 0

As expected, the obtained DT projection preserves the originally linear coefficient dependence. However, the
resulting DT representation has a 6 dimensional state-variable compared to the 2-dimensional state-variable of
the original CT representation.

6.4 Discretization errors and performance criteria

In the following part, as a main contribution, the introduced methods are in-
vestigated in terms of the generated discretization error, numerical convergence,
and numerical stability. These are used to derive upperbounds on the sampling-
time Tq, that guarantee a user-defined bounded discretization error and stability
preservation with respect to the original CT system. Moreover, the influence of
the assumption that no switching effects result from the ZOH actuation is investi-
gated.

6.4.1 Local discretization errors

Characterization of the discretization error for each of the introduced approaches
is important in order to study how adequate the used approximation is with re-
spect to the original CT behavior. It has been already emphasized that, due to the
considered assumptions, the complete method theoretically gives errorless dis-
cretization in terms of the ZOH setting. For other approaches we investigate the
discretization error in terms of the Local Unit Truncation (LUT) error, which is of-
ten applied in numerical analysis (see (1989)). This concept describes
the error that results in each sampling interval due to discretization. Thus in this
section, we define LUT error with respect to all approaches and introduce the con-
cept of consistency in terms of this error. We claim that consistency holds for all
approaches and we also derive upperbounds on the LUT error.

As a first step, the LUT error, denoted by ¢, € R, is formally introduced. Let
MRgs(S) be the SS representation of the CT-LPV system S, with P C R"? and with
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Td 9 l LUT

kT, (k+1) T,

Figure 6.3: Local unit truncation error of the discretized representation associated
state-signal 4 with respect to the CT state-signal « at the time-step (k + 1)T4.

meromorphic matrix functions

A2 e [{Rheler | Rl
a0 = TRL ™ Rl |

defining static dependence on p. Denote by (Aq, B4, Cq, Dq) the SS matrices of
the DT representation resulting by the discretization methods of Section [6.3.T]ap-
plied to Rgs(S). Note that, due to static dependence of the original representation,
these matrix functions also have static dependence on pq. In the rectangular and
the polynomial case, the state-basis of this representation is equal to the state-basis
of the original CT representation. However, in the trapezoidal and in the multi-
step cases, the resulting DT projection also includes a state-transformation. In or-
der to formulate the approximation error of the discretization methods based on
the error of the approximation of the state evolution, those discretization results
which involve state transformation must be brought back to the original state-
basis. Introduce the matrix polynomials Ry € R[¢{]™**"™* and R, € R[{]™**"v, that
formulate the discrete-time state update of the DT approximations on the same
state-basis as in Rgg(S). In the rectangular and the polynomial case, R«(q) = Aa
and R,(q) = Bq, but in the other cases, they also include the appropriate state-
transformation. For example in the trapezoidal case, (6.14) implies that:

-1

Re(q) — <1+T§A) (1_%2) , (6.18)
Td Td—> -1 —

Ru(q) = 7([—?14) (B+Bq). (6.19)

Then for each sampling interval, ¢, is defined by

Tack+1 = [q7a — (Rx(q) ©pa) za — (Ru(q) © pa) ua] (k). (6.20)

Note, that LUT represents the relative approximation error of the sampled state
signal x4 of the CT representation by the state 24 of the DT representation, when
past samples of x4 and uq are used to calculate 4 via the DT state-equation (see
Figure[6.3). Hence the name "local". In the theory of numerical approximation of
differential equations, ¢, is considered as the measure of accuracy. The following
definition is important:
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Definition 6.1 (N-consistency) (based on|Atkinsorl (1989)) Let Rss(S) be the SS rep-
resentation of the LPV system S with full behavior Bss. The discrete-time approx-
imation of the state-space equation (3.37a)) is called numerically consistent, if for any
(u,x,y,p) € Bss, it holds that

lim sup [[ex = 0. (6.21)
Tq—0 kezZ
This means that - in case of N-consistency - the local approximation error reduces

with decreasing Tq. However, this does not imply that the supremum of the global
approximation error,

M1 = [q2a — (Rx(q) © pa) £a — (Ru(q) © pa) ual (k), (6.22)

where 24 is the discrete-time approximation of the state, decreases/converges to
zero too. As a next step, the LUT error of each discretization method is investi-
gated together with the N-consistency.

LUT error of the rectangular method

For the rectangular method, (6.20) gives

x((k+1)Tq) =L+ Ta(Aopa) (k)] z (kTq) + Ta (Bopa) (k) uw(kTq) + Tackt1-
(6.23)
Define the first-order Taylor approximation of  around the time instant kT4 as

2
x(t) = x(kTq) + <%x) (kTq) - (t — kTq) + 1 (th > (1), 7€ (kTq,t), (6.24)

for t > kTq. Substraction of (6.24) for ¢ = (k + 1)Tq from (6.23) yields that Taex11
is equal to the residual term, giving

Tq d?
Ek+1 = D} (ﬁl) (1) 7€ (kTq,(k+1)Taq). (6.25)

This shows that in the ZOH setting, the rectangular method is consistent in first-
order (in Ty) if H (%x) (t)H < oo forall x € By and t € R, where By denotes

the projected signal behavior of Bgg on the variable 2. As the meromorphic co-
efficients functions in (3:37a) are partially differentiable in p, the state evolution
f(z,u,p,t) is partially differentiable in each variable. Then

& _ofd  ofd  ofd
a2’ " o dt dudt’ " apat’

f
Due to Assumptions[6dland 6.2 it holds true that (£u) (t) = O and (4p) (t) = 0
in each sampling interval. Thus, (6.26) gives that for 7 € (kTq, (k + 1) Tq):

()0

(6.26)

(A epa) (1) - fz,u,p,7)]|

2
ﬁePglea%ueU |A*(®)x+ A(p) B (p)ul, (6.27)

IN
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where || . || is an arbitrary norm. Note that in (6.27), X and U must be bounded sets
to be able to compute an upperbound. If this is not the case, then commonly X and
U can be restricted to a bounded subset corresponding to the image of the typical
trajectories of the system variables. Then the previous bound can be formulated
for this region of interest. In the sequel, we denote the upperbound (6.27) by
M® and call it the first-order numerical sensitivity (N-sensitivity) constant. Note,
that M(Y) can be computed via nonlinear optimization or alternatively it can be
approximated through gridding. In case of an approximation, gridding of the sets
P, X, and U can be demanding, requiring significant computational power.

The derived result can also be compared with the existing error characteriza-
tion of the rectangular method given in [Hallouzi et all (2006). In this work, an
upperbound on the matrix approximation error of (6.8) has been introduced us-
ing basic algebra. This bound describes the discretization error also in the local
sense, however it can not describe directly the approximation error of the state
evolution. The latter is essentially needed to derive useful criteria for choosing
adequate sampling-times (see Section[6.4.3). Therefore, the error concept of Hal-
louzi et al. (2006) is not considered here.

LUT error of other approximative methods

Using similar arguments, the LUT error of other discretization methods can be
formulated based on/Atkinsor d@) The results are given in the first row of Table
[6.T] showing that each method is consistent with varying orders. Moreover, using
(626) and the chain rule of differentiation, higher order N-sensitivity constants
can be derived:

(n) _ n+1l /= n (= —
M\ = ?ePglea%ueU HA (p)x+ A" (p) B(p) u|| . (6.28)

6.4.2 Global convergence and preservation of stability

So far, only the LUT error of the introduced methods has been investigated, giv-
ing basic proofs of consistency. As a next step, we investigate global convergence
of approximative methods together with their numerical stability (N-stability). The
latter concept means that small errors in the initial condition of the discrete-time
approximation do not cause the solution to diverge. We show that for the single-
step approximative discretization methods, N-stability is identical with the preser-
vation of the frozen stability of the original representation. This means that in
case of numerical stability, the discretization method does not changes the frozen
stability properties of the discretized model, which is a prime requirement of a
successful DT approximation of a CT system. To derive adequate criteria for
the largest sampling-time for which this property holds (N-stability radius), each
method is analyzed and computable formulas are derived.

According to the previously explained line of discussion, we introduce the
following concepts:
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Table 6.1: Local truncation error ¢, with 7 € ((k — 1)Tq, kTq), sampling bound-
ary of stability T4, and sampling upperbound of performance T4 of LPV-S5 ZOH
discretization methods.

Rectangular n*"-polynomial
Tq d2 Tg dn+1
£k 3 (de) @ iy () (7)
s _ 2Re()) LY
T min  min argmin |max & A -1
d pePrco(A(p) P S <Zl o i A (p )> ‘
4€Rg
2 Emax Max n+41 Emax]\/lénax(n-‘-l)!
Ta \/2 CE \/ M)
Trapezoidal Adams-Bashforth (3-step)
5 a3 3 a4
€k ﬁTd (dt?’ ) () §Td (dt4 ) (7)
o 9 . s
T max max arg min max A (Rf B T ) -1
4| FePreo(a®)), Tm(n)=0 e Tg 4 |Bospnep’ | TOTPn (6 Ta)
d4€Ry
T \0’/ 126 ;ax M2X v 8€ max MMax
d 50 () 3M3)

Definition 6.2 (N-convergence) (based on (@)) Let Rgs(S) be the SS
representation of the LPV system S with state-signal x and projected state behavior By,
and let &4 denote the DT approximation of x with Tq € RY. Then a discretization method
is called numerically convergent, if for any x € By, the approximation &4 satisfies that

lim sup ||2q (k) — 2 (kTq)|| = 0, (6.29)
a7 kezy

implies
lim sup ||Zq (k) —x (kTq)|| = 0. (6.30)
Ta—0 pez+

Note that in the trapezoidal and multi-step cases, 4 is the appropriate state-
transform of 4 with respect to z. In terms of Definition[6.2] N-convergence means
that the discretized solution of the state-equation can get arbitrary close to the
original CT behavior by decreasing Tq (see Figure[6.4).

Definition 6.3 (N-stability) (based on (@)) A discretization method is
called numerically stable, if for sufficiently small values of Tq and e, any two state-
trajectories q, &) of the discretized representation associated with the same input-trajec-
tory on the half line Z*, satisfy that ||2/,(0) — 24(0)|| < e implies the existence of ay > 0
such that ||} (k) — 2a(k)|| < e for Vk € Z.

The notion of N-stability means that small errors in the initial condition do not
cause divergence as the solution is iterated (see Figure[6.5). For the approximative
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Figure 6.4: N-convergence of the DT approximation. The DT state-signal 24 con-
verges to the CT state-signal = of the approximated representation, if the error on
the initial conditions (past) of the approximation converges to zero.

8>
ax

| bounded
bounded | T

|

[

8

Figure 6.5: N-stability of the DT approximation. If the difference between the ini-
tial conditions of two state trajectories &4 and #/;, provided by the approximation
method for the same input on the half line Z*, is bounded, then the difference of
the two trajectories on Z* is also bounded.

methods, N-convergence and N-stability are questions of main importance. To
analyze these notions for the introduced discretization approaches, first consider
the single-step methods. Introduce the characteristic polynomial Rp € R[¢] of the
frozen aspects of Rgs(S) as

éls (6; Td) = det(gj - AOp), p(t) = }33 vt € IRa (631)

where the indeterminant ¢ is associated with ¢q. Due to the multi-step nature of
the Adams-Bashforth method - to avoid conservatism of the upcoming analysis
- R is defined to reflect the multi-step nature of the state-evolution. In the n-
step Adams-Bashforth case, the state evolution with respect to discretized original
state x4 is characterized by

n—1

€T —Ta Y €' A, (6.32)

=0

with {v}7-}'! C R the Adams-Bashforth approximation coefficients (values of
these coefficients for any n > 0 are given in (1989)). The form of (6:32)
results due to the augmented state vector 4. However, even if gg(S) has static
dependence, the resulting polynomial in (6.32) becomes dynamically dependent
on pq. To express this, the following local characteristic polynomial is introduced
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in the “frozen” sense for a scheduling sequence po, ..., pn € P:
n—1
Rg,,..p, (§,Ta) = det (5”1 ~Tay 'YZA(Pl)fl> ; (6.33)
1=0

Now we can formulate the following theorem to characterize N-stability of the
introduced discretization methods:

Theorem 6.1 (Strong root-condition) (based onlAtkinson (1989)) Discretization meth-
ods are N-convergent and N-stable, if for all X € C satisfying

31,...,Pn € Psuch that Ry, 5. (A, 0) =0, (6.34)

it holds that [\ < 1and if |\| = 1, then £ Ry, .. 5, (A, 0) # 0.

Note that for the single-step formulas n = 1 in Theorem[6.T] It can be shown, that
all of the introduced LPV-SS discretization methods satisfy Theorem as the
proofs given in|Atkinson (1989) also hold in this case. This means that all methods
discussed in the previous part are N-convergent and N-stable. Now we can extend
the root-condition to compute an exact upperbound T4 of the “sufficiently small”
Tq that provides N-stability (see Definition [6.3):

Definition 6.4 (N-Stability-radius) (Atkinsor [1989) The N-stability radius T is de-
fined as the largest Tq € R{ for which all X € C with 3p1, ..., p, € P such that

Ryy,. 5, (A, Ta) =0, (6.35)
satisfy that |\| < 1.

This theorem has an interesting consequence for the discretization of LPV-SS rep-
resentations. Namely, that through the characteristic polynomial R, it implies that,
if Tq < Tq4, then in the single-step cases, the resulting DT representation defines a
uniformly frozen stable system (see Section[3.3.2), as for this Ty it is satisfied that

max 7 (Aq (p)) <1, (6.36)
peP
where & (.) = max |o (.)| is the spectral radius and o (.) is the eigenvalue operator.
If the original CT system S is globally stable (dynamic, BIBO, etc.), then commonly
it is desirable that its DT approximation is also globally stable. For such a property,
it is needed that uniform frozen stability of Rgg(S):

max max Re{A} <0, (6.37)
pEP Xeo(A(p))

is preserved, resulting in the uniform frozen stability of the DT representation.
This gives the important observation that, for the introduced single-step discretiza-
tion methods, preservation of global stability of the original system and N-stability
of the discretization method both require uniform frozen stability of the resulting
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DT representation. For N-stability it is a sufficient, for preservation of global sta-
bility of S it is a necessary condition. Note, that this condition of N-stability is
sufficient only for representations with static dependence. In the following, we
analyze the N-stability radius of each discretization method to give computable
bounds for the selection of T4 by which the discretization method preserves frozen
stability of the original system, i.e. it has N-stability.

Stability radius of the rectangular method

In case of the rectangular method, (6.36) is equivalent with

max ¢ (I +TqA (p)) < 1. (6.38)
pEP

Due to the basic properties of eigenvalues, it can be shown that (6.38) holds iff

1

max max + /\‘ < —. (6.39)
pEP Ao (A(p)) Td Tq
From (6.39), the stability radius is
o 2 A
Tq=min min — Rei(z)' (6.40)
pEP A€ (A(P)) [A]

Note that T4 = 0 in case of non-uniformly frozen stable Rgg(S), meaning that the
rectangular DT approximation of non-uniformly frozen stable systems is not N-
stable. Computation of the bound (6.40) is a nonlinear optimization problem for
which an approximative solution may follow by the gridding of P.

Stability radius of the polynomial method

In case of the polynomial method, (6.36) translates to

A dAl <1. A1
I;lggd( +Z )_ (6.41)

From (6.41), the stability radius reads as

(T e
I;lgﬂg(a<ZWA (p))—l.

T4 = argmin (6.42)

TdE[Ra—

Again, a possible approximation of T4 can be given by applying bisection based
search in Tq on (6.42) over a grid of P. Note, that in case of non-uniform frozen
stability, Tq = 0 with this method as well.

Stability radius of the trapezoidal method

For the trapezoidal method, condition (6.36) becomes quite complicated due to
the inverse term [I — % 4] ~"in Aq. First it must be guaranteed that this inverse
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exists for all scheduling signals, meaning that

det (I —%A(p)) #0, VpeP, (6.43)
or equivalently .
. Ty 4 (=
rglel[g o(I-%A(p)) >0, (6.44)

where ¢ (.) = min|o (.)]. Again, the eigenvalue properties yield that (6.44) is
equivalent with

min min

pePAeo(A(p)) | Ta

2
— — )\‘ >0,
which is guaranteed for every 0 < Tq < T4, where

o 2

Tq = .
d r%lgugcxeam(%%(m(x):o Re (\)

(6.45)

Instead of N-stability, here T4 ensures the existence of the DT projection (existence
of Ag). It is shown later, that if the DT projection exists, then N-stability and
N-convergence hold. Note that, in case of Im (A) # 0 for all A € o (A(p)) and
p € P, meaning that every frozen representation of the original CT system has
only complex poles, condition (6.43) is guaranteed for arbitrary Tq, resulting in
Tq = 0. Similarly, uniform frozen stability of igs(S), meaning that every frozen
rei resentation has poles with only negative or zero real part, gives Tq = occ. In
D Kd d

Apkarian @), the condition

2
Ta < fgggm ; (6.46)

was proposed to guarantee invertibility, which is a rather conservative upper-
bound of ©.45). In case 0 < Tq < Tq holds and PRgg(S) has uniform frozen stability,
then (&.36) holds, as in this case

-1
5 A ~ A <1. .
r}{lgﬂzca({[-i— 2A(p)} {I 2A(p)] )1 (6.47)
See (1984) for the proof. Thus, for uniformly frozen stable LPV-SS rep-
resentations with static dependence, the trapezoidal method always guarantees

N-stability and N-convergence if T4 satisfies condition (6.45).

Stability radius of the Adams-Bashforth method

In case of the Adams-Bashforth method, the concept of N-stability means that for
a given Ty,

| max_ ) (Rﬁo,..,,f,n (§,Td)) <1. (6.48)
where -
MR(E) = max |). (6.49)

AEC,R(N\)=0
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A necessary condition for (6.48) is that the resulting DT representation has uni-
form frozen stability:

max ¢ (Aq (p)) < 1. (6.50)

peP
This means, that in the multi-step case, preservation of frozen stability is not suf-
ficient to imply N-stability. From (6.48) it follows that the N-stability radius reads
as

Tq = arg min

Tdemg Po;s---Pn€EP

max A (RPP (g,Td)) - 1‘ , (6.51)

which is a too complicated expression to be further analyzed. However in prac-
tice, it can be solved in an approximative manner based on gridding and bisection
based search.

6.4.3 Guaranteeing a desired level of discretization error

In the previous part we have investigated the numerical properties of the intro-
duced discretion methods and derived criteria on Tq in order to guarantee the
preservation of frozen stability of the original CT system. However, the appropri-
ate choice of T4 to arrive at a specific performance in terms of the discretization
error is also important from a practical point of view. By utilizing the LUT er-
ror expressions developed in Section [6.4.]] in this section upperbounds of T4 are
derived that guarantee a certain bound on the LUT error in terms of a chosen mea-
sure . Then it is investigated, how such expressions can be used to achieve a
level of global discretization error.

As a first step, we formulate the concept of desired performance in terms of the
LUT error. For a given continuous-time full behavior Bsg, which is approximated
via a discretization method, define

€. := sup sup |leg]| (6.52)
rEBy keZ

as the maximal LUT error in a given, arbitrary norm . Note that his quantity
describes the maximum of the truncation error with respect to all possible state
trajectories of Bgg. Also introduce

MM .= gup max ||z (t)|| = ma , 6.53
2= sup ma o (1)) = ma ] (6.53)

as the maximum “amplitude” of the state signal for any v and p in Bgs. Denote

€max as the maximal acceptable relative local error of the discretization in terms of
percentage. Then a Tq € R is searched for, that satisfies

max
EmaxMy

6.54
— 100-Tq ( )

Ex
Here 1/Tq is introduced on the right side of (6.54) as ¢, is scaled by T4 (see (6.23)).
Next, we formulate upperbounds of T4 with respect to each method, such that
(6.24) is satisfied for the desired e,.x percentage. Note that to derive these criteria,
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(653) must be bounded, i.e. X must be confined in a ball (bounded region) of R™*.
Such an assumption is not unrealistic in case of global asymptotic stability of S
and bounded P and U.

Performance criterion for the rectangular method

Based on (6.25), it holds in the rectangular case that

(6.55)

€4 = SUp Sup —
rEBy TER 2 H(dt2 )

By using the sensitivity constant M () (see (6.27)), inequality (6.54) holds for any
0 < T4 < Tq where
X Eman M
Tg= /22 x__
100 - M (1)
Criterion (6.56) gives an upperbound estimate of the required T4, that achieves
€max percentage local discretization error of the state variable of the approximated
representation in terms of a chosen measure || . ||.

(6.56)

Performance criteria of other approximative methods

Similar criteria can be developed for the other methods by using the LUT error
expressions of Table and the higher-order sensitivity constants M (™). These
upperbounds are presented in Table[6.I] Note that similar expressions can also be
worked out with respect to the approximation error of the output trajectories.

Guaranteeing bounds on the global error

In practical situations, one may be concerned about the maximum relative global
error as a performance measure. Define

N := sup sup ||n/| (6.57)
rEBy keZ

as the maximum global error (see (6.22) for the definition of 7). Also define 7yax

as the maximal acceptable relative global error of the discretization in terms of

percentage. Then one would like to choose Tq, such that the global error 7, satis-

fies

nmaxM;;n ax
100

Unfortunately, characterization of 7, for the introduced discretization methods
requires the introduction of serious restrictions of the considered CT behaviors.
However, in case of Ty < Tq i.e. N-stability, emax can be used as a good ap-
proximation of 7max, therefore the performance bound T4 can be used to approxi-
mate/guarantee a global error bound as well.

e < (6.58)
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6.4.4 Switching effects

In the previous part, the effect of neglecting the switching phenomena of the ZOH
actuation has not been considered. Here we investigate the case when the signals
u and p described by (6.2alb) are applied to PRss(S). First we show the effect
of these discontinuous signals on the state evolution of fgs(S) inside a sample
interval and the error that results by neglecting these terms. Then we motivate
why this phenomenon is negligible in practical situations.

Consider the ODE corresponding to (8:37a) in the k" sample interval. By using
the bilateral Laplace transform of this differential equation with reference time
to = kTq and assuming that the dependence on p is commutative under additiorE,
it follows that for a fixed k:

sX(s) = wxa(k)—+ [(A<>pd)(k)Jr(S*l)(AOpd)(k*l)}X(S)+ (Bopd)(k)Ud(lf)—F

S S

+ [(Bopd)(k)'*'(s—l)(Bopd)(k—l)} ud(k _ 1). (6.59)

S

where X (s) is the Laplace transform of the solution of the ODE (the behavior of
the state in the k*" sample interval). It is immediate that in the given sample in-
terval, (6.59) does not correspond to (6.6a). (6.59) has a dynamic dependence, and
it is not realizable as a LPV-SS representation directly without associating ¢~ uq
with a new state-variable. In this way, it becomes clear that neglecting the switch-
ing effects introduces discretization errors in the LPV case, which can be even
more significant if T4 is decreased (more discontinuous switches in the dynam-
ics). On the other hand, it is true that the discontinuous phenomenon which is
described by (6.59) never happens in reality. One reason is that usually p is not
actuated by ZOH and it changes smoothly/relatively slowly with respect to the
actual dynamics of the plant. Additionally, ZOH actuation has a transient in prac-
tice as the underlying physical device needs to build up the new signal value,
preventing sudden changes of the signals. In conclusion, for the considered class
of LPV representations, the introduced discretization methods of this section give
no step-invariant discretization in the ZOH setting (meaning equivalence even
in case of switching effects), however they are well applicable methods for prac-
tical use. It is important to note that derivation of LPV discretization methods
with step-invariant property is also possible, however the resulting discretization
approaches are technical and their actual performance gain compared to the pre-
viously developed approaches is insignificant in practice.

6.5 Properties of the discretization approaches

Beside stability and discretization error characteristics, there are other proper-
ties of the derived discretization methods which could assist or hinder further
use of the resulting DT model. With the previously obtained results, these vital

2Without this assumption, the formulation of the Laplace transform becomes complicated, but the
core problem that results in the general case is illustrated well by (6.59).
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Table 6.2: Properties of the derived discretization methods in terms of: (a) con-
sistency/convergence; (b) preservation of stability /N-stability; (c) preservation of
instability; (d) existence; (e) complexity; (f) preservation of linear dependence; (g)
computational load; (h) system order.

Prop.

Complete

Rectangular

n*M-polynomial

Trapezoidal

Adams-Bash.

(@
(b)

always

always global

15t-order

frozen with T4

ntP_order

frozen with T4

2nd_order

always frozen

3" order

frozen with T4

(c) + - - + -

(d) always always always conditional always
(e) exponential linear polynomial rational linear
(f) - + - - +

(g) high low moderate high low
(h) preserved preserved preserved preserved increased

properties are summarized in Table From this table it is apparent that the
complete method gives errorless conversion at the price of heavy nonlinear de-
pendence of the DT model on pq. As in LPV control synthesis low complexity
of the p-dependence is assumed (like linear, polynomial, or rational functions,
see @ (1996)), both for modeling and controller discretization purposes - be-
side the preservation of stability - the preservation of linear dependence over the
scheduling is preferred. This favors approximative methods that give acceptable
performance, but with less complexity of the new coefficient dependence on the
scheduling. Complicated coefficient functions, like inversion or matrix exponen-
tial, also results in a serious increase of the computation time, which gives a pref-
erence towards the linear methods like the rectangular or the Adams-Bashforth
approach. In the latter case, the order increase of the DT representation requires
extra memory storage or more complicated controller design depending on the
intended use. If the quality of the DT model has priority, then the trapezoidal and
the polynomial methods are suggested due to their fast convergence and large sta-
bility radius. In terms of identification, linear dependence of the suggested model
structures is also important as it simplifies parametrization.

6.6 Discretization and dynamic dependence

So far, the discretization of LPV-SS representations with static dependence has
been considered in a ZOH setting. It has been already discussed that using the
ZOH setting for the discretization of representations with dynamic dependence
may result in the loss of significant parts of the original behavior. These parts,
which are associated with the dynamic nature of the coefficient dependencies, are
lost because in each sample interval the derivatives of p are assumed to be zero.
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In this way, dynamic dependence of the original coefficients simplifies to a static
dependence.

To show this phenomenon, consider the case when A o p = rp % pwithr € R
and P = R. Then in the ZOH setting, the following holds in each sample interval:

o, ift # kTq, k € Z;
(Aop)(t) = { +oo, ift=FkTq, k € Z; (6.60)
If the switching effect is neglected, then A is approximated in DT as an identity
matrix by all of the introduced discretization methods. Thus, the original behavior
of the CT representation is lost due to the ZOH setting. However in practice, one
would try to use the approximation

) - 2T —6T0) 661)

for each t € [kTq,(k + 1)Tq). In fact, (6.61) means that p is assumed to be a
linear function in the sample interval. Then, using this assumption, a better DT
approximation of the original CT representation can be derived. This shows that
in case of dynamic dependence, the ZOH assumption on p is not appropriate and
instead of that, a first or higher order hold discretization setting is necessary for
the scheduling variable.

Based on the previous example, consider the case when (u,y) are assumed
to satisfy the ZOH setting, but p varies linearly in each sampling interval ¢ €
[de, (k+1)Tq)):

p(t) = Palk ¥ }r)d_ Pa(k) (t — kTa) + pa(k). (6.62)

Pik

Additionally, define por = pa(k) — kTapa(k). This assumption on the scheduling
is called the first-order hold setting. Let Rgs(S) be a continuous-time LPV-SS repre-
sentation and consider it in the above defined first-order hold setting. In case the
matrices of Mgg(S) are dependent on p and %p, like Aop = A(p, % p) (dynamic
dependence), then the state-evolution in the k' sampling interval satisfies:

d

d”
The solution of this ODE can be obtained in the time interval ¢ € [kTq, (k + 1)Tq))
for particular meromorphic functions A and B. Similarly to the complete method
of the ZOH setting in Section[6.3] this analytical solution results in a complete type
of discretization of the continuous-time LPV-SS representation. The resulting DT
counterpart has also dynamic dependence on pq and its time-shifted versions, and
yields a better approximation of the CT representation than what would resultin a
pure ZOH setting. This suggests that for the discretization of LPV representations
with dynamic dependence, the order of the hold setting with respect to p should
be greater or equal than the maximal order of derivatives in the coefficient depen-

(t) = A(p1xt + Pok, P1k)x(t) + B(P1xt + Pok, P1x)ud (k). (6.63)
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dencies. With some trivial modifications, the approximative methods treated in
this paper, except the trapezoidal method, can be extended to this hybrid higher-
order hold case, but the exact formulation of these extensions is not considered
in this thesis. Unfortunately, for the extended approaches, the deduced formulas
for the approximation error and the step-size bounds do not apply. Solving dis-
cretization of LPV representations with dynamic dependence in a general sense
and giving compact formulas of discretization remains the objective of further re-
search.

6.7 Numerical example

In the following a simple example is presented to visualize/compare the prop-
erties of the analyzed discretization methods and the performance of the sample-
bound criteria. Consider the following state-space representation of a continuous-
time SISO LPV system S with IO partition (u, y):

19.98p — 20 202 — 182p ‘ 1+p

mss(g):{AOP BOP}: 45p — 50 0 14p
Cop| Dop T
1+p 1+p ‘ o
where P = [—1, 1] . The above representation has static linear dependence on the

scheduling signal p. Furthermore, for a constant scheduling p(t) = p forall ¢ € R,
Rgs(S) is equivalent with an LTI representation that has poles

o(A(p)) = 9.99p — 10 + i1/10% — 17990.2p + 8090.2p . (6.64)

From (6.64), it is obvious that S is uniformly frozen stable on P.

Assume that S is in a ZOH setting with sampling rate Tq = 0.02. By applying
the discretization methods of Section[6.3] approximative discrete-time representa-
tions of S have been calculated. In order to show the performance of the investi-
gated discretization methods, the output of the original and its discrete approxi-
mations have been simulated on the [0, 1] time interval for zero initial conditions
and for 100 different realizations of white uq and pq with uniform distribution
U(—1,1). For fair comparison, the achieved MSE (see (Z.163)) of the resulting out-
put signals 4 has been calculated with respect to the output y of Rgg(S) and pre-
sented in Table[6.3] Beside the MSE of the output evolution, the relative worst-case
maximum global error fmax = 100 - 1, /M of the DT state-signals 4 associated
with the discrete-time SS representations has been also computed with respect to
the state signal = of Rgs(S) and presented in Table[6.3] From these error measures
it is immediate that, except for the complete and the trapezoidal method, all ap-
proximations diverge. As expected, the error of the complete method is extremely
small and the trapezoidal method gives a moderate, but acceptable performance.
Note that the response of the original CT Rgs(S) has been calculated via a 5~
order Runge-Kutta numerical approximation (see (1989)) with step size
1078, This implies that the switching effect of the ZOH actuation does not show
up in the calculated response.
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Table 6.3: Discretization error of S, given in terms of the achieved MSE and 7jyax =
100 - n./M™>* (relative worst-case 7;) for 100 simulations. (*) indicates unstable
projection to the discrete domain.

MSE of yq
Tq Complete Rectangular | 2"?-polynom. | Trapezoidal | Adams-Bash.
2-1072, (50Hz) 1.68 -1010 ) ) 1.97 -1073 )
5-1073, (02kHz) | 1.69 - 1010 () 4.70 - 104 3.81-107° 2.14 -10~1
10~4, (10kHz) | 1.68 - 10~10 | 2.27 . 106 1.05 -10710 | 1.53 . 108 1.6 -1078
fimax Of £
Tq Complete | Rectangular | 2"?-polynom. | Trapezoidal | Adams-Bash.
2.10-2, (50Hz) 0.053% (*) (*) 106.12% ()
5.1073, (0.2kHz) | 0.060% (*) 40.31% 8.02% 665.94%
10~*, (10kHz) 0.063% 2.62% 0.06% 0.19% 0.76%

Table 6.4: Stability (Tq) and performance (Tq) bounds provided by the criterion
functions of Table The results here are presented in terms of the Euclidian
norm and epax = 1%.

Criteria
Rectangular 2nd-polynomial Trapezoidal Adams-Bashforth
Tq 2104, (5kHz) 5.60 - 1073, (0.2kHz) oo 1.77 - 1073, (0.6kHz)
Tq | 6.87-107°,(15kHz) | 1.73-1073,(0.6kHz) | 1.28-1073, (0.8kHz) | 1.21-102, (0.8kHz)
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As a second step, we calculate sampling bounds T4 and T4 by choosing the
Euclidian norm as an error measure and ..« = 1%, with the intention to achieve
Nmax = 1%. The calculated sampling bounds are presented in Table Dur-
ing the calculation of T4 it has been assumed that X = [-0.1,0.1]%2, which has
been verified by several simulations of R¢¢ (Si1,p) based on ug,pq € U(—1,1).
By these results, the rectangular method needs a fast sampling rate to achieve a
stable projection and even a faster sampling to obtain the required performance.
The 2"d-order polynomial projection has significantly better bounds due to the
2nd_grder accuracy of this method. For the trapezoidal case, the existence of the
transformation is always guaranteed because JRss(S) is uniformly frozen stable.
For comparison, the bound of (@) given by (6.46), would have re-
sulted in T4 = 0.2.

Now we use the derived bounds to choose a new Ty for the calculation of
the discrete projections. As the Tq bounds of Table [6.4] represent the boundary
of stability, therefore Tq < T4 is used as a new sampling-time in each case. Dis-
cretization of Rgg(S) with Tg = 0.005, almost the stability bound of the polyno-
mial method, provides the simulation results given in the second row of Table[6.3l
The rectangular method again results in an unstable projection, while the Adams-
Bashforth method is on the brink of instability due to frozen instability of Aq for
some p € P. The polynomial method gives a stable, convergent approximation,
in accordance with its T4 bound. The trapezoidal method also improves signifi-
cantly in performance. The achieved 7j,ax of each approximative method is above
the aimed 1 % which is in accordance with their Tq.

As a next step, discretizations of Rgs(S) with Tq = 1074, the half of the Tq
bound of the rectangular method, are calculated. The results are given in the third
row of Table Finally, the rectangular method converges and also the approx-
imation capabilities of the other methods improve. By looking at the achieved
Tmax, all the methods, except the rectangular, obtain the aimed 1 % error perfor-
mance which is in accordance with their T4 bound, while in the rectangular case
the achieved 7y is larger than 1 % as 10~%is larger than its T4 bound. An in-
teresting phenomenon is that the approximation error of the complete method is
non-zero and it is slightly increasing by lowering the sampling-time. This increas-
ing approximation error is due to numerical errors of the digital computation.
However, the resulting approximation error is significantly less than the step size
of the numerical approximation used for the simulation of Rgs(S), thus it can be
considered zero.

6.8 Summary

In this chapter, discretization of LPV state-space representations has been inves-
tigated in a zero-order hold setting, where the continuous-time input and sche-
duling trajectories are restricted to be piecewise constant. It has been shown that
the ZOH setting provides an adequate discretization concept for SS representa-
tions with static dependence.
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Figure 6.6: Output signal y of $gs(S) (green) in a ZOH setting with T4 = 0.02 and
its discrete-time approximations with different sampling-times.
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Extending the approaches of the LTI discretization theory introduced in Sec-
tion[6.2] both exact and approximative methods have been developed in the ZOH
setting for the discretization of LPV-SS representations with static dependence.
These approaches have been developed for the LPV identification framework of
this thesis to provide tools that assist model structure selection based on first-
principle CT models.

Using the results of the numerical analysis field, the introduced methods have
been investigated in terms of numerical consistency, convergence, and stability in
Section It has been shown that all methods fulfill these properties and for
the single-step approximation methods numerical stability is equivalent with the
preservation of the frozen stability of the original behavior. Powerful criteria have
been developed to give upperbounds on the sampling-time for which numerical
stability, i.e. preservation of frozen stability holds. Additionally, the approxima-
tion error of the introduced approaches has been analyzed in terms of the local
truncation error in Section[6.4.I] Criteria have been developed in Section [6.4.3|for
the choice of sampling-time that guarantees a user defined maximum of the trun-
cation error. It has been also motivated how the developed criteria can be used to
bound the global error of the approximation.

In Section [6.4.4] the result of the assumption of smooth switching behavior of
the ZOH actuated signals has been analyzed. This assumption has been vital to
enable the derivation of the introduced approaches. It has been shown that this as-
sumption has no significant consequences in practical situations, as sharp steps of
the input and scheduling signals seldom happen in reality. Additionally, impor-
tant properties of the discretization approaches have been discussed in Section
from the viewpoint of identification and control. Comparing these proper-
ties, a clear trade-of has been identified between approximation quality and the
complexity of coefficient dependencies of the resulting DT representation. It has
been shown, that multi-step methods like the Adams-Bashforth approach provide
simple and good quality of DT approximation at the expanse of increased state-
dimensions. Thus, for low order LPV systems, this method appears an attractive
approach both for control and identification applications.

As a final step in Section[6.6] it has been investigated how the introduced the-
ory can be applied to the discretization of LPV-SS representations with dynamic
dependence. It has been shown that adequate discretization of such representa-
tions requires a higher-order hold setting with respect to the scheduling variable.
In such a setting, the scheduling trajectories are restricted to be piecewise poly-
nomial with a given order. It has also been pointed out that this order must be
equal to the maximal order of the derivatives of the scheduling on which the co-
efficients of the original CT representation are dependent. To illustrate the intro-
duced methods and the applicability of the derived criteria, a numerical example
has been presented.



7 CHAPTER

LPV modeling of physical systems

With the motivation to provide tools for model-structure selection
in LPV identification, in this section, modeling of physical sys-
tems described by nonlinear differential equations is studied in the LPV
framework. It is investigated how such a nonlinear system can be re-
alized or approximated by a LPV system, giving models of the original
behavior in terms of LPV representations. First an overview is presented
of the available LPV modeling methods. Then, an algorithmic approach
is introduced that ensures errorless conversion of nonlinear differential
equations into LPV kernel representations. The approach explores ade-
quate choices of the scheduling variable. Using the previously developed
behavioral framework, equivalent realizations of the derived kernel form
are available in the SS, IO, and OBF expansion representation domains.
Based on these equivalent representations, an adequate choice of a model
structure can be obtained for the LPV identification of the physical sys-
tem.

7.1 Introduction

A crucial ingredient of any system identification procedure is the choice of model
parametrization, that describes the model set in which the optimal candidate is
to be found. If this structure is well-founded with respect to the system to be
identified, then all other ingredients, like experiment design, criterion selection,
estimation, etc. can contribute successfully to the validity of the end result. Com-
monly, a poor choice of the model set directly results in a poor estimate of the
system.

LPV models have considerably more freedom in parametrization than the class
of LTI models. This is due to the presence of functional and often dynamic depen-
dence of the model parameters on the scheduling. Thus LPV model-structure
selection is even a more sensitive question than in the LTI case. Furthermore, due

215
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to the lack of a general LPV validation theory, mismodeled dynamics only show
up in the performance loss of the designed controllers.

In LPV identification, methods that assist model-structure selection based on
measured data have not been developed yet, thus the only source of information
available for this decision is in the form of first principle laws or expert’s knowl-
edge. Such knowledge is most often presented in terms of nonlinear differential
equations, which must be transformed to or approximated by an LPV represen-
tation to facilitate model structure selection in this setting. In this chapter, the
concept of LPV modeling of nonlinear dynamical systems is investigated. The in-
tention is to give a practical way of using first principle laws and knowledge in the
decision process of LPV model structures, appropriate for the identification of the
underlying system. Such a process is inevitable for successful identification in the
general LPV framework, as it interprets key information about the order and type
of functional dynamical dependencies on the scheduling signal and even about
which signal(s) can be used for scheduling purposes.

First in Section [Z.2] the general questions of LPV modeling are investigated
and it is shown how the gain-scheduling principle has shaped LPV modeling of
physical systems. It is also motivated why it has become necessary both for con-
trol and identification to explore approximation free LPV descriptions of the orig-
inal behavior. Then in Section [Z.3] existing LPV modeling techniques are studied
and compared. This overview, which is also a contribution of the thesis, provides
the conclusion that all of the available approaches are either too restricted or ad
hoc to support LPV model structure selection in a general, well founded sense.
Additionally, the result of these approaches is a continuous-time (CT) description,
while existing techniques of LPV identification are based on discrete-time (DT). To
fill this obvious gap of the identification cycle, an automated modeling procedure
is proposed in Section [Z4] which uses the strength of the previously developed
LPV behavioral framework and discretization approaches to deliver the required
structural information. The developed technique is a crucial contribution for the
general LPV framework as it can assist all identification methods of the field with
structural information about the plant. The procedure is also a necessary ingre-
dient of the identification approach of this thesis as it can assist the choice of Or-
thonormal Basis Functions (OBFs), adequate for the series-expansion representation
of the system dynamics, and also the choice of the structure of functional depen-
dencies for the parameterization of the expansion coefficients.

7.2 General questions of LPV modeling

Before the first papers on LPV identification methods appeared, modeling of phys-
ical systems in a LPV form had been dominated by the gain-scheduling principle
(see Chapter [I). Motivated by the early approaches of LPV control, the avail-
able nonlinear (NL) description of the system was linearized in several operat-
ing/equilibrium points resulting in a collection of local LTI descriptions of the
plant. Then these “local ” descriptions were interpolated to obtain a global ap-
proximation of the physical system on the entire operation regime. However,
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unknown coefficients/relations of the NL model still had to be estimated before-
hand. This concept has resulted in many linearization-based LPV modeling ap-
proaches trying to approximate the NL system in a LPV state-space (SS) form.

For direct approximation of the NL system with an LPV model, LPV identifi-
cation methods has appeared soon (see Chapter[I). However, these approaches
only aim at the identification of an underlying “true LPV system” with com-
pletely known structural information. It has been seemingly forgotten that the
true aim has always been the approximation of the NL physical system. Addi-
tionally, many of these approaches has followed the gain-scheduling principle by
identifying local LTI models and interpolating them.

Due to higher performance demands and the still existing gap between LPV
identification methods and practical application, a new generation of LPV mod-
eling approaches have appeared, formulating LPV modeling from a different per-
spective than gain-scheduling. These approaches aim at the transformation of the
original NL representation into a particular LPV form by using substitution or
other mathematical manipulations. However, the resulting methods are only able
to handle certain sub-classes of NL systems. So the natural question that what
kind of systems can the LPV framework describe accurately has remained unan-
swered.

Till today, both the control and identification literature on LPV systems typi-
cally takes the existence of the plant in a LPV form as a starting point. It is com-
monly not pointed out how the underlying nonlinear system is transformed to
this LPV form. On the other hand, the available LPV modeling approaches are
focusing only on particular subclasses of LPV representations. The question that
whether a significant loss of generality is introduced by the used assumptions
usually remains uninvestigated. This shows that LPV modeling of NL systems
deserves much more attention and research in order to understand what can be
represented by LPV systems and how the best description for a given NL sys-
tem can be found in the LPV system class. This is why we give in this section an
overview on the available approaches, comparing and evaluating their modeling
concepts.

To set the stage for the upcoming discussion we state the following questions
that are intrinsical for the analysis or development of an LPV description with
respect to a physical system:

e The scheduling variable, that governs the dynamics of LPV models, has a
crucial role in the validity or in the approximation quality of the LPV de-
scription. Thus, in the process of formulating a LPV model, one of the most
important questions is which variables of the original system can be selected
as the scheduling variable in order to obtain an equivalent LPV description.

* Another question is that whether LPV modeling needs to be formulated in
terms of systems or in terms of particular representations. The latter con-
cept formulates LPV modeling as an approximation of a given state-space
equation, which is a subjective description of the NL system. On the other
hand, the former concept focuses on the approximatoion/description of the
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original behavior. Thus the latter case provides more freedom and focuses
on the “natural aim” of a modeling problem.

These general considerations are the guidelines by which we explore in the
following how a a reliable model-transformation approach can be formulated to
support both identification and control design in the LPV framework.

7.3 Modeling of NL systems in the LPV framework

In the following, an overview is presented about the state-of-the-art methods of
approximation/equivalent realization of NL systems by an LPV form. Our inten-
tion is to give a general picture about the difficulties and the available solutions of
this task. To do so, first we define the class of NL systems we consider. These non-
linear systems characterize the first-principle laws of the behavior that we want to
capture in the LPV framework. Then we define a particular class of LPV systems,
the so called quasi-LPV systems, that commonly result in the presented model-
ing approaches. As a next step, we give a SS representation of the introduced
NL systems. This representation is often the starting point of the existing LPV
modeling methods. We also motivate that using such a representation as a start-
ing point implies the assumption of prior chosen state variables and IO partition,
which might restrict the generality of the resulting LPV description. After this, we
systematically present the available approaches, sorted into categories.

As first principle laws are commonly (exclusively) available in continuous-
time, we restrict our attention in the sequel to this domain. We consider real,
finite dimensional, continuous-time NL systems in the following form:

Definition 7.1 (Nonlinear dynamic systems) A dynamical system Gni, =
is called a nonlinear, continuous-time, dynamical system, if W = R™, B C
there exists a nonlinear function f : RTD™ — R™ such that

(R, W,B)

R,
WT, and

d d2 dn
_ loc - el el _
B = {w € LR, W) ‘ f <w, dtw’ dtzw""’dt"w> 0, holds weakly}.
Weak solutions of )
d d d"
f (’U}, E’U}, ﬁw, ceey ﬁﬂ)) = 0, (71)

are defined in terms of distributions. Note that Definition [Z1] is wide enough
to encompass of many physical systems and represent their dynamic behavior,
however it does not describe every system which is non-LTI. This class of systems
is considered with the main purpose to illustrate the problem of transformation of
first-principle laws to LPV representations. In the sequel we consider the problem
of finding an equivalent or a well approximating LPV system with respect to a
given Gnr,. Without going into details, for the considered class of NL systems we
can also define the set of free variables and IO partitions, similarly as in the LTI
case. During transformation of these systems to an LPV form, such free signals
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are the prime candidates for scheduling or input signals depending on their role
in the nonlinear relationship (Z.1)).

In the LPV framework, models commonly originate from nonlinear dynamic
system representations via the gain-scheduling approach. However, linearization
of Gn1, at different operating points in W and then interpolating the resulting LTI
models by an operating point dependent function implies that the scheduling sig-
nal p of the obtained LPV description is dependent on w. In this way, the funda-
mental assumption of the LPV framework, namely the property of freedom for p
does not hold in this case. Therefore, these descriptions are often referred to as
quasi-LPV systems (see [Leith and Leithhead (1999)). In the developed LPV frame-

work, we define these systems in the following way:

Definition 7.2 (Quasi-LPV system) A parameter-varying dynamical system Gp =
(T,P,W,B) with signals w and scheduling variable p is called quasi-LPV, if it satisfies
Definition B2 without p being a free variable, i.e. By is not a linear subspace of W'.

Note that if some components of p are free signals, then the system is still consid-
ered to be quasi-LPV.

During the dawn of the gain-scheduling era, LPV systems have been defined
with the concept of exogenous/external and thus free scheduling signal (see
'Shamma and Athans (1991)), opening the possibility of the later development of
popular and theoretically well-founded optimal control solutions for such sys-
tems. However in the practical application, this assumption has been commonly
neglected, treating LPV models with non-free scheduling signal as if their schedul-
ing signal would be a free variable of the system (Becker et all[1993). Even if such
an assumption introduces conservatism into the model, and thus the control de-
sign applied to it, this masking of the dynamical relation made reliable control of
many heavily nonlinear processes possible. In the upcoming analysis, we also in-
tend to follow this tradition, by seeking out ways of transformation of NL systems
into a quasi-LPV or a true LPV form.

In the existing literature on gain-scheduling based modeling, the class of NL
systems of Definition [Z]lis often found to be too broad. Commonly a subclass of
state-space realizations is investigated with a prior selection of the state variable
2 and the IO partition (u, y):

%a: = f(z,u), (7.2a)

y = gz, u), (7.2b)

where f and g are partially differentiable (smooth) functions and w = col(u, y).
Note that in our problem setting, where our goal is to obtain an equivalent or a
well approximating LPV system with respect to a given Gni,, prior selection of a
state variable may severely restrict the search space, i.e. the transformation prop-
erties. Choosing a state variable or an IO partition in a priori sense is also not
motivated from the viewpoint of first principle laws as in the laws of physics or
chemistry there are no dedicated state variables, nor predefined inputs or outputs.
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There are only system variables that are connected by algebraic and differential
equations. Therefore, it must be pointed out that any latent-variable-based repre-
sentation is just a particular and subjective description of the system. As we will
see later, such a state-variable based description is not necessary to arrive at an
equivalent LPV description of the considered NL system. Additionally, an impor-
tant concept for the linearization based methods is the equilibrium point of (Z.2a),
which is defined as (x,u) € (X x U) satisfying:

0= f(x,u). (7.3)

Note that equilibrium points can be stable or unstable depending on the partial
derivatives of f in their neighborhood.

Using the previously introduced concepts and notions, the existing LPV mod-
eling approaches fall into the following categories:

7.3.1 Linearization based approximation methods

The family of these methods applies linearization theory on a given SS represen-
tation (Z2alb) of the NL system to obtain local LTI models in a state-space form
and then interpolates these models to derive an LPV approximation. Thus, the
scheduling of the resulting LPV description is equal to those components of = and
u that the linearization is based on. If we introduce selector matrices Sy and S,
which select these components, then we can write that p = col(Sxx, Syu). The
following subcategories of these methods are distinguished:

A. Linearization around a set of equilibrium points

Application of classical linearization theory requires that each linearization cor-
responds to an equilibrium of (Z2a). Thus it is a common approach in the LPV
modeling process to use first-order (Jacobian) linearization of (]m-b at a set of
equilibrium _points. This approach is followed in many works like Astrom and

Wittenmark (1989); Hyde and Glover (1993); Shamma and Athans (1990); Rugh
(1991); Lawrence and Rughl (1995); and [Leith and Leithhead (1999). Based on this

concept, the LPV model is formulated as follows:

First, the equilibrium points (x;,u;) € (X x U), i € 17 of (ZZa) are computed,

then of o7 5 5
. o = _99 _ 99 -
o (pi), B au(pz), Ci= e — (i), D 8u(pz), (7.4)

are obtained with p; = col(x;,u;). Around the equilibrium point p;, the state and
output evolution are approximated by applying a first-order Taylor expansion of
fand g:

A=

(7.5b)
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Then (Z5alb) can be seen as a local LTI model of the system. Define p = col(z, u)
and P = X x U with a set of normalized interpolation (scheduling) functions g; :
P — [0, 1], like radial basis, triangular functions, etc. with >_"" , g;(p) = 1 for all
p € P. Then, the PV model is formulated as

d . n . n
2T = D ai) A+ 6i(p)Biu — (p), (7.6a)
i=1 i=1
J o= > ap)Cit + Y ai(p)Diu—y(p), (7.6b)
=1 1=1

where & and ¥ are the approximations of the original  and y and the remainder
terms are given as

W) = Y gi(p)(Axi+ Bi), (7.7a)
=1

W) = D 8i(p)(Cixi + Diu; — g(pi)). (7.7b)
=1

It is obvious that for p(t) = p;, (Z6alb) is equivalent with (Z5alb), i.e. for each
equilibrium point the global PV model is equal to the local LTI description. Note
that in some cases all the partial derivatives in (Z4) are constants with respect
to some elements of # and u. This means that these partial derivatives have the
same value for all equilibrium points. This observation implies that the associated
elements of = and u can be left out from p, i.e. from the interpolation space to

formulate (Z6alb).

Additionally, it is an important observation that the PV differential equation
(Z6alb) is not an LPV-SS representation as it contains the remainder terms ~, and
7a. These remainder terms can not be eliminated in general due to their time
dependent nature. In many cases, the remainder terms are eliminated locally in
(Z5alb) by subtracting them from the signal variables (u, y, z) or they are just left
out from the expression. Then, the locally altered LTI models are interpolated to
obtain a global model. However, this results in an alteration of the state-space
as, due to the local transformations, the local states do not have the same mean-
ing any more. This may lead to a complete misfit of the approximation. An ex-
ceptional case is when n = 1, so the system is linearized in only one point. In
such case no interpolation is needed, i.e. gy = 1. Then by redefining the state as
¥ =z — x1, the input as & = v — u;, and the output as § = y — g(p1) an LTI-SS ap-
proximation of Gy, results via (Z6atb). Proper elimination of the remainder terms
is only available in this case.

In the general sense, linearization in the equilibrium points is a serious restric-
tion that may lead to poor transient performance and inability to preserve sta-
bility characteristics of (ZZ2alb). Therefore, an adequate approximation capability
requires the assumption of slowly varying scheduling. However, such an assump-
tion is often unrealistic as = and u are not slowly varying signals. To improve the
approximation capabilities of this approach many alternative linearization meth-
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ods have been considered like higher order series-expansion based linearization

(Banks and Al-Turani|1996) or the reformulation of the mean value theorem (Boyd
etal. @).

Furthermore, interpolation has its own pitfalls as well. If the local LTI models
resulting from the linearization are transformed to a canonical form to accomplish
interpolation, then the effect of local transformations can completely alter the be-
havior (see[Nobakhti and Munra (2002) for an example). In this way, the resulting
LPV representation may not even be able to reproduce basic dynamical aspects of
the original NL form (see Example [ZT). Similar errors result if the interpolation
is applied through the transfer functions of the local LTI models and then LTT re-
alization theory is applied to obtain the LPV form (see Nichols et al! (1993) for an
example).

Example 7.1 (Pitfalls of Interpolation) In this example, one of the merits of local transformations is illus-
trated. Assume that the linearization of the NL system has resulted in two local LTI-SS representations

(<31 1 P [ 1 P
|:,Bl O]pr—Q {ﬂQ O}pr—l,
with P = [0, 1]. If Sy represents the LPV approximation of the considered NL system, then a Rss(S1) can be
formulated as

Aop | Bop | 2 gi(p)a; | 0.5 }
[ Cop | Dop }_;{ gi(p)Bi | 0 |’ 7:8)

where g;(p) = 1 — p and g;(p) = p are the linear interpolation functions. The two local models can also be
interpolated based on their 10 representation. By using the same interpolation functions, the resulting Mo (S2)
is

d
¥~ (@oop)y = (boop)u, (7.9)
with ag = Zle gioy and bg = Zle gi8;. However, the IO representation of Rgs(S1) reads as:
d b
Zy—(lao+2)op|y=(boop)u (7.10)
dt bo

One can conclude that Rgg(S1) and Rio (S2) are the representations of two different LPV systems Sy and
Sa. This phenomenon clearly emphasizes that interpolation must be carried out in the representation where the
linearization was performed, otherwise unexpected alteration of the behavior can occur.

B. Multiple linearizations around a single equilibrium point

This approach originates from the Fuzzy control framework, where it is used to
obtain linear Takagi-Sugeno (TS) dynamic fuzzy models, which can be viewed as
quasi-LPV systems ). The basic idea is to linearize the NL-SS repre-
sentation at multiple points of X x U around a single equilibrium point. Then
the resulting local models are interpolated in a similar fashion as in the previous
part. The method leads to a LPV model that performs well during transient oper-
ation, because the framework allows some of the local LTI models to be associated
with transient operating regimes. If the system stays close to the used equilibrium
point, no restrictions concerning slowly varying trajectories is needed. However,
a principal disadvantage is that this approach is not suited for NL models with
multiple equilibria.
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C. Linearization along a nominal trajectory

This approach was introduced in the early 1990s when LPV controllers were typ-
ical scheduled in a open-loop sense based on a chosen reference trajectory (in-
tended operation trajectory of the plant) or fixed auxiliary input variables (typical
operation trajectories). These user-defined signals were used to describe a nomi-
nal trajectory of system operation. Linearizing the NL model along this nominal
signal trajectory gives an LPV model (see Shamma and Athans (1990) and Leith
and Leithhead (1999) for examples of this approach). It is an advantage of this
approach that the resulting LPV description can cover transient operation of the
plant along the used nominal trajectory, however such a description also suffers
from the drawback that the performance may be poor when the system is oper-
ating far away from it. As the time-variation of the system is considered along
a pre-chosen trajectory of scheduling variation, the resulting models resemble a
LTV system rather than a LPV system.

D. Off-equilibrium linearization around a set of operating points

Linearization of the NL system at points of the state-space that may not be equi-
libria has been considered in numerous approaches (see (Hunt et al|[1997; Leith
and Leithhead [1999; : : ) and Murray-Smith et al!
@)) The benefit of this concept is that the transient (off-equ111br1um) dynamics
of the LPV approximation may be significantly improved. The LPV model is ob-
tained by selecting a set of linearization points p; = col(x;, u;) with (x;,u;) € XxU,
i € IV and using Jacobian linearization of the nonlinear functions f and g around
these points in the sense of (Z5alb). The only difference is that in (Z5a) an extra
term f(p;) appears if p; is not an equilibrium point. Then the local models are
interpolated as described by (Z.6alb) and the remainder terms are neglected or lo-
cally eliminated to form a global LPV model. This approach has the same features
as the equilibrium-points-based linearization with all the pitfalls of interpolation
and local state transformations. An additional problem rises however from the
selection of linearization points {p;}!" ;. Equidistant selection on the space X x U
may seem tempting, but it might happen that due to the dynamical changes of
Gn1, a non-equidistant selection with dense samples in specific regions of X x U

can lead to far better approximations (see Murray-Smith et al| (1999b) for details).

7.3.2 Multiple model design procedures

Multiple model design techniques investigate the LPV approximation of the NL
system given by the state-space representation

%l‘ = A(z,u)x + B(x,u)u, (7.11a)

y=C(z,u)x + D(x,u)u. (7.11b)

The LPV modeling of (ZITalb) is accomplished by selecting a set of interpolation
functions {g;}! ;. Then the model approximation problem becomes a search for
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a set of constant matrices {(A4;, B;, C;, D;)}_, such that the nonlinear functions
(A, B, C, D) are approximated optimally by the weighted sum of the constant ma-
trices, like

~ Z gi(p)Ai, where p = col(x,u). (7.12)

However, these kind of techniques are most often considered to be model reduc-
tion tools rather than LPV model transformation methods as with the scheduling
signal p = col(z, u) the SS equations (ZITalb) already define a quasi-LPV model.
Notable approaches that fall into this category are the orthogonal decomposition

based methods like Bos et al. (2003);Setnes and Babugka (2001) and

Yen and Wang
@), the convex polytope methods like Kanev (2006) and [Korba (2000), and the
radial basis functions based optimization techniques of Kiriakidis and Ver-

dult (2002).

7.3.3 Substitution based transformation methods

Methods of this category use substitution techniques on an available SS repre-
sentation of the NL system to generate a quasi-LPV model without the need of
approximation. The PV coefficients appear as substituted functions of (z, u) and
the resulting scheduling is p = col(Sxz, Syu), where Sy and S, are the selector
matrices of the components of (z,u) used for the substitution. The subcategories
of these approaches are the following;:

A. The “state-transformation” method

The “state-transformation” method was first introduced by Shamma and Cloutier
(1993) followed by many successful applications in aerospace engineering (see

(2000); Shin (2000) and [Papageorgiou (1998)). A class of non-

linear systems that qualifies for this method is described by the following SS equa-
tion:

d { T ] _ { fi(z1) } N [ Ani(z1)  Aoi(z1) ] { T } n [ By (1) }u, (7.13)
T2

dt fa(x1) Aoy (1) Aa(x1) T2 By (z1)

where © = col(z1, x2), (411, A12, A1, Asg) and (B, By) are nonlinear matrix func-
tions. Additionally, f1, f> represent nonlinear matrix function terms which cannot
be written as f1(z1) = fl (z1)z1 with fl bounded in the origin. Assume that there
exist differentiable functions ~, and ~,, such that:

0| _ | filz1) An(z1)  Arz(z1) T By (z1)
[ 0 } B [ fa(z1) ] N [ A1 (w1)  Aza(z1) V(1) i Ba(71) Tulen),
(7.14)
holds for all z; € £I°¢(R,R™ ), which are the solutions of (ZI3), i.e. for which there

exist signals (w2,u) € LI°°(R,R" x U) such that (ZI3) is satisfied. Subtracting
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(ZI4) from (Z13) with some rearrangement of the signals yields:

12 = [ s oo | [ 2]+

0 Ag(z) — —ava"ifl)Alg(xl) T2

Bl(ﬁl)
" By (x1) — a”gT(fl)Bl(ml)

where &3 = 3 — % (21) and @ = u — ,(21). In this way the state-transformation
method has transformed the state-equation (Z.13) into the quasi-LPV form (Z.15)
with scheduling signal p = z;. Note that there are no approximations involved
in this procedure, but it is only applicable to a limited class of NL-SS representa-
tions and often the resulting LPV representation is non-minimal. Furthermore, no
constructive procedure to find 7y and 7, is available.

¢

, (7.15)

B. Substitution by virtual scheduling

Based on ad hoc mathematical treatment, some nonlinear equations in the form of
(Z2alb) can be rewritten as (ZI1alb). Then, assigning virtual scheduling signals
for each nonlinear function element of the resulting matrix functions (4, B, C, D),
a quasi-LPV SS representation of the system results with static linear dependence.
Due to the several possibilities of assignment, the result of the transformation is
non-unique. Commonly, the methods that fall into this category can only be ap-
plied for specific NL systems without any generality. In most cases, the number
of associated scheduling signals increases rapidly with the system order and it re-
mains to the skill and insight of the modeler to find an economical representation.
Despite its ad-hoc nature, this method is preferred for mildly-nonlinear systems
as it involves no approximation of the system dynamics, delivering efficient mod-
eling solutions in many applications (see (Gaspar et al|2007; Téth and Fodorl2004)
and [Rugh and Shamma (2000) for examples). At the same time, many pitfalls are

present for unexperienced users. To illustrate one of these pitfalls, consider

%x =z2-1, (7.16)

and represent this differential equation in a LPV form
d 1
—x = px, where p=1z— —. (7.17)
dt x

Seemingly, the two differential equations are equivalent. However, the resulting
behaviors are different for z(¢) = 0. Thus using the LPV model (ZI7), to design a
stabilizing LPV controller for the original NL system is dangerous as it is unpre-
dictable how the closed loop system will behave when « approaches 0.

C. Velocity based scheduling technique
The velocity based method of [Leith and Leithhead (19984JH) associates a linear

system with every operating point of a NL system, rather than just the equilibrium
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pomts or pre- -specified reference points. This is called local linear equivalence in
(1996). Assume that a representation of the NL system is

given in the form

%a: = Az + Bu+ f(y(z,u)), (7.18a)

y = Cz+ Du+ g(vy(z,u)), (7.18b)

where (4, B, C, D) are constant matrices, f : R* — R, j : R — R™ are partially
differentiable nonlinear functions, and the function v is given by

v(x,u) = Exx + Equ, (7.19)

where Ex € R"*™ and E, € R"*"™. This reformulation of (Z2alb) can always
be achieved. Introduce p = col(x,u) as the scheduling signal. Differentiating
equations (Z18a}b) gives the following alternative reformulation:

j—;x = <A+—f(()) )jt (B+(%f(”/(p)) >jtu (7.20a)

Gv = (04 gatoB) ot (D4 Jatw)E) Gu. 7200

By restricting the behavior of (ZZalb) to signals that are differentiable, the set of
signals satisfying (Z20alb) is equivalent with the solution set of (Z2alb) for appro-
priate initial conditions. Substitution by & = 4z, i = 2y, and § = <y delivers a
quasi-LPV form of (Z20alb), suggesting the conclusion that every nonlinear sys-
tem (ZI8alb) can be reformulated in this way as an quasi-LPV SS representation.
However, by masking differentiation of the system signals into new variables,
the behavior of the resulting quasi-LPV system is different. Addltlonally, in the
practical use of the suggested LPV description, if instead of <-u and <4y, only the
measurements of u and y are available in the physical system the amplification of
noise is inevitable by the differentiation of u and y. Such a phenomenon can have
serious impact on identification or control of the underlying system. Moreover,
there is little hope of controlling the original NL system only via its differentiated
description.

D. Function substitution

Another way of quasi-LPV model generation leads through the idea of approx-
imating the nonlinear functions f and g in (Z2alb) by a linear combination of
scheduling dependent functions multiplied by x and u. To decompose nonlin-
ear functions in this form, an equilibrium point is used, with the result that the
generated LPV model is strongly dependent on this single reference point. The
formulation is as follows:

Consider the NL system described by the state-equation

%x = A(x1)z + B(x1)u + f(x1), (7.21)
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where x = col(x1, z2). To perform the substitution method, choose an equilibrium
point (x1, x2,u) and transform the variables as

531:331—}(1, 5;2:3:2—}(2, U=1u—u. (722)

Using these new variables, (Z2]) can be rewritten as

% [ i; ] = A1) [ i; } + Bla1)u+ f(a), (7.23)
where
fl@r) = A(an) [ 2 ] + B(z1)u+ f(z1). (7.24)

The next step is to reformulate f into a PV functional form such that

v

f(x1) = L(p)21, (7.25)

where p = z; and I is an unknown matrix function. Then, the goal of the mod-
eling approach is to determine I' such that the approximation (Z25) is adequate
for every trajectory of z;. It is obvious that solutions of (Z25) are not unique
since this is an under-determined problem. In many applications of this idea like
(1997); Tan_et all (2000); Shin et al! (2002); and Marcos and Balas (2004), T'
is calculated based on a particular functional parameterization, to minimize the
approximation error of (Z25) on the entire operating envelope X;. The solution
of this minimization problem is obtained by linear programming. Then, the final
quasi-LPV approximation of (Z2]) is given as

%i — (A + [T 0 ))&+ B (7.26)
with p = z;. The behavior of (Z.26) can approximate the behavior of the original
NL representation if (Z25) is satisfied adequately. A disadvantage of this method
is the strong dependence on the equilibrium point (with different reference points
different representations can be obtained) and that the model may not capture the
local stability of the original NL model at other equilibrium points. In (2007),
an improved version of the method has been developed to preserve local stability
over the entire operation envelope. In this modified approach, the search for I" is
formulated as a bilinear-matrix-inequality based optimization problem including
stability constraints.

7.3.4 Automated model transformation

Automated model transformation is based on the exploration of all possible ways
of reformulating the NL system as a quasi-LPV model with the smallest possi-
ble conservatism. Such a technique can also be seen as a substitution method.
Recently the approach of Kwiatkowski et al| (2006) has appeared in this context,
formulating the basic idea of this approach as an algorithm. The proposed proce-
dure consists of the following steps:
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Algorithm 7.1 (Automated model transformation) (Kwiatkowski et all2006)

Step 1. Write (Z2a)) as a summation of additive nonlinear terms (summands) for
each row separately. This refers to the symbolic separation of nonlinear
terms that add together to form for example the i*" row of f as:

g

[f(@,w))s = fi(w,w). (7.27)

j=1

Step 2. Each summand is written in a rational form and the numerator is factor-
ized as the product of powers of state and input elements and a coefficient
7i; that is a non-factorizable function of « and w.
nx N1k ny nay
vij(z,u) [1.5, 2 Yu
fij(xau) — ZJ( ) k=1"k Hl 1™ . (728)
ol u)

Step 3. The summands are distinguished based on that their numerators are fac-
torizable, i.e. not all powers nyj, and ny; in (Z28) are zero.

Step 4. Summands are assigned to state-space matrices A and B. If the summand
is non-factorizable, then it is multiplied by % or uil to be able to write it for
example as

fij(z,u) = %ﬁ’u)xk (7.29)

The obtained expression (Z29) is assigned to the k" state as a coefficient
k(@ u) = % in the i*" row and k' column of A. This assignment
gives ny + ny possibilities depending on which component of x or v is used
to make the division in (Z.29).

If the summand f;; is factorizable, then it can be divided by any element
x, or u; which has nonzero power in (Z28), in order to assign it to a state-
matrix. For example if ny; > 0 in (Z28), then by dividing f;; with u; the
resulting function is

fig(ww) _ g (@ w) T2y o™ T2 w™ oyt

Ul (,D(LC,U) !

Bij1(w,u) = (7.30)

This function can be assigned to u; as a coefficient in the i row and the 1"

column of B. For each summand, this gives as many assignment possibili-
ties as the number of states and input components in the product expression
with non-zero power.

Step 5. Each of the assigned coefficient functions, i.e. {c;;; } and {3, }, are asso-
ciated with a virtual scheduling signal p;. The SS matrices are formed as the
linear combination of these virtual scheduling signals (direct assignment).
To avoid a large number of virtual scheduling signals associated directly
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with {a;ji} and {8;;x}, alternatively the linear combination of these func-
tion expressions in each element of the resulting A and B is recognized as a
virtual scheduling signal (superposition). This results in a LPV state-space
representation.

Step 6. By using all assignment possibilities, a set of LPV-SS representations are
generated, each corresponding to (Z2a). These representations are tested for
complexity and the most adequate LPV description is selected by the user.
The exact way of this test and the selection of the most suitable assignment
is not formulated in the approach. Thus, these tests remain to the intuition
of the user.

The same procedure can be executed for the output equation (Z.2b) as well. The
whole approach depends on how well the simplification of the nonlinear terms
can be archived. As simplification of symbolic terms is not unique in general, the
complexity of the resulting model can vary with different symbolic solvers (see
Hecker and Varga (2006) for an overview of the required symbolic manipulation
techniques). A more serious problem, which has been already mentioned in the
linearization part, arises when non-factorizable terms are divided by signal com-
ponents to achieve the form (Z29). Such operations can result in the alteration
of the behavior around the origin. It can also happen that no element of u can
be lifted out from any summands in the form of (Z28) and thus the generation
procedure results in an autonomous quasi-LPV description.

Another technique that falls into this category develops an automated trans-

formation of a nonlinear model to an Linear Fractional Transform (LFT) form by
u symbolic manipulation techniques (see (Hecker and Varga 2006;
@%) A big disadvantage of this method is that it assumes the nonlinear model
to be in the form (ZITalb). In this way it avoids the crucial part of the modeling,
namely the generation of the quasi-LPV form (ZITatb). This technique shows re-
semblance with other multiple modeling techniques and implements a particular
way of model reduction with respect to LFT forms.

7.3.5 Summary of existing techniques

In conclusion, the existing techniques for transformation of NL systems to a quasi-
LPV form are either based on linearization-based approximation or substitution
techniques. Linearization techniques are commonly easily applicable for this pur-
pose, but they suffer from serious disadvantages in terms of non-eliminatable
affine reminder terms, pitfalls of interpolation, selection of adequate lineariza-
tion points, and the loss of general representation of the nonlinear dynamics. On
the other hand, substitution techniques are based on mathematical manipulations
that are only applicable for some class of NL systems. Commonly they preserve
the original dynamic behavior, however for the general class of NL systems they
may result in loss of validity or even stability (e.g. division by signal elements).
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A common feature of all approaches is that they use a SS representation of the
system as a starting point, thus they try to achieve good approximation with re-
spect to a prior chosen state variable. As a consequence the scheduling variable of
the resulting LPV description is composed from the priori chosen state and input
variables. This restriction can severely reduce the search-space where an adequate
LPV representation of the original NL behavior can be found as rewriting (Z.2alb)
to another state-basis may result in a simplified /better transformation to a LPV
form.

All of the approaches do not pay attention how the scheduling variable is cho-
sen and what kind of effects a particular choice of p has on the obtained LPV
behavior. Seemingly it does not matter that components of « which are inner vari-
ables or components of u which are free variables are used for p.

As a general conclusion, existing transformation possibilities to a LPV form
are conservative, non-unique, and the validity of the resulting model is based on
the skill of the user. On the other hand, to support LPV identification of physi-
cal systems, the LPV modeling phase must be accomplished carefully, exploring
the best possibility of transformation of the first principle laws into an LPV form,
without ad hoc selection of state signals and scheduling variables. Based on this
conclusion, in the next section, the possibilities to accomplish this task are inves-
tigated and a model transformation procedure is proposed, that can tackle this
problem using the powerful theoretical framework of the developed LPV behav-
ioral approach.

7.4 Translation of first principle models to LPV sys-
tems

As a next step, a transformation method is investigated that converts first princi-
ple laws represented by (Z1)) into a LPV kernel (KR) representation. The procedure
gives the freedom to consider all possibilities of transformation, not restricted by
preselected state or 1O partition or particular formulation of the nonlinear dynam-
ical relationship like a SS representation. In fact, the method explores all possible
transformations that are applicable for general NL dynamical systems, to convert
the specific NL behavior into an LPV behavior. Then the obtained LPV-KR rep-
resentations are categorized by complexity and transformed to an LPV-SS or 10
realization based on the equivalence transformation theory of Chapter[3l To assist
LPV model structure selection, the discretization theory developed in Chapter
is applied to obtain DT descriptions of the original behavior.

The developed transformation mechanism is based on similar concepts like
the approach of Kwiatkowski et al| (2006), however the proposed method is con-
structed in a more structured way, where the validity of the transformation is
guaranteed in the applied formulas. In the following, a brief outline of the proce-
dure is presented to give insight into the theoretical concept instead of technicali-
ties. First we define the exact problem setting we consider.
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7.4.1 Problem statement

Consider a NL dynamical system Gni, = (R, W, B) with signal space W = R™ and
behavior B C WT, where 98B is represented by (ZI). Assume that f is a meromor-
phic function: f € R™*!. Then as a short hand notation, introduce

2 n
f<>w=f(w, %w, %w,,j?w) , (7.31)
as the evaluation of f along the signal trajectory w € 9. In this way, we asso-
ciate variables of f with specific signal elements of w and their derivatives, sim-
ilar to the mechanism of Chapter[8l Furthermore, assume that each element of
the variable w is of prime interest to the user (they are non-latent variables) and
the functional relation described by f can not be simplified without changing the
behavior B. The latter assumption means that (ZI) is minimal in the sense that
no equation can be eliminated from (ZI) by simple row operations like addition
or multiplication by functional terms, similar to left-side unimodular transforma-
tions in the LPV case. Additionally, if for any i € 17 there exists a f € R *!, a
partition w = col(wq, w2) with dim(wy) = ng and a invertible holomorphic func-
tion g : R™ — R"2 such that

fow=fo col(ws, g(w)), (7.32)

for all w € B and f is a less complicated function than £, then redefine w, as g(w)
to achieve simplification of f. This operation is similar to right-side unimodular
transformations in the LPV case. By applying such a simplification, the resulting
behavior is isomorphic with 8. Now we define our transformation problem as
follows:

Problem 7.1 (Translation of dynamic NL systems to LPV systems) For a given
NL dynamical system Gni, = (R, R™,B) with signal variable w, find an LPV system
S’ = (R,P',W',B’) with signal variable w' and scheduling variable p’ such that there
exist selector matrices Sy, Sy, € R*" satisfying w' = Syw and p’ = Spyw and it holds
that

weBNCO(R,W) < (v,p)eB NCCRW xP).

Based on this problem setting, we are looking for such an LPV system that has a
behavior equal to the behavior of the original NL system.

7.4.2 The transformation algorithm

In the following, an algorithm is applied on the simplified differential equation to
explore all possibilities of its transformation to an LPV form and in this way to
solve Problem 7]l We follow a similar strategy as the algorithm of Kwiatkowski
et al. (2006) but in a different setting. First we separate the rows of f into sum-
mands. Then we factorize the nominator of these summands in a specific way to
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lift out signal variables in a product form. Next we collect all factorization pos-
sibilities and their associated coefficients in terms of factors into a decision tree.
By selecting a route in the resulting tree we assign elements of w to signals or
scheduling variables and use their associated coefficients to form a LPV-KR rep-
resentation. In the process we assume that all summands are factorizable. This
assumption is relaxed later. The proposed algorithm reads as follows:

Algorithm 7.2 (Translation to LPV-KR representations)

Step 1. Write f as a summation of additive functional terms (summands) for each
row separately. The i'" row is written as

n;

fOU) Zfl] S w, (733)

where each f;; € R is not separable to further summands. This assumes
that ideal symbolic recognition of additive terms is available. The results
of this operation are unique up to multiplication by a constant. Store the
summands in a graph structure, as shown in Figure [Z1] where each node
represents a specific summand or a row of f.

Step 2. Each summand is written in the form of

fig =24, (7.34)

Gij
where §;5, §ij - R(»*+Dmw R are coprime holomorphic functions with n
denoting the highest derivative order in (Z31). Such a formulation is again
unique up to multiplication by a constant.

Step 3. For each ¢ € 17", j € 17", k € IIY, and | € [fj, it is investigated if the
summand f;; is factorizable to the form

i
fij o <gfjlk o w) d_wk’ (7.35)

ij

where g;ji : R"™ — R is holomorphic. Contrary to Algorithm [Z] factor-
ization in this case only involves first-order product terms, as any higher
order relation is not interesting for the further procedure. Denote

Fogu = Ji (7.36)

1]

Note that fij w € R. Assume for the moment that each f;; can be factorized

by at least one ;—;wk. The results of the factorization are stored in the graph
structure of Figure[Z] In this graph each node representing a summand f;;
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gets a leaf for each ;—;wk it can be factorized with. The edges, that connect
the leafs to their associated summand, receive a label, which is the set of
the specific variables {w+,...,w,} that are involved in the remaining f;;u
expression. All other edges of the graph get a label of an empty set. Note
that leafs with an edge having an empty set label are the linear terms of the
nonlinear equation. The resulting graph describes a decision tree.

Step 4. As a next step, possible LPV-KR representations are generated based on
the previously developed decision tree. All possible routes in this graph
are considered, which involve all nodes and a single leaf for each node if
it has one. Routes are only considered to be different if they consist of dif-
ferent leafs. This yields all realization possibilities of (ZI) as a PV differ-
ential equation in the following way. For a specific route (see Figure [},
compute the union of the sets of variables associated with a label along the
edges of the route. This gives a subset of all variables {wx, ..., wy,, }. These
variables are recognized as scheduling signals and denoted as {p1, ..., Pns }
where np < ny,. Define p = [p1 ... py,] as the scheduling variable for the
specific route. Additionally, let P be the projected subspace of W with re-
spect to p. Consider all leaves in the route. Define index sets Z;x;, containing
all indexes j € [} for which the node, associated with the summand f;;,

has a leaf of ;—;wk in the considered route. For each leaf in the route, collect

the remainder terms { fi ik} of the factorization into meromorphic coefficient
functions r; € R™*™, [ € I} where

e = Y fijer V0, k) € 177 x I (7.37)
J€Lik1

With the resulting coefficients {r;}_, the NL differential equation (Z) is
formulated as an LPV-KR representation:

n i

(RGg)ophw=30ri0p) G =0, (7.39)
where R € R[¢]™ ™. Now define w as the vector containing the subset
of the variables {wy, ..., wy,,}, such that for each variable w; in w, there is
a a leaf in the route where the label of the leaf contains w; or its deriva-
tive. Those signals that do not satisfy this property are simply presented
with 0 weights in (Z38), thus they do not participate in the signal relation as
variables. To eliminate such superfluous terms, (Z.38) is rewritten in terms
of w by deleting from R the zero columns associated with the additional
variables. Furthermore the signal space associated with  is defined as the
projected subspace of W with respect to the variables presented in .

Step 5. As a result of the previous step, numerous PV differential equation forms
of (ZJ) are formulated based on all possible routes in the graph structure.
However, it is not guaranteed that all of them preserve the dynamical as-
pects of the original nonlinear behavior 8. To ensure validity of the transfor-
mation, the freedom of the remaining signal variables w for each PV descrip-
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tion has to be checked. If for every IO partition @ = (i, y) of the resulting
LPV-KR representation 2k (S), there exists an 1O partition w = (u, y) for the
original NL system such that = y and the elements of @ are a subset of u
and the maximal order of derivatives of y in each row of Rk (S) are the same
as in f, then the LPV representation can be considered as a valid transform
of the original system. Otherwise alteration of the dynamical behavior oc-
curred during the process by masking essential dynamics into coefficients.
If it is also true for every IO partition of 9k (S), that u = col(p, &), meaning
that all elements of p are free variables of the original system and they are in-
dependent from 1, then the model corresponds to a true LPV system S, not
just a quasi-LPV, and it is a prime candidate for representing the original
system behavior.

Step 6. Theresulting LPV representations can be ranked based on the correspond-
ing routes in the graph. Representations which involve the smallest cost in
terms of the number of variables associated with scheduling signals give the
simplest models of the NL system. From these candidates, representations
with free scheduling signals have priority. Further distinction can be the
maximal order of derivatives of the leafs. Based on these, the resulting valid
representations can be ordered in terms of complexity, to assist selection by
the user.

For each LPV-KR representation, that has been found to be a valid representation
of Gni,, the PV behavior can be considered to be equal with the original NL behav-
ior B. Then the most attractive representation can be selected by the user based on
the complexity ordering derived in Step 6. In this way, a solution for our transfor-
mation problem, i.e. for Problem[ZTlis obtained. Next, the behavioral approach is
applied on the chosen representation to obtain a full row rank KR representation
together with an SS or IO realization of the resulting LPV system. With the intro-
duced discretization theory, this methodology serves as a model selection tool for
DT-LPV identification routines.

Example 7.2 (Transformation of an NL model to LPV) Consider the nonlinear system Gnr, = (R, R*, 9B)
withw ! = [ w1 w2 w3z wy |in the form:

d d?
y W T :07
f<w at” dt2w>

where
i fiz2 s f1a fis fie
PO 13 —_—— T N
2 (wa) + sin?(ws)Lws + Twnwn 4+ 2L ws + (L) Lus + w03 L
w1 cos? (w sin?(w3) —w w3w —w —wy | —w3 + w3z —=w
Fow— 1 3 3) w1 3W4 72 W2 | s 3 W

w3 —wi + w
Sdtl 2

———

f21 I22

Note that for this nonlinear system the only available IO partition is y = col(w1,ws2) and u = col(ws, wy).
This is easy to show by writing the equation in the second row as
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d
w2 = —w3—wi,
2 3w
and substituting it into the first row of f. Then a differential equation results where only the derivatives of
w1 appear. Thus wi is an obvious output of the system and therefore wo is also an output as its trajectory is
described by the used substitution rule. The remaining variables w3 and wa are free in the resulting description
and thus they are the obvious inputs of the system. However, the second equation written as
d2
w3 = —wz/—5 w1,
3 2/ w1

cannot be used for substitution as it would exclude trajectories of w1 with %wl = 0. Hence w3 cannot be the
output of the system instead of wa.

Additionally, the nonlinear equations of the above given representation have already been separated to min-
imal summand terms and it can be shown that no further symbolic simplification of the equations is possible. A
further property is that all summand terms are factorizable. By applying the decision tree generation procedure
described in the previous part, the resulting tree is presented in Figure[ZT] This completes Step 1 to Step 3 of the
proposed algorithm.

In terms of Step 4, now we generate all possible routes that contain all nodes and one leaf for each node.
There are 25 = 32 possibilities. One of these routes is given by bold lines in Figure[Z1) By using this specific
route, a LPV-KR representation is generated in terms of Step 4. The resulting scheduling variable is the collection
of variables in the labels along the route: p = ws and the new signal variable is the collection of variables of
the leafs along the route: 1 = [ w1 wo w4 ] Then by these choices, the LPV-KR representation has the
following form

cos’(p1) 0 2m
0 1 0

w + 0.

sin?(p1) 2+ Zpy 0| d pr 0 0] a2 |
—w —w =
p1 0 0 | dt 0 0 0 |de

Note that the IO partition of the obtained LPV-KR representation is y = [ w1 wa | and u = wy, and the
maximal order of the derivatives of w1 and wo in the representation is the same as in f, thus it corresponds a
valid LPV model of the original nonlinear system. As the chosen scheduling variable is a free variable in the
original system and is independent from v, the obtained representation corresponds to a true (non-quasi) LPV
system. This completes Step 5 of the proposed algorithm.

Another choice of route is similar to the previous one except taking the right branch at fie. The resulting
scheduling variable is p = [ w3 w1 | and the signal variable is w = [ w1 w2 w3 wa |. Then by
these choices, the following LPV-KR representation results:

2
cos?(p1) 0 “zp2 2p

d

2 d
@+ sin®(p1) 2+ b1 0 0
1 0 0 0

A valid 10 partition of the obtained LPV-KR representation is y = col(wi,w2) and uw = (w3, wy), the IO
partition of the original nonlinear system. However, the maximal order of derivatives with respect to w1 is
1. This means that the dynamics of f has been simplified, i.e. masked into coefficient dependence, during the
transformation process. Thus the resulting LPV representation is not a valid representation of the nonlinear
system.

A third choice is to use the route given with bold lines but to take the left branch at fi3. The resulting
scheduling variable is p = [ w3 w4 ] and the signal variable is 0 = [ w1 w2 w3 } Then by these
choices, the following LPV-KR representation results:

sin?(p1) 24+ Zpy 0| d p1 0 0] a2
—w —w =
p1 0 0 | dt 0 0 0 |de

cos®(p1) 0 2p2
0 1 0

w 0.

Note that the resulting LPV-KR representation with IO partition y = (w1, w2) and u = w3 is a valid rep-
resentation of the nonlinear system similarly as the representation associated with the bold lines, but with an
increased scheduling dimension and a free but not independent scheduling variable p.

The remaining choices of available routes are the combinations of the previous ones with no interesting
further property. Thus in conclusion, the best choice of LPV-KR representation of the system follows through the
decision route indicated by bold lines in Figure[Z1] This concludes the final step of the algorithmic scheme.
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Figure 7.1: Decision tree of NL model transformation to LPV-KR representations

7.4.3 Handling non-factorizable terms

Now we investigate the case, when not all summand terms { f;;} are factorizable.
In that case, there is little chance for the elimination of these terms and to en-
able the use of the previously introduced mechanism without any approximation.
Variable substitution to eliminate these terms (see Example[Z.3) generally does not
work, as the substitution must satisfy the equation for all derivative relations of
the substituted variables. This may result in ad hoc operations, cancelations of
terms and alteration of the behavior. This unfortunate phenomenon even holds
for constant terms in general (see Example[Z.3).

Example 7.3 (Elimination of non-factorizable terms) Consider the case when f;; = 1. Then this constant
term is a non-factorizable expression in the nonlinear differential equation described by f. If f reads as

fow=w2 1 1 1
w=w2—wi +wi + 1,
dt

then the non factorizable term 1 can be eliminated by substituting w1 with w1 = w1 + 1, which gives

d
wo—w1 + w1 = 0.
25,01 1
Such an expression contains only factorizable summands thus the previously described procedure can be applied
on this new differential equation to obtain an LPV representation in terms of (w1, w2). However, if f is

wz%wrirwl—i-l

fow= d
w1 + w2

)
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then this elimination cannot be applied on the upper equation as it would introduce a nonfactorizable term —1
in the lower one. In case of other non-factorizable terms, it is generally true that elimination through variable
substitution can be applied if it satisfies all the equations without introducing new non-factorizable terms.

A sound possibility is however to approximate the non-factorizable terms in
the following way:

1. Let f;; be a non-factorizable summand. Let Z;; be an index set containing all
indexes (k,1) € [T x I such that f;; is dependent on j—;wk.

2. For each (k,l) € Z;;, try to approximate the function f;; as

1
(fij ow)(t) = ((ﬂ-jkz ow)%wk> (t) YweDB VteR, (7.39)

where fijkl eER.

3. If such approximation exists for some (k,l) € Z;;, then treat them as valid
factorizations of f;; and proceed with the original algorithm, else transfor-
mation to a PV form does not exist with the given precision.

The resulting LPV representation can be considered as the approximation of the
original NL system if the conditions described in Step 5 are satisfied. Note that
what is considered to be an appropriate approximation is highly dependent on the
intended accuracy. For some specific non-factorizable functions like sin(.), such an
approximation can be carried out even in an exact sense (see Example[Z4). If the
non-factorizable term is a constant f;; = v € R\ {0}, then no sound approximation
exists and one may risk to either use an approximation f;; = J-w; or multiply
the i*® row of f with wy, and restart the transformation procedure from the first
step. Both approaches may result in alteration of the original NL behavior.

Note that in the LPV behavioral approach, the terminology of almost every-
where equivalence has been introduced to handle singularities of the coefficient
functions that result or change due to transformations in R[¢]. One can sense that
in case of non-factorizable terms, we face the same situation as by dividing with
a w; any non-factorizable term can be turned to a factorized relation. However,
the price to be paid is an almost everywhere equivalence of the resulting repre-
sentation if w; is a free signal. However in case w; is non-free, division by w; can
destabilize the origin of the signal-space, critically altering the dynamical behav-
ior of the system.

Example 7.4 (Approximation of non-factorizable terms) Consider the case, when the non-factorizable
term is sin(w). Then by writing this term as

sin(w) = sinc(w)w,
where sinc(w) = 5”;)& and sinc(0) = 1, we get an exact factorization. However in case of cos(w),

cos(w) = Cosu()w) w,
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where limy_o <22 — oo, Thus this form can only be considered a factorization if w is a non-zero signal. As
an alternative, a finite Taylor expansion of cos(.) is suggested

1 1
cos(w):1+§w2+ﬁw4+...

where if the non-factorizable term 1 can be eliminated, then the remaining tail contains only factorizable parts.
This holds for all common functions like trigonometric, exponential, logarithmic, etc. It holds in general that
approximation problems of non-factorizable terms relate to the question, how constant terms can be eliminated
or approximated with a factorized expression.

7.4.4 Properties of the transformation procedure

It can be concluded that the proposed method can transform a wide class of NL
systems satisfying Definition [ZIl An advantage of the method is that it provides
a systematic way of conversion, examining all possibilities of an equivalent LPV
realization. By checking validity of the derived LPV representation with respect to
the behavior of the original NL system, it provides a successful tool to solve Prob-
lem[Z] Additionally, the algorithm gives a structured selection of the scheduling
variable p highlighting when not only a quasi-LPV but a true LPV formulation is
possible.

However, the approach has disadvantages as well. One of them is the heavy
dependence on symbolic recognition of summands and possible ways of factor-
ization. Thus the performance of the algorithm is clearly limited by the available
symbolic computational tools. Another disadvantage is that investigating all pos-
sible LPV-KR representations that can be obtained from the generated decision
tree can be quite demanding in case of large signal dimensions or a complicated
f. Moreover, in case of large scale systems, computing and comparing the possible
IO partitions of the resulting LPV descriptions is hopeless.

It may also happen for some cases that no valid transformation of the NL dy-
namic system is available via the proposed algorithm. Commonly, there is little
chance of any ad-hoc transformation to succeed if the proposed method does not
work as the original system description is minimal and all possibilities are investi-
gated. That means that some sort of approximation technique must be applied in
advance. Alternatively, signal relations can be replaced by virtual variables in the
original expression to simplify the structure and the model transformation pro-
cess can be executed on the substituted relations. However, such a substitution
by virtual variables may result in the masking of dynamical aspects of the system.
Thus, the substituted terms must be identified or modeled separately in order to
represent the original behavior. Such an approach is ad hoc and out of the scope
of the current process as it is assumed that all signals are important for the mod-
eling purpose. Moreover, it must be accepted that not every NL system can be
appropriately transformed to an LPV form, which is especially true for systems
not satisfying Definition Examples for such dynamical relations are systems
with delays, hysteresis, or non-functional signal relations like if-then rules. In
such cases, the LPV framework may be inappropriate for dealing with the system
dynamics without considerable approximation.
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Comparing the proposed approach of model transformation to the available
approaches presented in Section [Z.3] it can be concluded that this method gives
adequate transformation for a much wider class of NL systems. The selection of
the scheduling variable follows a more structured procedure, without the ad hoc
selection of input, output, or latent variables. This gives the flexibility to find
the most efficient form of transformation. In case of non-factorizable terms, ap-
proximation is inherently involved in the transformation, similar to the methods
of Section which result in an approximation of the original behavior up to a
specific precision.

7.5 Summary

In this chapter, modeling of physical systems described by nonlinear differential
equations has been studied in the LPV framework. Our motivation has been to
derive tools that can assist model structure selection LPV identification.

First in Section[Z.2] general questions of LPV modeling have been investigated.
One of the major conclusions has been that instead of the transformation of a given
mathematical description of the NL system to a LPV description, the modeling
problem needs to be approached from the perspective of a search for a LPV sys-
tem with equal behavior. This also implies that there is a prime emphasis on the
selection of the scheduling vector, i.e. which variables of the original system are
used as a scheduling in order to find an equivalent LPV description.

Next in Section[7.3] existing LPV modeling techniques have been studied and
compared. In this overview, it has been shown that available approaches use a
state-space representation of the NL system as a starting point. Thus, instead of
the representation or approximation of the original behavior they aim at the LPV
formulation of the state-equation of the assumed representation. Such a start-
ing point has the danger that the prespecified state variable, which is only a la-
tent variable of the original system, can seriously lower the realization possibil-
ities in the LPV system class. The available approaches have been categorized
into groups, based on the used linearization or substitution concept. The former
concept aims at the approximation of the NL-SS representation and it originates
from the gain-scheduling principle: linearization of the SS representation at given
points of the signals space and then interpolation of the resulting LTI models. The
latter concept formulates the modeling problem as a transformation of a subclass
of NL-SS representations to a LPV form without any approximation. It has been
shown that for the linearization based methods any local transformation of the
obtained linearized models can seriously alter the result of their interpolation, i.e.
the behavior of the obtained LPV description may not even resemble the original
NL system.

By showing the open problems of LPV modeling, in Section [Z4 a transfor-
mation algorithm has been proposed that aims at the exploration of all possible
LPV systems that are equivalent with respect to a given dynamical NL system.

The algorithm, using the concepts of Kwiatkowski et all (2006), converts the NL
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differential equation, which defines the behavior of the NL system, into possi-
ble LPV-KR representations. During the process, it automates the choice of the
scheduling vector, distinguishing the cases when an exact (non quasi) LPV real-
ization is possible. In the derived approach, all possibilities of transformation are
investigated with the applied strategy. By comparing IO partitions of the result-
ing LPV representations and the maximal order of derivatives with respect to the
non-free variables, it can be expected that no alteration of the behavior has re-
sulted. In this way, the results of the modeling procedure are validated. The valid
solutions are ordered in terms of complexity to assist the user to chose the most
adequate representation. For the case, when no exact transformation is possible,
approximation possibilities of the troublesome parts of the NL description have
been discussed.

The developed technique is a crucial contribution for the general LPV frame-
work as it can assist the identification methods of the field with structural infor-
mation about the plant. The procedure is also a necessary ingredient of the iden-
tification approach of this thesis as it can assist the choice of OBFs based model
structures.



CHAPTER

Optimal selection of OBFs

n this chapter, selection of the optimal basis, i.e. the basis with the
Ifastest convergence rate, for the series-expansion of LPV systems is in-
vestigated. In fact, we consider the situation when information about the
system is only available in terms of measured data records of the frozen
signal behavior. Solution of this problem is crucial to provide a model
structure selection tool for LPV identification based on truncated series-
expansion models. In case of an optimal basis, a fast convergence rate of
the expansion representation implies that only the estimation of a few ex-
pansion coefficients is necessary for a good approximation of the system.
By using the concept of Kolmogorov n-width optimality of the basis with
respect to the frozen behaviors, we derive a practically applicable algo-
rithm, that provides optimal basis selection based on fuzzy clustering of
estimated “frozen” poles. The pole estimates are the results of LTI iden-
tification of the system with constant scheduling trajectories. To consider
the effect of noise on the estimation of the frozen poles, a robust version
of the algorithm is also developed using the strong relation between Kol-
mogorov n-width theory and hyperbolic geometry.

8.1 Perspectives of OBFs selection

The concept of modeling discrete-time asymptotically stable LPV systems with
OBFs based truncated series expansions has been introduced in Chapter Bl to de-
velop an effective model structure for LPV identification. However, practical ap-
plication of this concept requires the selection of basis functions that guarantees a
fast convergence rate of the LPV expansion representation of a system. The reason
is that using a truncated expansion with a fast convergence rate, i.e. only a finite
number of OBFs from the basis sequence, a model results that approximates the
system well with only a few expansion coefficients.

In Section[5.4] it has been motivated that to achieve a fast convergence rate of
the LPV expansion representation, a necessary condition is to use a basis which

241
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has optimal convergence rate with respect to §p, the set of transfer functions of the
frozen system set for the considered IO partition. In order to characterize optimal-
ity of the convergence rate with respect to a given transfer function set, like §p, we
have introduced the worst-case concept of the Kolmogorov n-width (KnW) theory
in Section 241 However, to use this concept to choose an n-width optimal basis,
it is required to know the pole locations of §p, i.e. the region Qp, which contains
the points where not all transfer functions in §p are analytic. In an identification
scenario, such knowledge might not be available. This underlines that in order to
accommodate an effective model structure selection for the identification of LPV
systems with truncated expansion models, a practically applicable approach is
needed to chose KnW optimal OBFs.

In Chapter [7] we have introduced a modeling procedure, which provides an
LPV representation of a NL system based on first principle information. If the
parameters of the original system are considered to be known, such a procedure
can be used to calculate the pole locations Qp of Fp. Then by solving the min-
max problem of (2.173), optimal basis selection in the KnW sense can be achieved
for the system, which provides an efficient model structure selection for its iden-
tification. If no first-principle information is available or the uncertainty of the
parameters is large, selection of the basis must be based on measured data records
of the system. In this chapter, we consider the situation when data records of some
frozen behaviors of the LPV system are available. Estimating LTI models based
on these data records, gives pole samples of (2p. Based on these sample poles, we
aim at the derivation of a basis selection mechanism, that is capable to accomplish
the following objectives:

e Reconstruction of Qp based on the sample pole locations.

e Determination of the set of OBFs, that are optimal in the KnW sense with
respect to Qp.

The proposed method solves these objectives simultaneously by the fusion of the
KnW theory and the Fuzzy c-Means (FcM) clustering approach (see Section [2.5).
These theories are applied together to derive KnW optimal basis functions by the
clustering of the sample pole locations. The resulting mechanism guarantees opti-
mality in the KnW sense for the obtained basis functions with poles at the cluster
centers, in case the fuzzyness parameter approaches infinity. In this way it pro-
vides a trade off between the optimality of the chosen basis and the complexity of
the optimization. The introduced method characterizes the model structure selec-
tion phase of the identification cycle in our approach. The chapter is organized as
follows:

To assist the formulation of the basis selection as a clustering problem, in Sec-
tion[B2] the KnW concept is revisited to highlight important details of the theory
with respect to LPV systems. Then in Section 8.3] both the reconstruction prob-
lem of Qp and the KnW problem with respect to Q2p are formulated as a clustering
problem of the sample pole locations. To solve the clustering problem, a modified
FeM algorithm is developed and its properties are investigated in terms of opti-
mality of the solution, numerical convergence, calculation issues, and termination
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conditions. Furthermore, the use of adaptive cluster-merging is investigated for
the introduced algorithm, showing that it provides an effective tool to choose the
width of the KnW problem in which the optimal basis is searched for. In order
to handle the effect of pole uncertainties that result during the estimation of the
sample pole locations, in Section [84]a robust formulation of the introduced basis
selection approach is developed. To do so, first important connections of hyper-
bolic geometry and the KnW theory are explored which give effective tools to
handle the basis selection with respect to pole uncertainty regions on the complex
plain. In both the robust and non-robust cases, simulation examples are given to
show the effectiveness of the proposed approaches.

8.2 Kolmogorov n-width optimality in the frozen sense

As a first step, we investigate the KnW optimality concept of orthonormal basis
functions with respect to a LPV system in a frozen sense. To do so we revisit the
KnW theory presented in Section[Z4land we highlight properties that are impor-
tant for the discussion of the basis selection mechanism. As the presented KnW
theory is formulated in the SISO case, we restrict the discussion to SISO asymptot-
ically stable LPV systems in the following. The basis selection problem for MIMO
LPV systems is postponed till Chapter[9]

Let 3p denote the set of transfer functions corresponding to .#p for a given
IO partition of the LPV system S. In Section 2.4] it has been already discussed
that the KnW concept provides the selection of n, poles of an inner function G €
Hs- (E), such that the Hambo basis sequence ®7° generated by G is optimal in
the n = ng(n. + 1)-width sense with respect to a given transfer function set. This
optimality means that among all Hambo bases, the linear combination of the set of
ng(ne+1) functions @7 has the smallest worst-case representation error (in the H»
norm). In this sense, optimality means also the fastest worst-case convergence rate
p of the expansion of these transfer functions with the basis sequence ®7° . In other
words, a KnW optimal basis for §p provides series-expansion representations of
all frozen systems .#p, such that the convergence rate of the coefficients is optimal
for the considered width. Note that n, i.e. the width in which the optimality of
the basis is considered represents a particular freedom. In fact, it is a trade of
between p and the number of poles required for G to achieve it. By using a KnW
optimal basis where both the optimal convergence rate p and the width n is small,
it is guaranteed that truncated expansion representations of all .%p need only a
few expansion coefficients to approximate each frozen behavior adequately. This
means that beside finding n-width optimal OBFs for a fixed n, it is also important
to search for an adequate n. The latter problem indirectly refers to the question
how many basis functions are required for the truncated expansion representation
to achieve a good approximation.

Introduce the pole manifest set

Qp = {A € C|3p P, such that Aisa pole of F; € Fp}, (8.1)
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the collection of pole locations belonging to §p. For a given Q2p and a fixed n = ny,
the KnW basis selection problem with respect to §p comes down to the inverse
Kolmogorov problem (see Section 24): finding the best fitting hull of Qp in the
form

Q(An,,p) ={z€C| ‘G (z_l)‘ < p}, (8.2)

where G is defined by the poles A,, = [ A1 ... X,, | and p > 0 is as small

as possible. Then, in terms of Proposition 2.J] the inner function G, associated

with the best fitting (A, , p), generates the n-width optimal basis functions with
respect to §p. For a given inner function GG with pole set A,,, define

i ng H )\j

Fing (2, An,) o= |G (=71 = [ |=— | (8.3)

1—2z)\ ;

j=1

the so called Kolmogorov cost. Then for a given n, > 0, the solution of the inverse
Kolmogorov problem is equivalent with the min-max problem 2.173), formulated
in this case as an optimization:

minimize p = max.cq, kn,(2,An,),

(8.4)
suchthat A, =[ A1 ... A, ] €D".

The minimizer of 4, is a set of pole locations A,,, which defines the best inner
function, i.e. Hambo basis in the KnW sense. If the resulting Q(A,,,, p) is equal
to Qp, then in terms of Proposition 2.1} the generated basis is also optimal in the
kng-width sense for any £ € N. Otherwise, higher width optimality of the basis
does not hold in the general case (see Example[8.J). This underlines that to find
an optimal OBF set for Qp, an optimal choice of n, is also needed. We will see
that by using powerful results in hyperbolic geometry, in some cases, an optimal
choice of the width is available. The latter result is an important contribution of
this thesis.

Example 8.1 (Optimal n-widths) In this example, we show that a basis sequence which is optimal in the
KnW sense is not necessary optimal in the 2n-width or other higher width cases. Let an inner function G be
given with poles

A4 = {0.55 £ 0.55i,0.25 £ 0.25i}.

For p = 0.1, G defines the complex region Q(A4, p) whose perimeter is given with a blue line in FigurelBl Any
strictly proper transfer function (and associated LTI system) with all poles in Q(A4, p) has a series-expansion
in terms of the inner function G generated Hambo basis ®3° with a worst-case convergence rate 0.1. Denote by
Qp = Q(Ag, p), the region for which we would like to find optimal OBFs in the KnW sense. It is obvious that
in the 4-width sense, the Hambo functions ®$ are optimal with respect to Qp and the convergence rate is 0.1.

Now we would like to derive a 2-width optimal basis with respect to Qp. By applying nonlinear optimization
in terms of (84), the resulting optimal Hambo functions ®$ are associated with the pole locations

A = {0.2995 + 0.3318i}.

In this case, the convergence rate, i.e. the minimal p > 0 such that Qp C Q (A2, p) is 0.5333. With this p, the
perimeter bound of Q2(A2, p) is given with a red line in Figure[81]

Now we can see that series-expansion of any strictly proper transfer function with all poles in Qp has a
convergence rate 0.1 in case of the 4-width optimal basis ®3° and 0.5333 in case of the 2-width optimal basis

®3°. This clearly shows that the worst-case decay rate of a Hambo basis <I>;°° generated by a inner function with
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Figure 8.1: Kolmogorov 2-width optimal basis functions ®3 with poles A, (de-
noted by red 0J) and Kolmogorov 4-width optimal basis functions ®} with poles
A4 (denoted by blue x) with respect to the pole manifest region 2p (shaded blue
area). The perimeter of the associated minimal regions (A2, 0.5333) (red line)
and Q(Ag, 0.1) (identical to Qp) is indicated with contour lines.

poles Ay = {A2, A2} (repetition of the 2-width optimal poles) has a convergence rate (0.5333)% = 0.2844.

Comparing this to the convergence rate 0.1 of ®9 it is clear that the Hambo functions <I>:10 are not optimal
in the 4-width sense. In general it is true that higher width optimality is only guaranteed for basis functions
with Q(A, p) = Qp. From Figure Bl it follows that this is not the case for Ao. However in case of A4,
this equivalence is satisfied, thus with respect to Qp, @} is optimal in the 8-width sense, ®3 is optimal in the
12-width sense, etc.

If Qp is known, then a solution of (84) for a fixed n, can be obtained via the
gradient-search based method of Heuberger et all (2005). However, in case of an
identification scenario, when (2p is not available, the gradient approach is not ap-
plicable unless Qp is reconstructed from some estimated samples. The method
that is proposed solves both objectives (reconstruction and KnW optimization)
and gives a practical solution for the basis selection step. This method also en-
ables an effective choice of the number OBFs, i.e. in which width-sense it is best
to search for KnW optimal OBFs, by the use of adaptive cluster merging.

8.3 The Fuzzy-Kolmogorov c-Max clustering approach

In the following we propose a particular data clustering algorithm as the exten-
sion of the conventional FcM approach, which can effectively handle the recon-
struction problem of Qp jointly with the solution of (84). To do so, first in section
B3 Tlwe formulate the exact problem setting for the clustering approach to inter-
pret our basis selection goal. Then, we characterize the optimal solution of the
clustering problem and introduce the extension of the FcM algorithm (Algorithm
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[ZJ) to calculate it. As a next step, in SectionB:3.2lwe show how the derived opti-
mal solution provides an answer for the original basis selection problem of Section
Numerical properties of the derived algorithm are investigated together with
practical aspects, like the use of Adaptive Cluster Merging (ACM) in this setting. At
last, a simulation example is presented to show the effectiveness of the introduced
basis selection mechanism.

8.3.1 The pole clustering algorithm

Let n. > 1 be the number of clusters (pole regions) to be used to reconstruct Qp.
Note that due to the uniform frozen asymptotic stability of .Zp, it is guaranteed
that Qp C D, i.e. all sample poles z;, are in D. Thus, let D be the clustering space,
ie.V=D,and let Z = {zk}é\gl C D, be the set of observed poles for clustering.
Similar to the FeM case, we introduce membership functions y; : D — [0, 1] that
determine the “degree of membership” to the clusters for all z € D. By using a
threshold value ¢, we can obtain a set

Q. ={zeD|Fielf, u(z)>e} (8.5)

This set characterizes the region approximated by the clusters for the minimal
membership level e. Now we formulate the clustering problem that is considered.

Problem 8.1 (Pole clustering problem) For a set of sampled pole locations Z and for

a given number of clusters ne, find a set of cluster centers {v;};<,, a set of membership
functions {1; }7<,, and the maximum of €, such that

e (). contains Z.

* With respect to ., the OBFs, with poles A, in the cluster centers {v;}.<,, are
optimal in the KnW sense, where n = n..

The solution is based on finding clusters in accordance with the KnW concept
and subsequently finding a maximal value for ¢, such that all sampled poles are
inside .. The latter is equivalent to minimizing p in the optimization problem
of (84). Note that optimality of the OBFs is considered with n. = 0. According
to the principle of KnW theory, this might result in repetitive optimal poles and
therefore similar clusters. In the following we focus on finding n-width-based
clusters. Additionally, in case n. > N,, the solution of Problem Blis trivial: the
cluster centers are associated with the sample poles. Thus only the case when
ne < Ny is considered in the sequel.

Similar to the FcM case, denote V' = [v;]1<, the vector of cluster centers and
introduce the membership matrix U = [Uik]nc W N, where 1, is the degree of mem-
bership of z, to cluster i, i.e. p; := pi(zx). Furthermore, distances d;;, are intro-
duced between v; and z;, to measure dissimilarity of Z with respect to each can-
didate cluster. The distance is formulated in terms of the 1-width version of the
n-width Kolmogorov cost (2.172), which is also called the Kolmogorov Measure:
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Definition 8.1 (Kolmogorov measure)

X—y
1 —xy*

ki(x,y) = :DxD—R{, (8.6)

is called the Kolmogorov measure (KM) on D.

Later we show that x; is a metric in D. As notation,
dir, = k1(vi, 2k), (8.7)

is introduced. In the following discussion it is shown how the KM relates the
FeM clustering asymptotically to the KnW theory, and in this way to the solution
of Problem Bl In order to uniquely associate each d;; with a membership level
wik, the set of membership functions is restricted to satisfy Y., y1;(z) = 1, which
requires that U € U)> (see ZI79)).

The fuzzy-functional .J,, (U, V) : Z/{,jl\iz x Ve — RF, for Problem B]is formu-
lated as

Ne

Jm (U, V) := max Tedi. 8.8
(U, V) keu%;uk i (8:8)

This functional defines the cost function, i.e. the criterion of the expected solution
for Problem[B.1] It can be observed that (8:8) corresponds to a worst-case (max) sum-
of-error criterion, contrary to the mean-squared-error criterion of the original FcM,
see Section [Z.5] Hence, we call the algorithm that minimizes the fuzzy-functional
(B8) Fuzzy-Kolmogorov c-Max (FKcM) clustering. The exact relation of (88) with
the KnW optimality of a partition (U, V) is explained later (see Theorem[8.2). The
design parameter m € (1, o), which is called the fuzzyness, determines the sharp-
ness of the separation in the global minima of (8.8). This means that for low values
of m, the clusters in the optimal partition (U, V') are separated, i.e. even for a low
value of ¢ they contribute disjoint regions to 2. For large values of m, the con-
tribution of the regions are indistinguishable in almost every point of D. This
gives the intuition that for low m, we try to achieve the reconstruction of 2p with
the clusters in an “individual” sense, while for large m in a “cooperative” sense.
Based on this, the following theorem yields the ingredients to solve Problem B.1}

Theorem 8.1 (Optimal Partition) Let m > 1, a data set Z C D with N, > 0, and a
fuzzy partition (U, V) € UN= x D" be given. Denote [V]; = v; and [U);; = ;. Define
vi(v,U) as the minimal value of T € [0, 1] fulfilling the quadratic constraints:

1=zl pi (25— v)
2

m

=0, VzpelZ, 8.9
pig - (26 —v)" B o ®)

where v € D. Additionally, let d;;; = k1(vs, zi) be the dissimilarity measure of zj, with
respect to V and I7 = {i € I° | d;), = 0} be the singularity set of z), with card(Z]) =
ny (number of elements). Then (U, V) is a local minimum of J,,, if for any (i, k) €
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n N,
07 x 0y

lf: (;‘%:)’“1‘1]_ if 78 = 0,
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Wik a1 if i e 12, ( )
My
y i I8 40,
v, = arg melg ~i (v, U). (8.10b)

The proof is given in Appendix[A.3] Using the approach of the FcM case, min-
imization of (8.8) subject to (ZI75) is tackled by alternating optimization (Picard
iteration), steering the solution towards a settling partition in the sense of The-
orem [8] For the FKcM, this yields Algorithm which is based on the same
mechanism as Algorithm 2.Jlin the FcM case.

Algorithm 8.1 (FKcM clustering)

0. Initialization: Fix n. and m; and initialize V € D", [ = 0.
1. Membership update: With (810a), solve U1 = arg mir}V Im (U, V).
Ueul=

2. Cluster center update: ~ With (8.10D), solve V,;; = arg Vmﬂi)n o (U1, V).
€D”c

3. Check of convergence: If J,, (Uj41, Vi41) has converged, then stop, else
I =1+ 1and goto Step 1.

8.3.2 Properties of the FKcM

Next,we investigate the properties of the introduced algorithm, showing that KnW
optimality of the resulting cluster centers (if the solution is the global minima of
(8:8)) holds in an asymptotic sense (m — oc0). It is also discussed how Algorithm
BTl can be implemented in practice, how convergence of the solution can be de-
tected, and how numerical conditioning problems can be avoided.

Asymptotic property

In order to explain the specific choices for the fuzzy functional (8.8) and the dis-
similarity measure d;;, we use the following theorem.

Theorem 8.2 (Asymptotic property of J,,,) Given a data set Z C D with N, > 0, and
a vector of cluster centers V- € D™, with n. > 0, such that d;;, = k1 (v, zx) # 0 for all
(i,k) € 10 x 17 (no singularity). Define U,, as a membership matrix of V satisfying
(810a) for m > 1. Then



8.3 The Fuzzy-Kolmogorov c-Max clustering approach 249

a. limy,—1 Jp (U, V) = max; v, min, gpre {dix}, which corresponds to the hard
partitioning of Z, i.e. iy, € {0,1},V (i, k) € 17 x 12,

b. Jo(Us, V) = max; . [Z?;l dik]_l, which is the maximum of the harmonic-
means-based distance of each zj, with respect to the clusters.

¢ Jm(Up,V)=nlm max; v e, dik]l/nc+(9(e‘m). Furthermore, J,,,(Upn, V)
decreases monotonically with m, and J(Us, V') = 0.

The proof is presented in Appendix Theorem B2l shows that the value of
m has great impact on what the minimization of the fuzzy-functional ([8.8) repre-
sents. If m = 1, each sample pole is assigned exactly to one cluster. Thus, min-
imizing the KM distance of the cluster center with respect to only the assigned
poles yields that the resulting cluster center is the pole of the 1-width optimal
basis function with respect to the assigned sample poles. In this way, the opti-
mal partition corresponds to a collection of 1-width optimal basis functions with
respect to each separated groups of the sample poles. In case m > 1, each of
the sample poles belongs to all clusters with different membership levels. Thus
minimizing the KM distance of each cluster center with respect to the sample
poles with these membership weights (see ([8.8)), yields a set of pole locations
that approximates the poles of the KnW optimal solution. If m — oo, then these
weights/memberships become equal, and all cluster centers try to decrease the
KM distance for all sampled poles in a cooperative manner, which is equivalent
with the KnW optimization problem (84). In this way, the minimization of J,,
corresponds to a close approximation of (84) for large m. This property enables
the FKeM to solve Problem[BI]directly and explains all the particular choices (dis-
similarity measure, modified fuzzy-functional) we made during its introduction.
In this way, as a clustering mechanism, the algorithm solves the reconstruction of
the possible Qp and at the same time it solves the optimization problem (84) in an
approximative manner.

It should be noted that, in case m — oo, pir, — 1/n for all (i, k) € 17 x [If[z in
the optimal partition, which can cause numerical problems in the minimization of
(8I0B). Therefore m acts as a trade-off parameter: to obtain a well approximating
solution of Problem an appropriately large value of m € (1,00) should be
used, but at the same time m must be as low as possible to reduce the complexity
of the optimization. Based on experience in the application of the algorithm, m €
[5,10] usually yields satisfactory results.

Form > 1, the FKeM-functional (8:8) is a bounded (0 < .J,,, < 1) monotonically
decreasing function both in {d;; } and U, which allows Algorithm [8]to converge
in practic%. The convergence point, which directly depends on the initial 1, can
either be a local minimum or a saddle point of .J,,, fulfilling Theorem [8] There-
fore, just like for FcM clustering, it is advisable to repeat the algorithm multiple
times with different initial choices for V) and then select the best resulting set of

1For the standard FcM, convergence to a local minimum can be shown [BezdeK (1981), but the un-
derlying reasoning does not hold for the FKcM case as J;, is discontinuous on Z/l,]l\iz.
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OBFs. The performance comparison of the resulting clusters is available by com-
puting the Kolmogorov cost (83), i.e. associated decay rate, g of the cluster centers
with respect to the sample poles:

Ne

0 := max k. (z,A,.) = max
p Z€Q ng (2 Any) 2€Z
e

Z— U;

, (8.11)

"
1—zv;

and by visual inspection of the boundary region Q(p, A,,, = V) (see (81)) with
respect to Z. In practice, uniformly random choices for 1}, are suggested. Initial
partitions based on the distribution of Z can also be used (V chosen as random
elements of Z, Vj is given as the points of a circle around the mean of Z, etc.)
however they limit the possibilities to explore all local minima, while random
initialization based on a uniform distribution gives equal probability.

In the rare case of singularity of the resulting partition (some d;;, = 0), Theo-
rem[82ldoes not hold. Such a phenomenon can only happen in extreme situations
when for example n. =~ N,. In that case, an optimal partition can contain some
clusters whose cluster center is equal to sample pole locations. Singularity of the
partition can also result if the samples of {2p do not describe any data coherency,
suggesting that Qp is not a region but a finite set of isolated points. In such cases,
the best solution in the KnW sense is to assign a dedicated OBF with respect to
some sampled poles. However, when Qp is a region, this solution should be
avoided, as the reconstruction of Qp is required based on the pole samples be-
fore choosing the basis functions. Thus, to assist the validity of the reconstruction,
n. must be chosen a priori such that it correctly describes the separated pole re-
gions of (2p. This can be achieved by visual inspection of the sampled poles or by
trial-and-error.

Optimization and numerical conditioning

While Step 2 in Algorithm i.e. the membership update, can be analytically
computed through (810a), Step 3, i.e. the cluster center update, requires the so-
lution of (8I0B). The optimization defined by (8.10B) is a minimization problem
with Quadratic Constraints (QC)s, where 7 is the optimization variable and v is the
decision variable. Based on(Scherer and Hol (2006), it is possible to derive Sumi-of-
Squares (SoS) relaxations of such constraints, through which (8.9) is turned into a
Linear Matrix Inequality (LMI). The resulting convex minimization of +, based on
these constrains, is a Linear Semi Definite Programming (LSDP) problem that can be
efficiently solved by a variety of (interior-point-based) solvers like SeDuMi (Sturm
or CSDP etc. Alternatively, bisection-based recursive search (see
(@)) can also be used to obtain the minimization of {~;} with respect to (89). In
each step of this bisection-based minimization, every QCs with a fixed 7 is rewrit-
ten as a LMI constraint. Checking feasibility of the constraints indicates how to
proceed with the minimization of ;.

For high values of m, the QCs (8.9) become numerically ill-conditioned, which
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can be avoided by the normalization of {4} }kNif

m N,
fiik = ’:Lk with i, = > pif. (8.12)
k=1

B

Termination criterion

In Algorithm the cost function J,,, “flattens ” when m increases. This yields
that for high values of m, J,, is almost constant for all points of 2= x D" except
in the close neighborhood of its local minima where its value decreases quickly.
To avoid unnecessary termination of the algorithm on the flat surface of the cost
function, the relative evolution of .J,,, in each iteration step [, has to be checked in
a windowed sense:

~ max [ (Uk, Vi) = Jin (Uk—1, Vie—1)]

1
maxyg Jm (Uk, Vk)

< & (8.13)

wherek € 1!_ ,n > 0is the length of the window, and 0 < &; < 1is a user defined
termination constant. If in step [ (813) is satisfied, then the relative evolution of
Jm has been small in the considered window, so the optimization is terminated.
Experience has shown, that for m € [5,10], the threshold ¢, = 0.99 with n = 3
usually works well.

Cluster merging

The determination of the number of “natural” pole groups in Z, i.e. the best suit-
able n. for clustering, is important for the successful application of the FKcM
method. Similarity-based Adaptive Cluster Merging (ACM) can be effectively used
for this purpose (see Section 2.5). Starting from a large n., the use of the ACM
strategy in the FKcM algorithm gives the possibility to choose the number of clus-
ters to describe the region )p, associated with the samples Z, “adequately”. In the
considered problem setting, adequateness means that for the reconstructed region
()., in which width sense we search for KnW optimal OBFs, where the basis func-
tions are associated with the cluster centers. If the available information, the sam-
pling of Qp, is dense, then in the optimal solution of Problem[B1} Q. ~ Qp. This
implies that the ACM provides an effective choice of the width, i.e. the value of
n in which the KnW basis is searched for Qp with the proposed algorithm. How-
ever in terms of Proposition[Z]] the setting of Problem (8.I) implies that repetitive
basis poles can also be part of the optimal solution. With ACM, these solutions
are not accessible as repetitive poles result in perfectly similar clusters which are
immediately joined. As a result, the ACM only yields convergence to partitions
with distinct cluster centers. This means that the choice of the adequate width
in the KnW sense is restricted such that the optimal basis poles for the adequate
width must be distinct.
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8.3.3 Simulation example

To allow insight into the basis selection method an extensive example is studied.

The data generating system

Consider an asymptotically stable discrete-time SISO LPV system S with IO par-
tition (u, y) and scheduling signal p. Let a minimal IO representation of S, R1o(S)
be given as:

5
> (aiop)g'y = (baop)q'u, (8.14)
=0

with P = [0.6, 0.8] and coefficients

ag < p = —0.003, azop = % —0.2sin(¢%p),

5 2 5 (5
12 . 5 _ 5114192¢°p —258(cos(q p)—sin(q p))
a1 op= 15z — 0.1sin(¢’p), asop=— 60 ;

azop=—2 +0.2sin(¢°p), asop=058—0.1¢"p,
by o p = cos(¢°p).

In Figure B2k, the pole manifest set Qp of Rio(S) is presented with a solid red
line, while in Figure B2b the first 15 Markov parameters of the frozen impulse
responses of Mo (S) are given for all constant scheduling trajectories p(k) = p.
These frozen impulse responses are associated with the behaviors of the frozen
system set .#p of S for the considered 10O partition. These pictures show that the
dynamic changes of S are quite heavy for different constant scheduling trajecto-
ries.

By using constant scheduling signals with values {0.6; 0.6+ 7; ...; 0.8}, where
7 = 0.02, 11 frozen LTI representations of S are obtained, whose pole locations
are samples of Qp. These samples are given with yellow * in Figure[82h. In our
basis selection approach, these LTI representation are considered to be the results
of identification of S with constant p.

FKcM clustering of the sample poles

By using the obtained N, = 11 - 5 sample pole locations as a data set Z, the FKcM
algorithm has been executed with different values of m and both with a fixed

number of clusters and also with the application of ACM starting from nl” =
27 ~ N, /2. In the fixed case, n. = 8 is used and the obtained solution is denoted
as m2n.8 for a fuzzyness m = 2. In case of ACM, if the algorithm has resulted in
ne = 11 clusters for a fixed m, like m = 8, then the solution is denoted by m8ad11.
Note that in the fixed case we use the particular choice of 8 clusters as this number
of clusters agrees with the number of sets by visual inspection (two times 3 sets
for the complex and 2 sets for the real poles). It is shown in the sequel that this
number of clusters is also selected by the ACM.
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Figure 8.2: (a) The pole manifest set (2p (solid red line) of the LPV-IO representa-
tion Mo (S). Sampled pole locations are denoted by . (b) First 15 Markov param-
eters of the impulse responses of o (S) with respect to all constant scheduling
trajectories p(k) = p.

The results of the algorithm are presented in Table 81l and in Figure[83] The
comparison in Table[8lis presented in terms of N,,, the average number of itera-
tions based on 10 runs of the algorithm starting from random Vj; n., the number of
obtained clusters; S,, the Normalized Entropy (see (Z.I81)); x, the Xie-Beni valid-
ity index (see (ZI78)); p, the achieved decay rate (see (8.11)); and €, ., the worst-
case absolute error of the impulse responses of the truncated series-expansion rep-
resentation of each F; € Zp in terms of the resulting OBFs with n. repetitions. In
Figure the resulting basis poles are given by blue x for each solutions to-
gether with the sampled poles (red o). By using the cluster centers as basis poles,
A,. =V, the resulting boundary of Q2 (A,,_, p) is also given in Figure[8.3] Based on
these, the following observations can be made:

Analysis of the results

e The values of N,,, which are based on the results of 10 runs starting from
random Vj, are relatively low, but they are growing with m. Explanation lies
in Theorem[B.2] by which .J,,, — 0 as m — oc. This property introduces both
increased computational error and flat shapes of membership surfaces for
large m (compare Fig. [84h toB8.4b). Flat surfaces give smaller improvements
towards the minimum of J,, in each iteration of Algorithm than the
smooth slope of the m = 2 case.

e The FKcM with ACM (e = —15dB), starting from ngo) = N, /2, converges
to a 8-cluster-based partition for low m, but in case of higher values of
m, the optimization has different attractive solutions, like the m8ad8 and
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Figure 8.3: Results of FKcM clustering in the considered cases: sampled poles
(red o), resulting cluster centers (blue ), and boundaries of 2 (A,,., p) (green bold
lines).
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Table 8.1: Comparison of algorithmic results in terms of N,,, the average number
of iterations based on 10 runs of the algorithm starting from random Vj; n., the
number of obtained clusters; S., the Normalized Entropy; x, the Xie-Beni validity
index; p, the achieved decay rate; and €], the worst-case absolute error of the
impulse responses of the truncated series-expansion representation of each 75 €
Zp in terms of the cluster centers generated OBFs with n, repetition.

Testcase | Nay | nc | x(dB) | p(dB) | Se | efex!(dB) | elex?® (dB)
m2ne8 21 8 | —17.49 | —55.86 | 1.79 —43.73 —146.61
m8ads 37 8 | —12.42 | —58.38 | 2.41 —46.90 —171.41
m8adll | 65 | 11 | —8.44 | —83.11 | 2.94 —77.33 —249.63
m25n.8 | 56 8 | —13.20 | —61.36 | 2.43 —45.34 —168.83
1 0.15
0.8 1
o
c 0.144
[4
2
E 013
=

et g e

Imaginary axis -1 Real axis Imaginary axis 44 Real axis

@ m=2n.=38 (b) m = 25,n. =8

Figure 8.4: Membership functions of the 8" cluster for different m. In the second
case the point corresponding to vg is not shown due to the peaking nature of the
function to 1 (only a straight line to 1 from a flat surface would be presented).
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Error

Sample [k] ) Sample [K]

(a) m2n.8 (b) m8ad8

° Sample [K] 60 Sample [k]
(c) m8adll (d) m25n.8
Figure 8.5: Approximation error of the frozen impulse responses of R0 (S) by the

impulse responses of the truncated expansion representations of each 7; € %p in
terms of the FKcM clustering obtained OBFs.
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md8adll cases. Here both the 8 and the 11 cluster-based partitions are at-
tractive, depending on the initial position of the cluster centers. However,
mé8ad8 achieves a lower entropy Se than m8ad11, suggesting that m8ad§ cor-
responds better to the natural data structure. As different initial conditions
can drive the FKcM with ACM to converge to partitions with different n.,
it is suggested to the user to choose the one with the lowest S, as it most
likely yields the “best” partition (see Chapter 2.5).

e y is small in all cases, showing that each partition represents the underly-
ing structure well. However, x is not comparable for different m. x has a
decreasing tendency with growing n. and an increasing tendency for grow-
ing m, therefore the fact that x,,25n.8 < Xmsads supports that m25n.8 corre-
sponds better to the underlying data structure in the KnW sense than m8ad8.
However, such a comparison can not be made with respect to the m8ad11-
case.

e The region Q (A, p) describes the pole locations of all transfer functions
that have a series-expansion with a worst-case convergence rate of p in terms
of the A,,, associated OBFs. For the resulting cluster centers, the boundary of
Q (Ay,, p) is relatively tight in all cases except for m2n.8 and it also includes
Qp (see Figure[B2). This means that the convergence rate of the basis has
been focused/optimized for LTI systems with transfer functions that have
poles close to the frozen poles of Rio(S). g is also acceptable, which means
small modeling error, i.e. fast convergence rate if the corresponding poles
generated orthonormal basis are used for the series-expansion representa-
tion of the frozen behaviors of S. In terms of Section 5.4] this implies fast
convergence rate of the series-expansion of S with respect to the derived ba-
sis. In the m8adl1-case, p is the best, which is the consequence of the larger
(ne = 11) number of OBFs only. By repeating both the obtained pole sets in
the Hambo generation of the basis functions, i.e. using ne > 0, such that the
number of generated basis functions are equal, comparison of the KnW per-
formance of these cases becomes available. Based on such a comparison, it
follows that m25n.8 is better in the KnW sense, which is in agreement with
Theorem B2l The partition m2n.8 is the worst among these results, which
suggests that only larger values of m can ensure the quality of the obtained
solution.

e Figure and Table show the representation errors of the frozen im-
pulse responses of 1o (S) by the impulse responses of the truncated series-
expansion representation of each 7; € #p in terms of the OBFs generated
by the cluster centers with n. repetitions. From these results it follows that
the obtained set of OBFs has negligible representation error with respect to
Sp, which has been our main objective (see Section 83.J). Among the so-
lutions with 8 basis functions, surprisingly mé8n.8 has the lowest represen-
tation error of the frozen impulse responses instead of m25n.8. Based on
the previous results, one would expect that the representation error of the
frozen impulse responses is less for OBFs generated with higher m, how-
ever this is not the case here, due to the fact that (2p is sampled. Even if
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m25n.8 delivers a better choice with respect to the sampled pole locations,
it is not guaranteed that the reconstruction of Qp, based on the sample poles,
resulted in a better estimate than in the other cases. By comparing the results
in terms of S, such a phenomenon is clearly indicated. The quality of the
information, i.e. how well the pole samples describe Q2p is highly significant
in establishing optimality between the sampled-poles-based OBFs and the
original system.

In conclusion, the FKcM solutions for the considered example are converging
relatively fast to optimal partitions in terms of Theorem 8.1l In accordance with
Theorem [B2] as m increases, these partitions give better solutions of Problem [81]
ACM also ensures proper selection of an efficient number of OBFs in the KnW
sense, if the different settling partitions are compared in terms of S.. Furthermore,
validity of the derived partitions is supported by low x in all cases.

Comparison of results to solutions obtained by the gradient search method
(Heuberger et al! 2005, Ch. 11), is only possible if the number of available sam-
ples of Qp is so high that there is no need for the reconstruction of Qp. Thus an
advantage of the FKcM approach is that it gives a solution for the practical case
when only few samples of Qp are available. In the unrealistic case, when Qp is
known, both algorithms converge to similar solutions, but with a lower compu-
tational time in the FKcM case. The two algorithms also have similar properties
in the sense that they only yield convergence to local minima. As online selection
of the efficient number of OBFs is very difficult to implement into the gradient
search method, the FKcM approach, with strategies like the ACM, has a second
advantage over gradient approaches.

8.4 Robust extension of the FKcM approach

During the development of the FKcM approach, we have assumed that some sam-
ples of Qp are given. These samples have been used as a data set, i.e. a source of
information on which the developed basis selection tool is based on. We have mo-
tivated that such samples are available in practice either based on first principle
information or as the poles of model estimates of the frozen system set .#p. These
model estimates are considered to be the result of LTI identification of the LPV
system with constant scheduling signals. However, system identification is in
practice always affected by noise, thus the pole locations of the estimated models
are the realizations of an underlying probability function of the frozen poles. This
means that selecting basis functions, based on estimated poles, carries the risk that
the result of the basis selection by the FKcM method is significantly effected by the
noise. In this section, we aim to provide a robust solution of the previously con-
sidered basis selection problem by reformulating the developed FKcM approach,
such that it takes into account the uncertainty of the pole estimates.
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8.4.1 Questions of robustness

In prediction-error identification, each estimated pole can be associated with an
uncertainty region in the complex plain for a certain level of confidence. In the
classical literature, ellipsoidal regions are quantified that are the results of the lin-
earization of the map from parameters 6 to pole locations {\}. In Section[2.3.6] an
alternative approach of [Vuerinckx et all (2001) has been introduced that charac-
terizes pole uncertainty regions of the model estimates without linearization. The
approach leads to a (possibly disconnected) uncertainty region P(Qg, ) C C for
which it holds that

A, An € P(Qp, ), with probability > « (8.15)

where {1, ..., \,} are the poles of the model estimate. Note that this uncertainty
concept is still necessarily conservative as it disregards covariance of the pole es-
timates. However, later it will be shown that the locations of the possible pole
estimates, i.e. possible poles of a transfer function set, are formulated in the same
worst-case sense as the KnW theory. Based on this, it is clear that by using the
uncertainty regions provided by this approach as data objects in both the recon-
struction problem of {2p and the KnW optimization problem, the basis selection
task can be solved in a robust sense.

In the original problem of FKcM clustering, the samples of Qp form a finite
set of points Z in D. Because of the fact that the set Z is finite, both the recon-
struction problem and the minimization of (8.4) can be analytically computed and
solved via the proposed algorithm. However, if Z is not a finite set but a collec-
tion of complex regions, i.e. uncertainty sets, it is not trivial how to calculate p in
(84) with respect to these regions or how to obtain the worst-case KM distance
involved in the FKcM as the dissimilarity measure d;;,. Subsequently the problem
rises how to solve the selection problem of the OBFs poles by using the FKcM
mechanism.

To provide answers for these questions, in Section [8:4.2] we first show that by
using results of hyperbolic geometry, 8.3) and its 1-width version, the so called
Kolmogorov measure, can be analytically computed if the regions in Z are hy-
perbolic circles or hyperbolic segments. However, shapes of uncertainty regions
can vary arbitrary, thus to use the developed hyperbolic results, the regions must
be covered by a collection of hyperbolic circles or hyperbolic segments. Thus, in
Section also a practically applicable multistep procedure is developed that
covers complex regions with the union of hyperbolic circles. In this way, the KnW
optimization problem (84) and also the reconstruction problem of Qp by the clus-
tering of pole uncertainty regions can be solved along a similar line of reasoning
as in Section This robust extension of the FKcM clustering is developed in
Section[84.4]and its properties are investigated again in terms of optimality of the
solution, numerical convergence, etc. Based on this, it is shown that the result-
ing algorithm provides the selection of asymptotically optimal OBFs in the KnW
sense for the local behaviors of S even in case of significant measurement noise.
This property is also illustrated through an example.
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Figure 8.6: Hyperbolic objects of the Poincaré disc model.

8.4.2 Basic concepts of hyperbolic geometry

In order to develop the required geometrical tools, the basic aspects of the 2-
dimensional Poincaré disc model of hyperbolic geometry are introduced in the se-
quel. Based on new results, it is also shown that hyperbolic geometry generalizes
results of the KnW theory.

The 2-dimensional Poincaré model provides a conformal disc model, where
points of the geometry are in a complex disc. The lines are segments of circles that
lie inside the disc, where the circles themselves are orthogonal to the boundary of
the disc, or the segments are part of a diameter of the disc (see Figure B.6). Before
defining these objects, it is motivated why this geometric model has important
relations to the KnW theory.

We have already discussed that the Kolmogorov measure (see Definition [8]) is
equal to the cost function of the 1-width Kolmogorov problem (n, = 1) (see (8.3)).
Based on this property, the KM had an important role as a dissimilarity measure in
the FKcM algorithm to formulate KnW optimality of the obtained solution in an
asymptotic sense. Additionally, this observation has an important consequence
for geometrical objects in D which are convex in terms of the KM. Namely, that
in the ny = 1 case, the solution of (8.4) with respect to regions equivalent with
these objects can be found through LMI’s based optimization. We will see that
this property provides an efficient way to solve the heavy nonlinear optimization
problem that (8:4) represents and is also the key ingredient to handle the robust
basis selection problem. In the following, we first introduce some simple convex
objects in the KM sense and additional geometrical tools that are required in the
second part to develop three key results for the above mentioned property.

The most simplest of the convex objects in the KM sense are the segments of
hyperbolic lines which are introduced through the concept of i-lines (see Figure
[B.6la) and their orthogonality in C:

Definition 8.2 (i-line) (Brannan et all[1999) In C, an i-line L is either an Euclidian
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line E:

ifr <oo, Im(z)
else, Re (z)

with y-intercept e € C and slope r € RS U {oo}, or Euclidian circle K

I

L=E(er) = {ze@

rRe(z) +e
. } , (8.16)

L=K(e,r):={2z€C||z—e| =1}, (8.17)

with center e € C and radius r € R, such that L N D # (.

Definition 8.3 (Orthogonality) (Brannan et al“lﬂﬂg) Two i-lines Ly and Lo are or-
thogonal, iff

Ly Lo LilL,
line | line Euclidian orthogonality
circle | line if L1 = K (e1,r1), then e; € Lo

circle | circle Vz € L1 N Ly # 0, the radii of
Ly and Ly through z are orthogonal

Now it is possible to define hyperbolic lines and segments (see Figure [8.6):

Definition 8.4 (h-line & h-segment) (Brannan et al![1999) A hyperbolic line (h-line)
is defined as H = L N D, where L is an i-line, L L J (orthogonal to the unit circle),
and D is the unit disc. The section of H between x,y € H is denoted as Hyy and called a
hyperbolic segment (h-segment).

Lemma 8.1 (Uniqueness of h-lines) (Brannan et al.[1999) If x # y and x,y € D,
then there is a unique h-line H such that x,y € H.

Hence h-lines are part of Euclidean circles orthogonal to the unit circle or part of
Euclidian lines through the origin, where the part is strictly inside D. The con-
cept of h-bisectors of h-segments (see Figure B.8lb) is also important to develop
connections of Euclidian and hyperbolic geometry.

Definition 8.5 (h-bisector) (Brannan et all[1999) The h-bisector of the h-segment Hy,
(segment of h-line H), is an h-line H+e» containing the midpoint (in the KM sense) of
H,y and H+e» | H, meaning that their corresponding i-lines are orthogonal.

Circles are convex geometrical objects in Euclidian geometry. Their counterpart
in hyperbolic geometry (see Figure[8.6b) is defined as follows:

Definition 8.6 (h-circle & h-disc) (Brannan et all[1999) A hyperbolic circle (h-circle)
Ky (en, rn) and a hyperbolic disc (h-disc) Dy, (en, rn) with h-center ey, € D and h-radius
ry € (0, 1) are defined as

Ky (eh,rh) = {Z eD | K1 (Z, eh) = rh}, (8188.)
Dy (eh,rh) = {Z eD | K1 (Z, eh) < rh}. (818b)
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To establish connection with the Euclidian geometry, the following lemmas are
important:

Lemma 8.2 (h-circle equivalence) (Brannan et all[1999) For any Euclidian circle
K(e,r) C Dwithr > 0, there exists a unique h-circle K, (en, ry), such that Ky, (en, rn)
= K(e,r) and ey, is strictly inside K (e, r),i.e. | e —e |<T.

Lemma 8.3 (h-center relation) For any h-circle Ky, (en, rw) and its Euclidian equiva-
lent K (e, r), there exists a ¢y, € R, such that e = @yeyp,.

The proof of Lemma is given in Appendix From Lemma it follows
that the same equivalence holds between discs and h-discs. Furthermore, Lemma
states that the h-center and the Euclidian center of a circle or a disc lie on the
same Euclidian line connecting them to the origin. Note that hyperbolic circles are
defined through the KM measure. Therefore, based on (2.173) and Proposition[2.1]
for any circular pole region 2 = Dy, (en, 1), the optimal A,, in the Kolmogorov n-
width sense is A,, = [en,...,en with p = r. This important consequence
generalizes the result of [Pinkus ) for the pulse basis (see Section [2.4):

Theorem 8.3 (KnW optimal OBFs for circular regions of non-analyticity) For
the class of stable transfer functions analytical outside the disc Dy, (en,rn), the set of
(complex) OBFs

) )
Z — €p

n—1

1= 2 et

{igz(z)} with G(z) = 1—zey (8.19)

Z — €p
=0

are optimal in the KnW sense.

The proof of Theorem [B3]is trivial from the previously described motivation. To
utilize this property of h-circles in the sequel, the following concepts are crucial:

Definition 8.7 (Angle of h-lines) (Brannan et al“l&ﬁg) Let Hy and Ho be two h-lines
intersecting in point x and let Hs be an h-line intersecting Hy in'y and Hy in z. Then the
angle vy, between Hy and Hy is defined by the cosine rule:

sin(k1(x,y)) sin(k1(x, z)) cos (yn) = cos(k1(x,y)) cos(k1(x,z)) — cos(k1(y,z)),

By convention, v, is the acute angle between Hy and Hy (if v, > 7, then y, := § — ).

Definition 8.8 (h-inversion) (Brannan et alll1999) b : D — D is called an inversion

with respect to the h-line H, iff by maps h-lines to h-lines, preserves angles between h-
lines, and b (z) = z forVz € H.

The following properties are immediate:
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Lemma 8.4 (h-inversion uniqueness) (Brannan et al![1999) For Vx € D, there exists
an h-inversion Yy, such that b (x) = 0 and b (0) = x. If x # 0, then the h-line H
associated with by is unique and H = H+®0, otherwise H can be any h-line through
the origin.

In the sequel, the notation by is used to denote the h-inversion associated with x.

Lemma 8.5 (Hyperbolic group) (Brannan et all[1999) The h-inversions generate a
hyperbolic group D whose elements ty : D — D are called hyperbolic transformations.
Each by € D is a conformal mapping of D.

These give the following crucial observations:

Lemma 8.6 (h-circle transformation) (Brannan et all[1999) For any b € D and h-
circle Ky, (en, rn),
b (K (en,rn)) = Kun (b (en),xn) - (8.20)

Corollary 8.1 (k-invariance) (Brannan et al.[1999) 1 (x,y) is invariant under D,
meaning that k1(x,y) = k1 (h (x),b (y)), forallh € Dand x,y € D.

Now it is possible to develop three key results that are used for the robust solution
of the basis selection problem.

Theorem 8.4 (x;-metric) The Kolmogorov measure r, is a metric on D.

The proof is given in Appendix[A3] This shows that KM is a natural “distancdd”
on D.

Theorem 8.5 (h-segment worst-case distance) Given x,y € D, x # y, defining the
h-segment Hyy, then for any v € D

zflel%[ii k1(v,z) = Zlelgy);}m(v, 2). (8.21)

The proof is given in Appendix[A3] This shows (see Figure[8.7h), that the worst-
case KM of any point in D with respect to an h-segment can be calculated as the
maximum of the KMs with respect to the endpoints of the segment. In Section
[B:44] this result is used in the solution of the KnW optimization problem for cal-
culating the worst-case cost of basis pole candidates with respect to uncertainty
regions associated with real pole estimates.

Theorem 8.6 (h-disc worst-case distance) Let Dy, (en, ry) be an h-disc and v € D.
Denote by Ky (en,rn) the perimeter circle of Dy, (en,rn) and by H the unique h-line
through v and ey,. Then,

ze{x,y} (822)

max £1(v,z) = ,
Th, ifv=ey

z€Dy

{ max k1(v,z), Iifv# ey,

2Note that KM is not a distance on D in the geometrical sense; only 2arctanh (x1(x, y)) bears this
property and is called the Poincaré distance m]).
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Figure 8.7: Worst-case distance of a point v € D in the KM sense with respect to
(a) h-segment Hyy or (b) h-disc Dy, (e, rn).

where {x,y} = Ky, (en,rnh) N H (see Figure[87b).

The proof is given in Appendix Again this key result is used in the solu-
tion of the KnW optimization problem for calculating the worst-case cost of basis
pole candidates with respect to uncertainty regions associated with complex pole
estimates. Furthermore:

Theorem 8.7 (Convexity) h-segments and h-discs are convex in D in terms of the metric
KM.

The proof is given in Appendix[A3] In conclusion, the importance of hyperbolic
geometry with respect to the KnW theory is twofold. First of all, it can be shown
that the metric associated with this geometry is equal to the cost function of the
Kolmogorov n, = 1-width optimization problem described by (8.3). This equality
is a key property used during the derivation of the FcM based basis selection al-
gorithm (see Section[B.3). The second importance is that by using convex objects
of the hyperbolic geometry as h-lines and h-circles, the solution of (8.4) over these
regions can be turned into a convex optimization problem with LMI constraints.
The latter property is essential to the robust basis selection algorithm developed
later.

8.4.3 Pole uncertainty regions as hyperbolic objects

In the robust basis selection problem the results of hyperbolic geometry will be
applied on pole uncertainty regions. However, the pole uncertainty regions of
Section[2.3.6/do not necessary coincide with hyperbolic objects. Thus, it is required
to approximate these regions by a coverage of hyperbolic objects in order to apply
the developed results. In the following, a simple pragmatic procedure for this
approximation is briefly explained.

In principle it is true that, if an identified transfer function F(q, 6y, ) has a real
valued pole, then the pole-uncertainty region P(Qy, o) of F(q,0n,) (for a given
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confidence level «) contains segments of the real axis. Therefore, these segment
parts of P(Qp, ) can be associated with h-segments without the need of any ap-
proximation. In case F(q,fy,) has a complex pole pair, then P(Qy, o) contains
complex regions which come in complex conjugate pairs. Depending on the un-
certainty of the model estimate, these complex regions can merge into one another,
and can also encircle parts of D which seemingly do not contain any of the esti-
mated or original pole locations (see Section[2.3.6). Thus complex pole uncertainty
regions can occur in complicated shapes. However, with a simple methodology,
quite effective coverage of such shapes can be achieved by h-discs.

Let £ be a separate, complex region in P(Qy.«). Due to the method of T6th
et al. (2008d), the separated regions are distinguished during the calculation of
P(Qp, ). Assume that an equidistant gridding of D is given with step size 7 € R
and the set of grid points is denoted by Q. Let Q- = €2 N Q be the grid points in €
and let Q_ = Q\ Q4. Next, define % as a collection of equidistant Euclidian discs

with centers at each points of Q1 and with radiir = gr. In this way, a coverage
of () is obtained by an unnecessary large number of Euclidian discs determining
uniquely their h-disc counterparts. This is used as the initialization of the iterative
optimization procedure of Algorithm B2]to find an efficient disc-coverage based
on a fixed number of n discs with unequal radii.

In Step 1 of this algorithm, a disc is selected from the coverage which is the fur-

thest from the points of Q_ and its radii can be increased by ¥2 7, without causing
the discs to contain any point of Q_. In case of a tie, an arbltrary disc is selected

from the possible choices. The radius of the selected disc is increased with 2 ¥27in
Step 2. If a disc contains other discs after its radius was increased, then those discs
are removed from the coverage in Step 3. The procedure is repeated till there is

no disc whose radius can be increased by \/_"7' without contammg a point of Q_.
The optimization results in a h-disc coverage that gives an “optimal” coverage for
the grid-points Q4 with a minimal number of circles, however this number can be
much larger than desired. Therefore a second optimization is initiated in Step 5,
which gives a suboptimal approximation of this coverage by a predefined num-
ber of discs n. In Step 6, two discs that have the smallest dissimilarity in terms
of £;; = |ej — e;| + |r; — r;|, where e;, e; are the Euclidean centers and r;, r; the
Euclidian radiuses of the discs, are selected. These discs are merged in Step 7 by
increasing the radii of the larger disc with ¢;;. If a disc contains other discs after
merging, then the contained discs are removed from the coverage. Merging is re-
peated till the desired number of circles is achieved. Example B2l shows how the
method works in practice.

Example 8.2 (Hyperbolic coverage of pole-uncertainty regions) Continue Example2.Ilby computing the
Typerbolic coverage of the pole uncertainty regions with Algorithm[82using = 1073, For regions associated
with different confidence levels, the results are given in Figure[8:8 As can be seen, even the complicated butterfly
region is rather well approximated with a small number of h-discs.
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Figure 8.8: (a) 20 h-discs based coverage of a non-connected uncertainty region
of Figure 2.6 with confidence level 1%. The overfit in area is 4.55%. (b) 40 h-discs
based coverage of a connected uncertainty region of Figure 2.6l with confidence
level 99%. The overfit in area is 4.35%.

Algorithm 8.2 (Disc coverage of complex regions)

0. Initialization:

1. Furthest h-discs:

2. h-disc extension:

3. Remove discs:

4. Check of convergence:

5. Check of cardinality:

6. Most similar h-discs:

7. Merging:

Let 9y := {D(e, @T)}eeQ+ be a disc coverage of

(2 based on the step size 7 > 0. Letn > 0 and [ := 0.

Find a D(e,r) € Z; such that min min |v —z|is
vEQ- z€D(e,r)

maximal on Z; and D(e,r + gT) NQ- =0. Let

Dy=D(e,r+ @7) otherwise D; = .

If such D exists, then 7,41 = (2, \ D) U D.
Remove all D from 7,4, which satisfy D C D.
If D; # 0, then set [ :== [ + 1 and goto Step 1.

If card(Z;+1) < n, then stop, else set [ := [+ 1 and
continue with Step 6.

Find Di(ei,ri), Dj(ej,rj) € 9 such that D; 75 Dj,
r; > rj,and g;; = |e; — e;| + |r; — r;| is minimal.

ﬁl = D(ei, r; + Eij) and @lJrl = (@l \ {Di, DJ}) U bl.
Perform Step 3 and goto Step 5.
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8.4.4 The robust pole clustering algorithm

In the following, the robust extension of the original FKcM approach is discussed.
As the mechanism of the clustering remains the same in the robust extension, we
will follow the same line of reasoning as in Section [83] However, we investigate
and derive these results in a different problem setting.

Let { F5, }7o¢ be a set of nj,. > 1 estimated frozen transfer functions of the LPV
system S identified for constant scheduling signals: p; € P and IO partition (u, y).
Each Ff,,i is associated with a pole uncertainty region P5, containing a number of
regions in D. Let { Qk}kN;1 denote the collection of these regions and introduce 2y,
as the set of hyperbolic objects describing/approximating each 2, as has been
discussed in Section If 2, is a segment on the real axis (real pole), then
associate Z;, with an h-segment being equal to €2, else associate it with a union
of h-discs covering €2, (complex case). Denote Z = {Zk}gil and call it the data
set. Similar to the original FKcM algorithm, introduce 1 < n. < N, as the number
of clusters or data groups, v; € D as the cluster centers, and p; : D — [0, 1] as the
membership functions of the clusters for all z € D. By using the threshold value
€, we again obtain the set

Q. ={zeD|Fielf, u(z) >e}, (8.23)

which is used to formulate the robust variant of Problem [B.Tt

Problem 8.2 For a set of pole uncertainty regions {Pg, } ;2% , described by a set of hyper-

lc

bolic objects Z, and for a given number of clusters n., find a set of cluster centers {v; };<,,

Ne

a set of membership functions {p;};<,, and the maximum of e, such that
e (). contains Z.

o With respect to Q., the OBFs, with poles A, in the cluster centers {vi}?;l, are
optimal in the KnW sense, where n = n..

Again, the solution is based on finding clusters in accordance with the KnW con-
cept and subsequently finding a maximal value for ¢, such that all uncertainty re-
gions are inside (2. It is obvious that the only difference between the robust and
non-robust clustering problem is in terms of the data objects, which are points
(poles) of the complex plane in the non-robust case and regions of the complex
plane in the robust case.

Denote V' = [vi]:) and U =[], .y, Where pg, = max.ez, pi(z) is the
degree of membership of 2y, to cluster i. Furthermore, “distances” d;, between v;
and Zy, are also introduced to measure dissimilarity of Z with respect to each clus-
ter. To derive an algorithmic solution of Problem [82] this dissimilarity measure is
defined as the Kolmogorov measure, the cost function of the 1-width version of
(B4), but instead of pointwise, it is defined with respect to each 2, in a worst-case
sense:

dix = max k1 (v, 2) . (8.24)
z -

€Zy,
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Note that by applying Theorems[8.5land[8.6] d;; can be computed analytically with
respect to each Zj, € Z. If Zj, is a h-segment between points z;1, zx2 € (—1,1), then
d;1; is the maximum of the Euclidian distance between v; and these end-points. In
case 2y is a union of h-discs, then first the intersection points are computed for
each disc between the perimeter of the disc and the h-line connecting its h-center
with v;. Then d;;;, results by calculating the maximum of the KM between these
points and v;. In all cases d;;, > 0, as the worst-case “distance” over regions can
never drop to zero. In the sequel, it is shown that similar to the original FKcM
approach, this specific choice of dissimilarity measure relates the FcM asymptot-
ically to the KnW theory, and in this way to the solution of Problem[8.2] In order
to uniquely associate each d;;, with a membership level p;), the set of membership
function is restricted to satisfy ., p1;(2) = 1, which requires again that U € U2

(see 2I79))

In the robust FKeM case, the fuzzy-functional .J,,, (U, V) is formulated as

I (U, = max Z uird;r = max max Z ik (v, 2), (8.25)

keﬂNZ kellz 2€2k <

where the design parameter m € (1, c0) determines the fuzziness of the resulting
partition. This functional defines the cost function, i.e. the criterion of the expected
solution for Problem [82] The intuition behind the choice of m is similar as in the
non-robust case. (825) also corresponds to a worst-case (max) sum of error criterion
and its relation with the KnW optimality of (U, V) is the same as in the FKcM
algorithm except that here the KnW problem is considered for regions and not for
points of D. Based on these, the following theorem yields the solution of Problem
3.2

Theorem 8.8 (Optimal Robust Partition) Let m > 1, a fuzzy partition (U,V) €
Z/{fl\iz x D™, and a data set 7 = {Zk}kNgl be given, where Zy, is either an h-segment
between points zj1,zx2 € (—1,1) or a union of ny, h-discs with h-centers {ey; };"*, and
h-radii {rj;}"*,. Denote [V|; = v; and [Ul;; = pij. Define ~;(v,U) as the minimal
value of T € [0, 1] fulfilling the quadratic constraints:

1—zv]* -( —v)
7. >_
[ uT (o )" e =0, VYz€Z, (8.26)

forall k € 1Y, where v € D. Additionally, let d;;, = max.cz, ki1(v;, 2) be the dissimi-
larity measure % Zy, with respect to V.. Then (U, V') is a local minimum of J,,, if for any
(i,k) € 17 x Iy

L 71
e dip \ ™1
i , 8.27
e Z(%‘k) (8.272)
j=1
v, = argmeiﬂr)l’yi(u,U). (8.27b)

The proof is given in Appendix[A3] Similar to the FcM case, minimization of
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(825), subject to ZI75), is tackled by alternating optimization which yields the
same algorithm as Algorithm except in Step 2 and Step 3 the solutions are

obtained via (8.27a) and (8.27D).

8.4.5 Properties of the robust FKcM

As a next step we investigate the properties of the robust extension of the FKcM
algorithm. It is shown that KnW optimality of the resulting cluster centers (if
the solution is the global minima of (825)) holds again in an asymptotic sense
(m — o0). Practical implementation of the algorithm is also discussed together
with how the conservatism of the used pole uncertainty concept influences the
procedure.

Asymptotic property

We use the asymptotic properties of J,,, to explain the specific choices for the fuzzy
functional (8:25) and the dissimilarity measure (8.24).

Theorem 8.9 (Asymptotic property of .J,, in the robust FKcM) Given a data set
7 = {Zk}kN;I, N, > 0, and a set of cluster centers V. € D", n, > 0. Define Uy, as a
membership matrix of V satisfying (8.27a)) for m > 1. Then

T (U, V) = nl~™ max [H dik] YL o) (8.28)

kell= i=1

Furthermore, J,,(Uy,, V') decreases monotonically with m, and Jo(Us, V') = 0.

As the proof is not affected by the specific choice of d;i, the same proof can be
exploited as in the original FKcM case (see Theorem [8.2). Based on Theorem 8.9
for large m and for a U satisfying (827a), .J,,, corresponds to

Ne 1/nc
Jn(U, V) ~nl ™ max max [H‘_l k1 (U4, z)} , (8.29)

kellz €2

thus its minimization gives a close approximation of (84), enabling the FKcM to
solve Problem [8.2] directly. However, if m — oo, then again numerical problems
can occur in the minimization of (8.27b). Therefore, to obtain a well approximating
solution of Problem an appropriately large value of m € (1,00) should be
used. Just like for the original FKcM, m € [5, 10] usually yields satisfactory results.

Similar to the previous case, for m > 1 the FKcM-functional (8:25) is a bounded
(0 < Jp, < 1) monotonically decreasing function both in {d;;} and U, which al-
lows Algorithm[B.T]to converge in practice in the same sense as has been discussed
in the non-robust case. By using different initial choices of V;, all local minima of
(8:25) can be explored. From these multiple runs, the best set of the obtained OBFs
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can be selected by comparison of the achieved decay rate, which is formulated in
the robust case as:

Ne

p = max max
kely® 2€2k =
i=

zZ — U;

. (8.30)

*
1—zv;

Comparison can also be made by visual inspection of the boundary region of
Q (Ay,, p). In practice, uniformly random choices for Vj are suggested.

Optimization

In order to derive an algorithmic solution of Problem in terms of Theorem
it is important to define the regions Z;, as inequality constrains. Such form
would enable to use (8.26) as a quadratic constraint and apply the same LMIs
based optimization as in the FKcM case. Using the hyperbolic geometry, each
uncertainty region can be represented in the following way:

e If Zj is an h-segment then for z € Z;, it holds that

zr1 <z < zpa. (8.31)

o If 2y, is the union of h-disks then for a z € Z, there exists a | € [7* such that

_ ok 2 _
[T-zen | z—en | (8.32)

* *
Z — €y Tt

As the resulting descriptions define an inequality (see 8.31) or a set of quadratic
constraints (seeB32) thus (8.27D) is equivalent with a minimization problem with
QCs where v is the optimization variable and v is the decision variable. As the
structure of these constraints is similar as in the non-robust case, it is possible
to derive SoS relaxations through which (26) and (831) turn into LMIs. The
resulting LSDP can be efficiently solved by LMI solvers. Alternatively, bisection-
based recursive search can be used to obtain the minimization of ~; in (8.27D).
Also numerical conditioning of U; can relax the computational need of the LMI'’s
based optimization and the termination criterion of the overall algorithm can be
established similar to the original FKcM method. For details on these items see
Section Similarity-based ACM (see Section [Z.5) can also be used for the
determination of the number of “natural” groups in Z, i.e. the best suitable n.
for clustering, which is also important for the successful application of the robust
FKcM method.

Conservatism of the pole uncertainty concept

The approach of calculating pole uncertainty regions, presented in Section
projects ellipsoidal uncertainty regions of parameter estimates to regions in the
complex plane. It has been already explained in Section that these regions
represent the set of possible pole locations of the model with respect to the pa-
rameter uncertainties with the given confidence level. However, the covariance
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of the poles, i.e. which poles occur together in the model estimate with the given
confidence level, is disregarded in this representation. Thus, the projection is in-
herently conservative as for a pole uncertainty region P of a 5 order system it is
not guaranteed that for any 5 arbitrary chosen points {\1,..., A5} in P there ex-
ists a parameter vector 6 in the ellipsoidal parameter uncertainty region such that
the model associated with 6 has poles {A1,...,As}. In other words, neglecting
the covariance between the pole estimates introduces conservatism. However, it
is true that for any point in P it is guaranteed that there exist 4 other points in P,
such that these 5 points correspond to the pole locations of a model whose pa-
rameters are in the ellipsoidal parameter uncertainty region. This means that the
pole uncertainty regions obtained by this method contain all possible, including
the worst-case pole locations that can occur due to the uncertainty of the obtained
model. However, such worst-case conservatism completely matches the worst-
case concept of the KnW theory (see Section 2.4). Thus the conservatism of the
projection does not affect the basis selection mechanism. This is an important
observation which underlines the validity of the presented approach.

8.4.6 Simulation example

In the following an example is given to visualize the applicability of the robust ba-
sis selection mechanism and to enable comparison with the original FKcM method.
In this example it is shown that disregarding pole uncertainties during the basis
selection process can result in a lower worst-case convergence rate of the obtained
basis functions.

Data generation

Consider again the asymptotically stable SISO LPV system S given by the LPV-
IO representation (8.14). By using constant scheduling signals with values {0.6;
0.6+ 7;...;0.8}, where 7 = 0.04, 6 local LTI-IO representations of S are obtained,
whose pole locations are samples of Qp (see Figure [82h). We use fewer constant
scheduling points in this case than before, to make the results and the figures
more transparent. The LTI models, associated with constant scheduling signals,
in this example are estimated. The identification of each frozen model has been
based on a OE parametrization and 250 samples long measured IO signals of the
system. The measurements contained additive white output noise e with nor-
mal distribution N(0,0.1) and a white input signal « with uniform distribution
U(—1,1). Using the pole uncertainty concept of Section 2.3.6] the pole uncertainty
regions {’Pi}?:l of the estimated models have been calculated with confidence
level & = 99%. The resulting uncertainty regions consist of N, = 6 - 5 complex
regions {Q;}+*, which are presented in Figures 89h-b. In Figure B9h, the esti-
mated frozen poles are denoted by o with a color indicating the constant schedul-
ing trajectory they are associated with (deep red p; = 0.6 < yellow ps = 0.8).
The perimeter lines of the pole uncertainty regions are given in Figure with
a color indicating which poles they are associated with. Based on these figures,
the resulting uncertainty regions are relatively large, prognosticating that using
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only the estimated poles by the non-robust algorithm can result in a serious per-
formance degradation of the obtained solution. In order to derive an OBF set

for S based on the robust FKcM mechanism, a hyperbolic coverage {Zk}kN;1 has
been generated with respect to each region ), using gridding step size 0.01 and
20 h-discs per complex region. The average overfit in area has been 4.5% of the
resulting coverage (see Section [8.:43]for details on this algorithm).

Robust and non-robust pole clustering

For the identified pole locations, the non-robust FKcM algorithm has been applied
with m = 8 and n. = 8 (denoted by mé8n.8§), while for the obtained hyperbolic cov-
erage, the robust FKcM with the same fuzzyness m and number of clusters n. has
been executed (denoted by rob-m8n.8). Note that m = 8 has been used to guaran-
tee close approximation of the asymptotic case similar to the choices of the exam-
ple presented in Section[8.3.31 Moreover, n. = 8 has been used in both algorithms
to enable comparison to the previous example. Note that the estimated poles form
more or less 8 groups in this case as well (see Figure[8.9h), however this is not true
for their associated uncertainty regions where only 5 groups can be detected (see
Figure [89b). The results of the clustering are presented in Figures [B.I0h-b and
also in Table 82l In these figures, the resulting cluster centers are given by blue
x. To visualize the performance of the associated OBFs, the perimeter of their
Q(A,,, p) region with respect to the uncertainty regions/pole estimates is given
with a green bold line. Additionally, to compare the performance of the result-
ing OBFs the achieved Q(A,,_, pia) regions (green bold line) of the basis functions
with worst-case convergence rate jiq are given in Figures BITh-b with respect to
the estimated pole locations. The performance is also compared in terms of their
achieved Q(A,,, punc) regions given with respect to the uncertainty regions in Fig-
ures[B1Zh-b, and also in terms of their achieved Q(A,,,, ftrue) regions given with
respect to the true frozen poles in Figures[BI3h-b. These figures have been gener-
ated for comparison purposes to show why the use of the robust FKcM clustering
delivers a better basis for the frozen behaviors than the non-robust solution. In
Table the comparison of the results is presented in terms of the previously
used indicators like y, the Xie-Beni validity index and Se, the normalized entropy
together with the achieved decay rate with respect to the estimated pole loca-
tions: piq, to the uncertainty regions: punc, and to the true pole location of the local
systems: pirue. Additionally, €], the worst-case absolute error of the impulse
responses of the truncated series-expansion representation of each 7; € Zp in
terms of the generated OBFs with n, repetitions, is also given. Based on these and
the previous results of Section[8.3.3] the following observations can be made:

Analyzing the results

The resulting partitions of the non-robust (m8n.8) and the robust FKcM cluster-
ing (rob-m8n.8) solve the basis selection problem for the identified pole locations
/ pole uncertainty regions. This follows from the tight fit of the resulting bound-
ary regions (see Figures [B10h-b) with respect tot the data sets and the achieved
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Table 8.2: Comparison of algorithmic results in terms of x, the Xie-Beni validity
index; S., the Normalized Entropy; the achieved decay rate with respect to the
estimated pole locations: piq, to the uncertainty regions: punc, and to the true
pole location of the local systems: pire; and €, the worst-case absolute error
of the impulse responses of the truncated series-expansion representation of each
Fp € Zp in terms of the cluster centers generated OBFs with n. repetition. All
results are given in dB.

Se ne=1 Ne=3

Test case X Pid ijunc ﬁtrue €max €max

rob-m8n.8 | 38.958 | —52.444 | —43.695 | —47.012 | 2.830 | —37.326 | —140.919
m8nc8 —5.003 | —62.809 | —32.165 | —44.052 | 2.828 | —32.165 | —131.207

Imaginary axis
Imaginary axis

0 0.5 1 0 0.5 1

Real axis Real axis
(a) estimated poles (b) uncertainty regions

Figure 8.9: Estimated frozen poles of fRio(S) and their associated uncertainty re-
gions. The poles are denoted by o in subfigure (a) with a color indicating the con-
stant scheduling trajectory they are associated with (deep red p; = 0.6 < yellow
ps = 0.8). The perimeter lines of the pole uncertainty regions are given in sub-
figure (b) with a color indicating that which estimated poles they are associated
with.
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Figure 8.10: Resulting cluster centers (blue x) of robust FKcM clustering of the
pole uncertainty regions (deep red for p; = 0.6 < light orange for ps = 0.8) and
non-robust FKeM clustering of the estimated poles (red o). To visualize the per-
formance of the cluster centers associated OBFs, the perimeter of their Q(A,,_, p)
region with respect to the uncertainty regions/pole estimates is given with green
bold line.
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Figure 8.11: Performance comparison of the resulting cluster centers (blue x) as-
sociated OBFs in terms of the perimeter of their Q(A,, , pia) region (green bold
line) with respect to the estimated frozen poles (red o) of Rio(S).
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Figure 8.12: Performance comparison of the resulting cluster centers (blue x) as-
sociated OBFs in terms of the perimeter of their Q(A,,_, punc) region (green bold

line) with respect to the uncertainty regions of the estimated frozen poles.
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Figure 8.13: Performance comparison of the resulting cluster centers (blue x) as-
sociated OBFs in terms of the perimeter of their Q(A,,., fuue) region (green bold
line) with respect to the true frozen poles (red o) of Rio (S).
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small value of the worst-case convergence rate with respect to the used estimated
poles/uncertainty regions (see func for rob-m8n.8 and piq for m8n.8 in Table [82).
However, the OBFs represented by the rob-m8n.8 partition are better basis func-
tions for S than the m8n.8 solution, as the worst-case convergence rate (frue)
of the basis poles with respect to the true frozen pole locations is smaller in the
former case. This is also shown in Figure BI3h, where the rob-m8n.8 solution
achieves a relatively tight Q(A,,_, ptrue) On the true pole locations, while the m8n.8
case has quite high performance degradation resulting in a loose bound (see in
Figure [8.13b). This yields a smaller representation error if the rob-m8n.8 OBFs
are used for a truncated series-expansion representation of S, which is proved by
comparing the worst-case impulse response representation errors (}is,,) in Table
The reason why rob-mé8n.8 outperforms the m8n.8 solution, comes from the
fact that the m8n.8 solution is based on only one realization of the probability den-
sity function (pdf) associated with the pole estimation, while rob-m8n.8 is based
on pole regions associated with a level set of the pdf through the pole uncertainty
concept of Section[2.3.6 Therefore, if the realization, i.e. the estimated poles, is far
from the true pole locations, then there is no guarantee about the true performance
of the non-robust OBF selection (e > pid). Contrary, the robust solution obtains
guaranteed performance for any realization inside the used uncertainty regions,
giving a high probability in terms of «, that this guaranteed performance is the
upper bound of the achieved performance with respect to the true pole locations.
This is clearly shown by comparing pirue t0 punc in the robust case. Obviously,
the optimal performance of the non-robust solution with respect to the true pole
locations, pyue = —58.38 dB (see Table [8.) can be achieved in the noiseless case
only.

X is quite high in the rob-m8n.8 case and also moderately high in the m8n.8
case, showing that each partition represents the underlying structure inefficiently.
Moreover, the relatively high value of S, in both cases suggests also that a smaller
number of clusters is more suitable to describe the underlying data structure,
which agrees with the visual inspection of the almost colliding cluster centers (see
Figure [810). This phenomenon is due to the noise uncertainty: the originally re-
quired 8 clusters (see Section[8.3.3)) to describe the samples of Qp are more than the
number of clusters suggested by the identified poles, i.e. their associated uncer-
tainty regions. Using the ACM, the solution converges to a partition that consist
of 7 clusters in the non-robust case and 5 clusters in the robust case which agrees
with visual inspection. By comparing properties of clustering with varying m, the
same conclusions can be drawn as in the non-robust case Section[8.3.3] except that
the computation time increases more rapidly with increasing m.

8.5 Summary

In this chapter, optimal basis selection for series-expansion of LPV systems has
been investigated in the case when only measured data records of the frozen sig-
nal behavior are available. The solution of this problem is crucial to provide a
practical model structure selection tool for LPV identification based on truncated
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series-expansion models. In case of an optimal basis, a fast convergence rate of
the expansion representation implies that only the estimation of a few coefficients
is necessary for a good approximation of the system.

It has been shown previously that Kolmogorov n-width optimality of the basis
with respect to the transfer functions associated with the frozen behaviors is a
necessary condition for fast convergence rate of the global expansion. Thus, it
has been motivated, that a prime objective of the developed model selection is
to find a KnW optimal basis in the frozen sense for the unknown LPV system.
However, the KnW theory is formulated on the fact that the set of pole locations of
the frozen behaviors associated transfer functions is known. As this pole manifest
set is generally unknown in practice, it must be reconstructed from measured data.
It has been proposed that, using measured data records of the frozen behaviors,
some samples of the pole manifest set can be estimated from which reconstruction
of the whole pole set is possible through data clustering algorithms, like FcM. This
has lead to the conclusion that solving these objectives: reconstruction of the pole
manifest set and finding the KnW optimal basis with respect to the reconstructed
set are both required for a practically applicable basis selection tool.

To develop this tool, in Section[82lthe KnW theory has been revisited, showing
how the underlying optimality concept corresponds to the adequate approxima-
tion quality of truncated series-expansion models in the frozen sense. It has been
motivated that beside finding an optimal basis for a fixed n-width, it is also of
crucial importance to find an adequate n. While the former objective corresponds
to the optimal worst-case approximation error of the truncated series-expansion,
the latter determines how many basis functions, i.e. expansion coefficients, are
required for that. Thus to provide an efficient selection of a truncated expansion
model structure for the identification of LPV systems, both questions must be con-
sidered.

In Section both the reconstruction problem and the KnW problem with
respect to the frozen transfer function set have been formulated as a clustering
problem of the sample pole locations. It has been shown that this clustering prob-
lem can be efficiently solved by a modified Fuzzy c-Means algorithm. The devel-
oped algorithm, the so called Fuzzy-Kolmogorov c-Max (FKcM) clustering, has been
shown to give KnW optimal selection of the basis on the reconstructed pole man-
ifest set if the fuzzyness m tends to infinity. In this way, the method involves m as
a user defined trade-off between the optimality of the solution and the required
computational load. It has also been motivated that the alternating optimization
on which the algorithm is based always converges in practice, even if proof of
this property is still need to be found. Additionally, we have explored that the
optimization steps of the FKcM approach can be formulated as Linear Matrix In-
equalities (LMI)s, which can be solved efficiently in practice based on the available
interior point methods. Besides other practical aspect, it has been also discussed
that the use of adaptive cluster-merging provides an effective tool to choose the
width of the KnW problem. In this way, this contribution of the thesis has been
shown to provide an effective basis selection tool for truncated expansion model
selection of LPV system identification.

In order to handle the effect of pole uncertainties that result during the esti-
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mation of the sample pole locations, in Section[84]a robust formulation of the in-
troduced basis selection approach has been introduced. However, to develop the
tools that are needed for this extension, first important connections of hyperbolic
geometry and the KnW theory have been explored in Section[8.:4.2] The main mes-
sage has been that hyperbolic concepts generalize the results of the Kolmogorov
n-width theory with respect to OBFs and also provide simple and efficient ways of
solving the underlying optimization problem with respect to specific regions, like
hyperbolic segments or disks. As a contribution, a theory has been developed in
this section to prove this connection and to provide the ingredients for the robust
solution of the basis selection problem in the LPV case. It has been shown that the
Kolmogorov n-width optimality result of the pulse basis with respect to circular
regions of non-analycity around the origin can be extended. The extended the-
ory proves the optimality of general orthonormal basis functions with respect to
any circular region or h-segment of the unit-disk. As an additional ingredient of
the robust basis selection tool, an algorithm has been developed which provides
efficient coverage of pole uncertainty regions with h-discs.

Using the hyperbolic geometry results, the robust formulation of the FKcM ap-
proach has been developed showing that the main difference of the two problem
setting lies in the fact that clustering of uncertainty regions is required in the ro-
bust case instead of just the estimated poles. It has been shown, that the robust
algorithm has the same properties in terms of KnW optimality, numerical con-
vergence, etc. as the original FKcM algorithm. However, the robust formulation
provides optimal selection of the basis even in case of considerable measurement
noise, i.e. pole uncertainty. The latter property has been illustrated in a simulation
example.

The algorithms, developed in this chapter, provide effective tools for model
structure selection for LPV identification based on truncated series-expansion mod-
els.



CHAPTER

LPV identification via OBFs

1l the theory that has been introduced so far has served the sole pur-

pose of providing tools to formulate identification of general LPV
systems in a well-established manner. Finally in this chapter, the iden-
tification approach of this thesis is proposed, which is based on model
structures that originate from truncated OBF expansion representations
of LPV systems. By assuming static dependence of the expansion coeffi-
cients, two identification methods, a local and global one, are developed
for the introduced model structures. While the local approach uses the
gain-scheduling principle: identification with constant scheduling signals
and interpolation of the resulting LTI models, the global approach pro-
vides a direct LPV model estimate via linear regression based on data
records with varying scheduling trajectories. The introduced approaches
are analyzed in terms of variance, bias, consistency, and validation of the
model estimates is also investigated. To enable the estimation of modes
with dynamic coefficient dependencies, a modified feedback-based OBF
model structure is proposed, which, by using static dependence, is able to
represent a truncated series-expansion with coefficients having dynamic
dependence. Estimation of the parameters of such a model structure is
formulated through a separable least-squares strategy and the resulting
approach is analyzed in terms of its properties.

9.1 Introduction

In the previous chapters we have built up an extensive LPV system theoretical
framework to provide understanding of model structures and to develop tools for
their analysis. Based on this framework it has been shown that a series-expansion
representation of discrete-time asymptotically stable LPV systems is available in
terms of Orthonormal Basis Functions (OBFs). By the motivation given in Chapter
[l we have set up our research goal to use finite truncations of such representa-
tions as models for the identification of LPV systems. We aim to fulfill this goal

279
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here, by formulating finite truncation based expansion model structures and by
developing approaches and algorithms that solve the estimation problem of these
models in the classical Least-Squared (LS) setting (see Section 2.3).

First in Section we show that truncated OBF expansion model structures
have many advantages over the model structures used in the state-of-the-art of
LPV system identification (see Section [[.3). In fact we motivate that the devel-
oped structures provide an easily scalable trade-off between model complexity
and accuracy of the estimate; simplify control design and identification; do not
suffer from locally changing system order; and that they extend the results of LTI
system identification. As a major contribution, we also formulate the prediction-
error setting for LPV identification, analyzing the one-step-ahead predictor and
possible noise model concepts. This provides the final tools in order to compare
identification algorithms of the LPV identification field.

It has already been shown that the convergence rate of a LPV series-expansion
is directly influenced by the used basis. Hence the number of terms required in
a truncated expansion to achieve a good approximation of the system (low bias)
is dependent on the basis. In this way, there is a prime emphasis on appropriate
selection of the basis for these model structures. In Chapter[Zlwe have developed
an algorithm to assist this selection task based on first principle information, while
in Chapter [8] a basis selection mechanism has been introduced that solves this
problem based on measured data. In this chapter, we treat these approaches as
the part of the model structure selection phase of our identification approach, and
in the sequel we continue the discussion by searching solutions for the remaining
steps of the identification cycle.

In Section 03] we develop discrete-time identification algorithms for the pro-
posed model structures in the LS setting. We motivate that the freedom of dy-
namic dependence, which is required in all model structures for the representation
of general LPV systems, is too vast to handle black-box identification effectively.
Additionally, static dependence of the identified system models is most often as-
sumed by the currently available LPV control design tools. Thus, to narrow the
search space and to provide models directly applicable for control, the coefficient
functions of the OBF model structures are restricted to have static dependence in
the developed approaches of Section0.3] Based on this restricted model class and
the LS setting, two identification approaches, a local and a global one, are intro-
duced. The local method uses the gain-scheduling type of identification strategy:
for some constant scheduling trajectories, LTI truncated expansion models of the
system based on a fixed set of OBFs are identified and then the expansion coef-
ficients of the estimated models are interpolated on the scheduling space P. It
is shown that in comparison with other gain-scheduling based identification ap-
proaches, the interpolation problem is well formulated in this case. The global
method uses a data record collected from the system for a varying scheduling tra-
jectory, and formulates the estimation of the expansion coefficients by a linear re-
gression. To do so, the expansion coefficients in this case are assumed to be linear
in the parameters, i.e. to be the linear combination of a prior chosen set of mero-
morphic functions. The introduced approaches are analyzed in terms of variance,
bias, consistency, and validation of the model estimates is also investigated.
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To enable the estimation of truncated expansion models with dynamic coeffi-
cient dependencies, but at the same time still provide applicable models for con-
trol, feedback-based OBF model structures are proposed in Section[9.4] It is shown
that, by using static dependence, the introduced models are able to represent trun-
cated expansion models with dynamic coefficient dependencies. For the identifi-
cation of such feedback-based model structures, the previously developed global
approach is extended, formulating the parameter estimation through a separable
least-squares approach. Finally, in Section the extension of the introduced
approaches to MIMO systems is investigated, which concludes the chapter.

The aim of this chapter is to give a set of identification approaches that are
capable to deliver theoretically well-founded model estimates in the LPV frame-
work, accomplishing the primary objective of this thesis. Here we do not pursue
the proper exploration of the other two steps of the identification cycle: experi-
ment design and model validation, though some basic results about these issues
are briefly covered in the analysis of the identification approaches. The proper
treatment of these steps is reserved for further studies. Our intention is to open
a new sound alternative of the existing identification literature and to give fur-
ther possibilities for the development of a future generation of LPV identification
approaches.

9.2 OBFs based LPV model structures

LPV model structures based on truncated OBF expansion representations are in-
troduced in this section. The structures are defined by using the concepts of the
classical prediction error setting. Thus first, characterization of this setting is de-
veloped in the LPV case. Due to the absence of a transfer function type of descrip-
tion of LPV systems, the process and noise models are formulated based on their
impulse response presentation. This gives the possibility to develop one-step-
ahead predictors in this framework. As a next step, the proposed model struc-
tures, as truncated OBF expansion representations are formulated with Output-
Error (OE) type of noise models. Based on the fact that the coefficients can appear
on the left or on the right-side of the basis functions in the expansion, different
type of model structures can be introduced. Finally, important properties of the
proposed model structures are investigated and compared to other model struc-
tures of the LPV identification field. Similarity of the introduced structures to
nonlinear Wiener and Hammerstein models is also explored.

9.2.1 The LPV prediction error framework

As a starting point, we assume that a non-autonomous, SISO, asymptotically sta-
ble LPV system S = (Z,P,W,B) is given in discrete-time (DT) with scheduling
signal p. We aim at the identification of this system based on a predefined input-
output (I0) partition (u, y). We suppose that S is equivalent with the deterministic
part of the data generating physical system (i.e. the deterministic part of the phys-
ical system corresponds to an LPV system with the considered scheduling signal).
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Figure 9.1: Data generating system in the LPV prediction error framework.

Based on first principles information, it is possible in practice to select scheduling
variables for a plant that yield an LPV equivalent (see the procedure developed in

Section [Z.4).

Prediction error setting

First we clarify the identification setting in which we position our models. Using
the concept of the classical prediction error identification (see Section 2.3)), it is
assumed that the data generating system, illustrated in Figure[0.1] is given as

y = (Fo(q) op)u +v, (9.1)

where the process part, i.e. the LPV system S, is represented in a impulse response
form Rinm(S):

Fy(g)op=> (giop)a 9.2)
i=0

with g; € R. Note that due to the asymptotic stability assumption, every con-
sidered discrete-time LPV system has a Impulse Response Representation (IRR) (see
Section5.3). The reason why we use the IRR to define the data generating equa-
tion (@.I) is due to the fact that a transfer function form of the dynamic relation,
like in the LTI counterpart (Z.I35), is not available for LPV systems. Additionally,
the noise part of (9.I) is given as v, satisfying

(Qao(q) op)v = (RB,(q) ©p)e, (9:3)

where e is a zero-mean white noise process with variance o2 and Q4,,Q5, €
R[¢] are polynomial functions such that deg(Q4,) > deg(Q@p,). Similar to the LTI
case, it is assumed that the IO representation (9.3) defines an asymptotically stable
system in the deterministic sense, otherwise the identification of F} in (@.I) is not
meaningful. Under this assumption, the representation of the noise structure (@.3)
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has a pulse basis series-expansion, which is denoted by Q(¢) and satisfies

(o]

v=(Qo(q)op)e with Qo(q) => (hiop)g ", 9.4)

=0

where h; € R.

One-step-ahead prediction of v

Similar to the LTI case, to formulate a one-step-ahead predictor with respect to y,
it is required to clarify how we can predict v(k) at a given time step k, if we have
observed v(7) for 7 < k — 1. A crucial property of (@.4) what we will impose to
enable an answer to this question is that it should be invertible, i.e. there exists
a stable inverse Qg(q, p) of Qo(q,p), where Qg(q, p) is a convergent LPV series-
expansion and

e=(Qb(a) op)v. 95)
Note that by taking Qg,, @4, € R[¢], which is a subspace of R[], Qo is equivalent

with a transfer function and Q}; is its stable inverse. This results in the LTI case
discussed in Section 2.3

As a next step, write (]ﬂl) as
v(k) = (ho o p)(K)e(k) + D _(hi o p)(K)e(k ). 9.6)

Now the knowledge of {v(7)},<xr—1 and a given trajectory of p implies the knowl-
edge of {e(7)}r<k—1 in the view of (@.6). Based on this relation, there are many
ways to define the prediction of v(k), like the maximum a posteriori prediction or
the mean value of the distribution in question, etc. The classical approach we use
in the following is to view the prediction of v(k) as the conditional expectation of
v(k) based on {e(7)},<k—1 and a fixed trajectory of p € Bp:

0(klk = 1) = &{v(k) [ {e(T)}r<h-1, {p(T)}rez}, ©.7)

where € is the expectation operator. Assume that p is deterministic and hy = 1,

which also implies that the feedthrough term in Qg is 1. Then the conditional
expectation of v(k) is given as

o0

b(klk —1) = (hiop)(k)e(k — ). (9.8)

i=1

It is also easy to establish that the conditional expectation minimizes the mean-
squared error of the prediction:

%)15 {o(k) — 8(k)}* = 0(k) = 6(k|k — 1), 9.9)
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where the minimization is carried out over all functions © € R? (seem (@)).
Additionally, using (@.5) we can write

b= ((Qolq) op) — 1) e = (1 — (Q}(q) o)), (9.10)

which gives the classical one-step-ahead predictor result of v. In case pis a stochas-
tic process, it is a difficult problem to establish conditional expectation of v(k), as
each Markov parameter h; can be a nonlinear function of p(k — ) where | € Z,
i.e. it contains forward and backward samples of p. Due to this fact, in the future
analysis p is considered to be a deterministic signal.

One-step-ahead prediction of y

As a next objective, we develop the one-step-ahead prediction of y(k) based on
{y(7) }r<k—1, {u(7)}r<k and a given scheduling trajectory p € Bp. Since

)= > (giop) — i), (9.11)
1=0

this means that also v(7) is known for 7 < k—1. We would like to predict the value
of y(k) based on this information. Using the reasoning of the previous discussion,
the conditional expectation §(k|k — 1) of y(k) is

9 = (Folg)op)u+1
(Fo(q) op)u+ (1 — (Q}(q) o p))v
(Folg) op)u+ (1= (Qb(q) op))(y — (Fo(q) o p)u)
= ((QNa)Fo(q)) o p)u+ (1 — (Qf(q) o))y (9.12)

This gives that in the view of the developed IRR representation of LPV systems,
the classical result of the one-step-ahead predictor also holds in the LPV case,
giving a powerful tool to develop and analyze identification methods.

Prediction error models

Following a similar reasoning as in the LTI case, we can introduce the parameter-
ized model

(F(q,0),Q(q,0)), (9.13)

where § € R" represents the “parameter vector”, the collection of meromorphic
coefficients associated with " and @ (in case @ is not dependent on p, then 6 con-
tains the real constant coefficients of Q). Note that these coefficients are not neces-
sarily associated with Markov parameters. So # can correspond to the coefficients
of the process and the noise models given in a SS or 10 representation. Then,
these parameterized structures are represented in a series-expansion form by F
and Q. The parameterized model of (9.13) leads to the following one-step-ahead
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parameter-varying (PV) predictor based on (@.12):

o = (1—Q'(q,0) op)y + (Q'(q,0) o p)(F(q,0) o pu. (9.14)

In this case, the allowed parameter space is © C R". Now again, we are looking
for an estimate of ¢ such that gy is a good approximation of y, i.e. the prediction
error:

is minimized. Just like in the LTI case, it is possible to apply the LS criterion (2.140)

for this purpose based on an available data record Dn, = {y(k), u(k), p(k) gial.

9.2.2 The Wiener and the Hammerstein OBF models

In the introduced prediction error setting, we aim to develop model structures in
which the process model F' is a finite truncation of a OBF expansion representa-
tion and the noise model @ is equal to identity. The motivation is similar as in
the LTI case (see Section 2.3.5), namely that with this particular choice of the pro-
cess and noise models the coefficients of F' appear linearly in (9.14) and the noise
model @ is parameterized independently from F. The model structures that can
be deduced from this choice are the key elements for the identification approaches
of this thesis.

Assume that we are given a set of Hambo orthonormal basis functions ®7°,
defined as _ '
o = {6;(2)G ()} 21 (9.16)

j=1,--- Mg

where G is an inner function in H, (E). Note that ®7° can be arbitrary or chosen
by a basis selection mechanism, as described in Chapter[8 In terms of these basis
functions, a series-expansion representation of S, i.e. the process part of (@.I), is
available in the form of (5.19), implying that:

oo MNg

y=c+ (wooop)ut Yy > (wiyop)d;(9)G (q)u, 917)

i=0 j=1

where w;; € R and the feedthrough-term woy € R are meromorphic coefficient
functions. As a next step, we define model structures as the finite truncation of
the series-expansion in (@.17). Here, one should realize that (9.17) can be formu-
lated in an alternative way, where the expansion coefficients appear after the basis
functions. Since multiplication by the time operator ¢ is non-commutative with
respect to w;; (see Section[38.1.3), a finite truncation of that alternative form would
lead to a model with different approximation capabilities. To show that the alter-
native formulation of (9.I7) exists, consider (5.3). It is obvious that this pulse basis
expansion can be also written as

y=(goop)utqg (Froputq2(Baophut... (9.18)

where " is the forward-shift operator on R (see Definition B.13). Using this al-
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Figure 9.2: 10 signal flow graph of (a) the W-LPV OBF model described by (@.21)
and (b) the H-LPV OBF model described by ©.24) with W = [wo1 ... wp n,] and
without a feedthrough term (wgo = 0).

ternative formulation of (53) to derive OBF expansions of asymptotically LPV
systems via the substitution rule (5.10), leads to

oo MNg

y = e+ (woo op)u+ Z Z ¢;(a)G"(q)(wij © p)u. (9.19)

i=0 j=1

Note that in (@.19), the coefficient functions {w;;} are generally not equal to the
coefficients of (9.17) due to the non-commutativity of q.

Now consider the finite truncation of the Hambo basis <I>$L°;:

one = {6,(2)G ()20 (9.20)
with n. < oco. In terms of this truncation, (@.17) or (9.19) provide an approxima-
tion of the data generating system (9.)), i.e the LPV system S. The resulting struc-
tures, presented in Figure @.2h-b, can be viewed as a filter bank of OBFs, which
is a LTI system, followed or preceded by a meromorphic weighting function set
with dynamic dependence on p. Thus, these structures have some resemblance
with nonlinear Wiener (NW) and nonlinear Hammerstein (NH) models, important
model classes for chemical, biological, and sensor/actuator systems (Billings and
Fakhouri 1982). An LTI model with static nonlinearity on its output is called a
Wiener model (see Figure[0.3h) while an LTI model with static nonlinearity on its
input is called a Hammerstein model (see Figure @.3b). The consequences of this
similarity are investigated later on, but for the time being, to respect this relation,
the introduced structures are called a Wiener LPV OBF model (W-LPV OBF) and a
Hammerstein LPV OBF model (W-LPV OBEF). These model structures are formally
defined as follows:

e Wiener LPV OBF model (W-LPV OBF)

ne Mg

F(q,0)op=wooop+ Y > (wijop)dj(@)G(q), Qg,0) =1, (921)

i=0 j=1

with = [ woo wor ... wnen, ]T € Rt (nethns and p € Bp, where Bp
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Figure 9.3: 10 signal flow graph of (a) nonlinear Wiener models and (b) nonlinear
Hammerstein models.

is considered to be known. This model, given in Figure 0.2h, is called the
W-LPV OBF model and denoted by smw(qw 0,%Bp). Based on [@21), the
predictor model reads as

Ne Ng

y@ (WOO Op u + ZZ wzg op (bj ( ) (922)

=0 j=1
00 y”

Let (A, B, C, D) be a minimal balanced LTI state-space (SS) realization of ®7-.
Using thls realization, the SS equivalent representation of (9.22), is given by

qr = Ax+ Bu, (9.23a)
g9 = (Wop)z+ (wooop)u, (9.23b)
Where €r = I:gol - gncng} T and W —_ [wﬂl .. wncng} 3

e Hammerstein LPV OBF model (H-LPV OBF)

F(q,0)0p=wooop+ ) > ¢;(0)G(q)(wijop), Qq,0) =1, (9.24)
i=0 j—1
with = [ woo wor ... wnen, ]T € Rt (nethns and p € Bp, where Bp

is considered to be known. This model, given in Figure@.2b, is called the H-
LPV OBF model and denoted by 9y (@7, 6, Bp). In this case, the predictor

reads as
Ne
],)9 wOO <>p u+ Z Z (bj w’Lj <>p)u. (925)
=0 j=1 T
ij

The SS equivalent representation of (9.29), is given by

qr = Az + (Wop) u, (9.26a)
go = Cx+ (woo©p)u, (9.26b)
where [1“401 ancng]T =Wop)Tu

These model structures are the PV forms of the (A, B) and the (A, C') invariant
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Hambo OBFs based model parameterizations in the LTI case (see Section 2.2)).
Those LTI model parameterizations are considered to be equivalent in a SISO
setting, as their coefficients are equivalent up to a linear transformation (Section
2.3.5). However, this does not hold in the LPV case due to the absence of the
transposition property (Section A.1.4), therefore the coefficients {w;; };ji?;; are
generally not equivalent in (@.2I) and (@24). Thus, these model structures are
distinguished in the sequel.

9.2.3 Properties of Wiener and the Hammerstein OBF models

As a next step, important properties of the introduced models are investigated
from the viewpoint of system identification. First we prove that the W-LPV OBF
and H-LPV OBF models are general approximators of LPV systems, so by these
models, LPV systems can be approximated with arbitrary precision. Then we ex-
plore how a locally changing McMillan degree of the system, which is a crucial
problem in the interpolation-based identification methods, affects these model
structures. Next we show why these model structures are beneficial in the pre-
diction error setting and how estimates in these structural forms can be used for
control design, i.e. that these models are compatible with the existing LPV control
theory.

General approximation property

It has been show in Chapter [l that an asymptotically stable discrete-time LPV
systems has a series-expansion representation in terms of an arbitrary basis for
RH,— (E). For such an approximation-free representation, infinitely many basis
functions, ®7°, are required in the general case. This implies that using a finite
number of basis functions, @Zz, restricts the class of realizable LPV systems. Thus,
it is important to investigate the approximation capabilities of these models.

In the work of Boyd and Chual (1985), it has been proved for nonlinear Wiener
models that, if the LTI part is an OBF filter bank, then such models are general

approximators of nonlinear systems with fading memory (NL dynamic systems
with convolution representation). This means that, if the number of the OBFs in
the filter bank tends to infinity, then the best achievable approximation error of
the output trajectories in terms of the choice of the static nonlinearity converges
to zero in an arbitrary norm.

Now consider the LPV case. In Chapter [bl it has been shown that the series-
expansion of asymptotically stable LPV systems in terms of an orthonormal basis
@7 is convergent. It has also been highlighted, that such series expansions in gen-
eral only exist, if the expansion coefficients have dynamic dependence. Further-
more, it has been shown that the expansion coefficients yield a sequence, which
converges to zero for each scheduling trajectory. For a given basis sequence ®7°,
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the worst-case approximation error of a truncated expansion representation is

Ng

sup [ DD (wij o p)i ()G (@)u |- (9.27)

(y,u,p)€B i=ne+1 j=1

Based on the previous, it holds that this worst-case approximation error satisfies
that

Ng

lim  sup Z Z(wij op)d;(q)G (q)u || = 0. (9.28)
1T (yup)€B || 12 1 =1
W-LPV and H-LPV OBF models are formulated based on finite truncation of LPV
expansion representations, thus (@.28) proves the following property:

Property 9.1 (General LPV approximation) W-LPV and H-LPV OBF models are
general approximators of LPV systems.

This result means that, by extending the basis function set of these models, ap-
proximation of general LPV systems can be achieved with arbitrary precision. An
additional property is that, in practice, careful selection of the basis functions can
ensure almost error free representation of the frozen transfer function set §p of S
with a limited number of OBFs (see Chapter[8). Such a basis function set has fast
convergence rate in the series-expansion of S. This provides the conclusion that
with the general approximator property, the proposed model structures offer an
efficient approximation structure for identification.

There is also an important difference with respect to the previously mentioned
nonlinear counterpart of this result. In the nonlinear case, a necessary condition
for the general approximator property is that the static nonlinearity must contain
all possible combinations of the products of the output signals 7;; of the filter
bank. Due to the linear signal relation of the LPV setting, this condition is not
required for Property i.e. the linear combination of ¥;; with meromorphic PV
coefficients is sufficient.

McMillan degree property

An additional property of the introduced model structures is that they are well
structured against changes of the McMillan degree in the frozen system set .Zp
of S. It is generally true that, if for a constant scheduling signal p(t) = p the
associated F; € Zp has a lower McMillan degree than the rest of the systems in
Fp, then this does not imply that any of the coefficient functions {w;;} of the OBF
series-expansion is zero for p. This shows that these model parameterizations are
not affected by problems that are common for LPV-5S or IO representations based
model structures (see Chapter/[I).
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Linear in the coefficients property

The third, but equally important property of W-LPV OBF and H-LPV OBF models
is that they are linear in the coefficients 6, i.e. both in predictor equations (@.22) and
(©.25) the coefficients {w;; } appear linearly. This means that for a LS identification
criterion and with a linear parametrization of {w;;}, the estimation problem of
these coefficient functions has an analytic solution.

Models for control

The proposed models are also efficiently applicable for LPV control design. Thro-
ugh (@.23alb) and (@.26alb), a SS realization of the estimated models is available
and therefore the existing LPV control approaches, which are exclusively formu-
lated for SS representations, can be directly applied. Due to the fact, that both in
(©23a) and ([@.26a) the matrix A is constant, optimal control design greatly sim-
plifies with respect to these model estimates. The reason is that global dynamic
stability of models with constant A can be always expressed by a Lyapunov equa-
tion with non-parameter dependent, i.e. constant P (see Section (3.3.2)). The only
disadvantage is that many control approaches assumes static dependence of the
matrices. This implies, that dependence of {w;;} must be restricted to static de-
pendence, ie. w;; € Rln,, to provide models to which these control solutions
can be applied. However, for the general approximator property, dynamic de-
pendence of the coefficients is required, which means that the restriction to static
dependence reduces the representation capabilities of the models. This issue is
explored further in Section@.3]and

9.2.4 OBF models vs other model structures

The prediction-error setting with the one-step-ahead predictor (9.14) enables the
comparison with other model structures used in the LPV identification literature.
Hence in the following, the properties of LPV-IO and SS models, introduced in
Chapter [} are discussed in the prediction-error setting and compared to OBFs
models. As we will show, there are hidden assumptions in these LPV model struc-
tures in terms of the noise models.

Comparison to LPV-IO models

Consider
Na np
y=-> (aiop)g'y+ Y (bjop)g 'u+te, (9.29)
i=1 j=0

the LPV-IO filter model of the IO identification approaches (see Chapter[I). The
parameter vector for this ARX model consists of the coefficients in (©@.29):

9:[0,1 An, bO bnb]a
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where each coefficient has static dependence. It can be easily shown that the one-
step-ahead predictor of y reads as

go=—Y (aiop)g'y+ Y _(bjop)g 'u, (9.30)
i=1 j=0

if the noise model () is chosen in a way that

MNa

QN(g,0)op =1+ (a;0p)g " (9.31)
i=1
Note that, similar to the OBF models, this model structure is also linear in the
coefficients, but its noise model is not independently parameterized from the pro-
cesses part, as it is well-known for the LTI case. However, the suggested noise
model

e=uv+ Z(ai op)g ', (9.32)
i=1

reveals that

Qlg,0)op=1- Za(az‘ op)g "+ <i(ai <>p)ql> <Za(ai <>p)qi> —

i=1 i=1 i=1

This shows that, even if each a; has static dependence, the noise model Q(q, 6)
has dynamic dependence, i.e. v is dependent on the entire past of the scheduling
signal p. Thus the assumed noise structure of an ARX model is rather artificial, im-
plying much more conservatism than in the LTI case. It must be noted, that in the
cited works (Wei and Del Re M;@M; Bamieh and Giarré 2000, HQQQ), only
the estimation problem (@.29) has been solved in the LS setting, while the assumed
noise model of this model structure and its effects have not been investigated.

Comparison to LPV-SS models

In the SS case, the model structure of the global identification methods, like the
global subspace techniques and gradient methods, is given by

gr = (Aop)lz+ (Bop)lu+ (Erop)e, (9.33a)
y = (Coplz+ (Dop)u+ (Ezop)e, (9.33b)

where the matrices (A4,B,C,D) define a DT-LPV-SS representation, E4,E»
€ R™*1 and e is a vector of independent zero-mean white noise processes (see
Chapter [[). Commonly it is assumed that all coefficients of the model has static
dependence. In the SISO case, by applying pulse basis expansion on this model,
the process model F' and the noise model @ trivially follow:

[e’e) 1—1
F(¢.0) = D+Y.C (H A[ﬂ) Blilg—, (9.34a)
i=1 j=1
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[e%s) 1—1
Qg,0) = Ex+ > ][4V | EFg, (9.34b)
i=1 j=1

where ./l denotes that the backward-shift operator (see Definition B.13) applied j-
times on the matrix. Note that the noise model (9:34D) involves all matrices of the
process part, thus it is obvious that its not independently parameterized from F
and it depends on the entire past of scheduling signal p. Furthermore, the coeffi-
cients, i.e. the matrices, do not appear linearly in (9.34a). Thus, the model (9.33alb)
can be efficiently used in the prediction error identification setting by either ap-
plying a (complicated) nonlinear estimation procedure, like gradient search
(1997);Lee and Poolla (1996);Verdult et all (2002) and [Verdult et al! (2003)) or in the
unrealistic case, when the state signals = are measurable. In the latter case, predic-
tion of the state and output signals becomes linear in the coefficients, thus in a LS
setting, linear regression can be used to derive a model estimate (see

(1995);ILovera et all (1998); Lovera (1997)). Based on this, LPV-SS models are com-

monly estimated in a non-prediction error setting like the subspace approaches of
van Wingerden et all (2007); Felici et all (2006) and [Verdult and Y'grhaeggﬂ (2005).

Comparison of the proposed model structures with the considered model struc-
tures underlines that the introduced OBFs-based series-expansion models are at-
tractive candidates in the prediction-error identification setting of LPV systems as
they are linear in the coefficients and their noise model is independently parame-
terized from the process part and independent from the scheduling.

Similarity to the nonlinear Wiener and Hammerstein models

By comparing NW and NH models to the introduced structures (see Figure
and 0.3), the structural similarity is immediate. However, there are some funda-
mental differences:

e In the NW and NH case, a static nonlinearity is assumed on the output/in-
put of the LTI part. In the W-LPV and H-LPV OBEF case, the “nonlinearity”
is entering through a dynamic dependence on p, which can be composed
of external (strict LPV systems) and internal (quasi-LPV systems) variables
alike. Assuming that p is equal to u or y, NW and NH models can be viewed
as special cases of W-LPV and H-LPV OBF models. This is illustrated by
Example[@.]]

e LTI parts of W-LPV and H-LPV OBF are single-input multiple-output (SIMO)
and multiple-input single-output (MISO) systems as opposed to the SISO LTI
part of NW and NH modeld].

1Originally both Wiener and Hammerstein proposed their models with SIMO and MISO LTI parts,

but because of the comglexig[ of the problem, the LTI part has been simplified to be SISO (Billings and
Fakhouri[1982; m ).
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Example 9.1 (NW as a special case of W-LPV OBF) Given a nonlinear Wiener model defined by an asymp-
totically stable LTI transfer function F' and static nonlinearity w (y) = sin(y). F can be viewed as a linear
combination of basis functions ®y° with coefficients { wo1, . . ., wneny }. If we can write the static nonlinearity
w(y) as w(y) = f(y)y where f is meromorphic, then the NL model can be transformed to a W-LPV OBF model
with p = y. Similar to Example[Z4) we can rewrite the considered nonlinearity as

w(y) =sinc(p)y with p=y.
This leads to a W-LPV OBF structure, which is characterized by the basis functions ®y¢ and the parameter-
varying coefficients
{woisinc (p) , ..., wnon,sinc (p)}
Houwewver, if the output nonlinearity is cos(y), then the previous mechanism cannot be applied as
lim <250) _
y—0 y

In such cases, it is advisable to convert the NL model through its differential equation description toa LPV form.
This procedure might result only in an approximation of the original model (see Chapter|[8).

9.2.5 Identification of W-LPV and H-LPV OBF models

In the following, a general outline of LPV identification based on W-LPV and H-
LPV OBF models is presented. The major steps of the identification cycle: model
structure selection, identification criterion selection, and estimation are consid-
ered. Our aim is to set the stage for the upcoming discussion of the identification
approaches of this thesis, which are based on particular choices with respect to
these steps.

OBF selection

In case of W-LPV and H-LPV OBF models, there is a primal emphasis on the
model structure selection step of the identification cycle. This is due to the fact that
selection of the finite OBF set, that defines the structure, effects the approximation
capabilities in terms of the convergence rate of the series-expansion with respect
to these basis. With an adequate selection of the basis functions, i.e. with high
convergence rate, negligible approximation error, i.e. bias can be achieved.

Tools to provide adequate selection of the basis functions have been already
worked out. In Chapter[7] an algorithm has been proposed to assist basis selection
based on first principle information. By using this algorithm, the set of frozen
pole locations of the system can be characterized, and based on this pole set, the
optimal choice of a orthonormal basis follows in the Kolmogorov n-width (KnW)
sense. Additionally, in Chapter[8] a clustering algorithm has been introduced, that
solves the KnW optimal basis selection problem based on measured data. The
latter approach is useful in a black-box identification scenario, where no useful
structural information about the LPV system/physical plant is presented. This
practically applicable tool, which accomplishes the model structure selection in
terms of the basis functions can be summarized in the following algorithm:
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Algorithm 9.1 (OBFs based LPV identification, model structure selection)

Step 1. Estimation of samples of the pole manifest set Qp associated with the LPV
system S. The estimation is accomplished by LTI identification of each Fj, €

Fp of S for a given set of scheduling points {pi}fv:pl Cc P.

Step 2. Based on FKcM clustering of the sample poles, determination of an ade-
quate (optimal) OBF set ®7c C RH»_ (E) with respect to S.

Parameterization of coefficient dependencies

Beside the selection of basis functions, model structure selection with respect to W-
LPV and H-LPV OBF also contains an equally important part: the parametrization
of the functional dependence of the coefficients w;; on the scheduling signal p:

wij = 1i;(0), (9.35)

where v;; € R is meromorphic with constant parameters § € R". Then the aim
of the identification is to estimate ¢ based on a measured data record. If first
principle information is available which is transformed into an LPV form, then
series-expansion of this LPV model in terms of the chosen basis functions can
provide vital information about the structure of {v;;}. Considering that the class
of meromorphic functions R presents degrees of freedom in terms of the order of
dynamic dependence and in terms of functions, any structural information about
the coefficients can considerably reduce the search space for an optimal choice of
{%:;}. In case of a black-box scenario, the choice of 1;; can be arbitrary. One can
consider all v;; to be rational functions or polynomials with a fixed degree and a
fixed order of dynamic dependence.

Criteria selection and estimation

Based on the predictor form ([©.14), many different classical identification criteria
can be applied for the selected model structure. A particularly interesting choice
is the Least-Squared (LS) prediction error criterion

Ng—1

Wi, (6, D) = id 3 (k0. (9.36)
k=0

where the residual € is given by (@.I5). If the parametrization of the coefficients is
linear, e.g. w;; is a linear combination of fixed meromorphic functions 1;j; € R|n;:

MNij

wij = Zoijl¢ijl7 (9.37)
1=0
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then with respect to (9.36), the estimation of {6;;; }, similar to the LTI case, reduces
to a linear regression problem for the W-LPV and H-LPV OBF models. In other
cases, when parameterization of the coefficients is nonlinear, e.g. rational depen-
dence, then estimation corresponds to a nonlinear optimization problem.

9.3 Identification with static dependence

In the previous part, we have developed truncated OBF expansion models, as the
basic ingredients of a well-posed LPV identification approach. As a next step,
we show how these model structures can be efficiently identified in the predic-
tion error setting, such that the obtained models are directly applicable for control
design. First, we clarify the exact identification setting (parameterization, iden-
tification criterion, etc.) in which we aim to derive the model estimates. Then
we develop our approaches using either the gain-scheduling type of identifica-
tion strategy (local approach) or a linear regression based strategy with varying
scheduling trajectory (global approach). We only treat the SISO case. The MIMO
extension of the developed approaches is covered later. The methods are analyzed
in terms of variance, bias, consistency and validation of the model estimates is also
investigated. Finally, a simulation example is studied to visualize the performance
of the approaches.

9.3.1 The identification setting

In the previous parts, we have seen that a common problem of all LPV model
structures, either based on SS, 1O, or series-expansion representations, is that to
represent general LPV systems they need dynamic dependence in the parameteri-
zation of their coefficients. However, LPV control design approaches require static
dependence of the model estimate and it is also hard to handle the extra degree
of freedom that dynamic dependence constitutes in an estimation problem. This
gives the motivation to investigate identification in the special case, when the coef-
ficients of W-LPV and H-LPV OBF model structures are parameterized with static
dependence, i.e in (9.35) the chosen structural dependence 1;; is only dependent
on the instantaneous value of p. To make a clear distinction when we talk about
static and respectively dynamic dependence, we use w (p) to express evaluation of
a static coefficient dependence along a scheduling trajectory p, contrary to w ¢ p.

We have already motivated that using a linear parametrization of the expan-
sion coefficients (see (0.37)), estimation of the parameters can be formulated as a
linear regression if the LS identification criterion (9.36) is used. Based on this, in
this section we aim at the identification of LPV systems by the Mtw (27, 0, Bp)
and My (D¢, 0, Bp) model structures, where the process part I is parameterized
as:



296 Chapter 9 LPV identification via OBFs

100 Ne Mg MNij

F(qa 9) op = Z 900“#00[ + Z Z Z 91jlw1jl (bl]( ) (9383)
1=0

=0 j=1 I=0

wo0OpP w5 OP

in the Wiener case and

100 Ne Mg
F(q,0)op= Z Boo1oor (p) + Z Z ®ij( )Z ;1051 (p). (9.38b)
1=0 i=0 j=1 1=0
w00 9P wijOp

in the Hammerstein case, where 0,;; € R, ¥;;i € R|n,, and fD"c = {¢y; }l 0 e

In these parameterizations, the basis functions fD"C are Con51dered to be the resuit
of a basis selection and hence they are fixed, whlle the functions v;;; are either
chosen by the user, or derived from first-principle information (like by the use of
the approach given in Chapter [7). This yields that in this case the unknowns in
the model are the real parameters {6;;;} which appear linearly in the structures.
Thus by using the LS criterion they can be identified by linear regression. Here
we do not consider the identification or optimal choice of the functions 1);;;, which
remains an subject for future research.

.....

9.3.2 LPV identification with fixed OBFs

Based on the choice of linear parametrization with static dependence and the LS
criterion, two pragmatical approaches are available for the identification of the
LPV system S via W-LPV and H-LPV OBF models:

Local approach Identify w;; = >, 0;;¢:;(p) for several p € P and interpolate
the obtained estimates to calculate {6;;;}. This gives the freedom to choose
the functions v;;; (p) based on the local estimates w;;. However, an apparent
disadvantage is that many experiments with different constant scheduling
trajectories are needed for successful interpolation.

Global approach Using a data record with varying p, formulate a linear regres-
sion problem with respect {6;;;}. The resulting problem has an analytic so-
lution, giving a direct estimate of the parameters without the need of inter-
polation.

In the following the detailed description of these approaches is presented. The
approaches are formulated by assuming that the basis selection phase has been
already accomplished, so we pick up the line of reasoning right after Step 2 in
Section@.2.5] Figure[@.4]illustrates the basic steps of the approaches. For reasons
of simplicity, we assume that no feedthrough term is present, wog = 0, however
later, the estimation of wgy is also investigated for both algorithms.
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Figure 9.4: Block diagram of local and global identification methods

9.3.3 Local approach

Assume that a set of constant scheduling points P = {pT}]TV;C’f C P, with Ni,. € N,
is given for S, where it is assumed that P is well covered, meaning that
max; minj; [p; — pjl, i,7 € 11 is small enough. This is required for success-
ful interpolation by most numerical methods. Assume also that measured data
records Dy, 5. = {y(k),u(k) ,p}g:do_l with length Ng € N are available with u
that is PE with the required order. Then the identification of S is solved as (con-
tinuing from Step 2 in Section0.2.5):

Algorithm 9.2 (OBFs based LPV identification, local method)

Step 3a. For a given OBF set @} = {¢; };i(iff, scheduling points P = {p, } Vo

C P, and identification criterion W, identi%y each frozen system F; € Fp,
7 € 17" based on the LTI-OBF model structure:

ne Mg

Fp (q,0) =) Y wijrdii(a), Qa.0) =1, (9.39)

i=0 j=1

and data records Dy, 5. of S collected with constant scheduling trajectories.
This results in a set of estimated coefficients

I (9.40)

i=0,j=1,7=1 )
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where {i;;, };2"s_, describes the coefficients of ®};c with respect to Fp,

Step 4a. Interpolation of the frozen OBF coefficients {w;;- }. For each (i, j) € Ij°
[I1 , choose a set of interpolation functions

{3, (9.41)

being a set of meromorphic functions over P, i.e. 1&7 € R|np, and a set of
constants {6;;;},-4 such that

Nij

Gijr = > 0ti(p,), Vel (9.42)
l

In this way the estimate of the expansion coefficients results as

Nigj

zziij = Zéij“;l' (943)
=0

In general, any interpolation technique can be used to approximate the coef-
ficient functions {;;}, however most commonly polynomial, rational, or Cheby-
shev interpolation provides adequate results (see Sakhnovich (1997)). Of course
specific choices of the interpolation functions result in different estimates of (9.43).
Validation of the model estimate is required to verify these choices.

9.3.4 Global approach

Opposite to the local approach, the global approach utilizes only one data set
which is collected from S with varying scheduling, i.e. one global experiment.
Assume that measured IO data of S as Dy, = {y (k) ,u (k) ,p (k) kN:dgl is available
and informative for S. Informative means in this case that with the considered
parametrization (9.38alb), a unique model in the model class can be found such
that (9.36) is minimal. Using this data set, the global identification of S is solved
in the W-LPV OBF case as

Algorithm 9.3 (OBFs based LPV identification, global method, Wiener case)

Step 3b. For a given OBF set ®7c = {(;SU}Z 0’ " and data record Dy, generate

sNg

g = [ﬂw]; —0 ;L"e with ¢;; = ¢i;(q)u. Denote by (A, B,C, D) the minimal

balanced SS realization of ®Jie. By computing the state evolution (9.23a) in

the time interval [0, Nq — 1] W1th respect to {u (k)}p<y " and z(0) = 0, the

signal § on [0, Ng — 1] follows as § = x.
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Step 4b. Choose a row vector of meromorphic functions ¥ = [¢)];", for the pa-
rameterization of each w;; in (O.21)) as w;; = ;L:“’O 0111 where {0;;, } are real

unknown parameters, ¢; € R|,,, and ¢ = 1.

Step 5b. Based on the data set Dy,, estimate the parameter set {6 };("*")",_,

by linear regression. Based on the predictor (9.22), define the regressors as
v (k) = 5" (k) @ (p(k)), VK€ [0,Na— 1], (9.44)
with ® denoting the Kronecker tensor product. Collect the data into

FNd = ["/(0)7"'77(Nd_1)]—ra
Y, = [y(©0),....y(Na—1)]".

Arrange the parameters to be estimated into a column vector

.
0= [9010 v Ooin, o Hnengnw] (9.45)
Then, to minimize the LS prediction error criterion
1

WNd (05 DNd) = Fd HYNd - FNdeHgv (946)
the analytic solution is obtained by

. 1 “lr

O, = [EF}JM} [EF&YM] : 947)

In this way the estimates of the expansion coefficients result in the form of:

ny
wij 1= Z 011 (9.48)
1=0

In the H-LPV OBF case, the identification procedure is similar. However, the
formulation of the regressor is more complicated as the coefficients appear linearly
at the input side. Next, it is described how I'y, can be formulated for the H-LPV
OBEF case. The first step is the calculation of the parameter-varying Toeplitz matrix
of the predictor (@.25}b):

Yo = | cAWRO) cwp() | Une (9.49)
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where Yy, = [ 99(0) ... @g(Ng—1) |7 is the stacked predicted output vector
of the H-LPV OBEF structure. By simple rearrangement it follows that

0 0o ...
W(p(0))

. Clu(0 0

Y, = CAIu((())) CIu (1) W(é(l)) , (9.50)

Let 6 be the Kronecker delta function, i.e. pulse input at £k = 0. Now define h =

[hij]ézq’_‘_‘_;;:e as the state evolution of

qgh=ATh+C'4, (9.51)

on the interval [0, Nq — 1] with 2 (0) = 0. Then h is used to calculate the columns
of the previously derived transition matrix Hy,. By combining each column of
Hxy, in a Kronecker product with ¥, the parameters {6;;} to be estimated are
separated, giving the regressor matrix as

Ty, = [Fo ... Fu] (9.52)
where
) Ng—1
H = Z Heu (k) ¥r (p (K)), (9.53)
k=0
and
He=[0 ... 0 hT(0) ... hT (Na—k—1) ] e RNoxmstnetl) (9 54)

Algorithm [9.3] can also be extended for both model structures to estimate a
direct feedthrough term. The extension is obtained by defining woo = >_,% fooi
and formulating the regressor matrix as

u(0) ® ¥(p(0)
T, = : Ty, |. (9.55)
u(Na — 1) @ P(p(Na — 1))

Including {6, } into 6 implies that the estimate follows via (@.47).

9.3.5 Properties

In this part the properties of the introduced identification approaches are inves-
tigated. First we analyze the restriction of the used linear parametrization with
static dependence in the identification of general LPV systems and we characterize
that subclass of LPV systems where no bias results. Then we show convergence



9.3 Identification with static dependence 301

and consistency of the parameter estimates. By using similarity of the identifica-
tion methods with respect to LTI prediction error identification, we characterize
basic results about variance and bias of the estimates. Finally, (in)validation issues
are discussed in the introduced framework together with the estimation of initial
conditions.

Representation capabilities via static dependence

It is important to investigate the effects of the linear parametrization with static
dependence on the representation capabilities of the models. From the SS rep-
resentation form of the models (see (9.23alb) and (@.26alb)) it is obvious that the
assumption of static dependence restricts the class of representable LPV systems
to systems which have a SS representation with static p-dependence only in the C
(see (9.23a)-b) or in the B (see (0.26a)-b) system matrices. This means that systems
that have no representation that satisfies these conditions are not in the model
class. Hence, due to parametrization, a modeling error inevitably occurs during
the identification process in these cases. Additionally, the linear parametrization
of the expansion coefficients (see (@.38alb)) implies that systems that are identifi-
able in the considered way are further restricted to have a SS representation where
only the C' (or B) matrix depends on p and the functional dependence is the lin-
ear combination of the used 1;; functions. This underlines that selection of these
functions based on prior information is an important part of the model structure
selection process. Note that the NL model conversion tool, developed in Section
[Z4lprovides a practically applicable method to assist this selection.

A second consequence of the parametrization (9.38alb) rises with respect to
the general approximator property of the W-LPV and H-LPV OBF models. We
have seen in the general case that increasing n. lowers the achievable approxima-
tion error with these models. However, in case of static dependence, increasing n.
enlarges span{®7c } which means that the worst-case representation error in the
KnW sense is lowered with respect to the frozen system set of the data generat-
ing system. However, an increase in n, may not lower the representation error
of the LPV system in a global sense as the modeling error can be significantly
dominated by the missing non-static p-dependence of the expansion coefficients.
This destroys the general approximator property, meaning that the approxima-
tion capability of the model is restricted by the absence of dynamic coefficient
dependence. Thus increasing n. in the hope of better accuracy can easily result in
over-parametrization in this case.

We will see that despite the theoretically presented restrictions of the applied
parametrization, commonly in a practical situation, adequate approximation of
the data generating system can be achieved by the resulting model estimates. It
is an important remark that the global method is also applicable in the situations
where the coefficients of the W-LPV and H-LPV OBF model structures are not as-
sumed to be static. As the estimation algorithm is independent from the choice
of the 1);; functions, these functions can be considered with dynamic dependence.
Then with a data record containing sufficiently exciting p, estimation of the pa-
rameters is similarly available as in the static case. Unfortunately, this property
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does not apply for the local method, as in that case, interpolation with dynamic
dependence based on frozen estimates is an ill-conditioned problem.

Consistency and convergence

Similar to the classical LTI identification framework, it is possible to show that un-
der minor conditions, the parameter estimates by both approaches are convergent
and consistent. Convergence means that for Ny — oo the parameter estimate 0 N
converges, i.e. O, — 6* with probability 1, while consistency means that the con-
vergence point §* is equal with the parameters of the data generating system (@.1)).
Obviously, the latter property requires that the data generating system is in the
model class of the M (P, 0, Bp) and Mw ()¢, 6, Bp) structures. For a given
OBF set ®7c and LPV system S, this means that for the considered 1O partition, S
has a series-expansion in terms of ®7° where only the first (ne + 1)ng expansion
coefficients are not zero. Furthermore these expansion coefficients {w ;z‘i:ffg ,
appearing on the left (or the right) side of the basis functions, are the linear com-

bination of the functions {v;; } used in the parametrization (9.38alb):

Nij

wi =Y 0%t (9.56)
=0

Collect these true parameters {67, } into the parameter vector ). Then, consis-

tency means that 6, — 6, with probability 1.
In the local case, assume that in the measurements D?vd/ the noise is uncor-

related with v and Dg’vd is informative with respect to the considered model set.
Then, convergence and consistency of the estimated LTI models with parameters

{wi;-} is well-known (Heuberger et all[2005; ILjung1999). This implies the follow-

ing theorem:

Theorem 9.1 (Convergence and consistency, local method) Given a model struc-
ture My (P1e, 0, Bp), with OBFs @y and coefficient parametrization ©.38a), where
i1 € Rand each v;j : P — R is a Lipschitz continuous function. Consider the es-
timate Oy, determined by the local method for Ny long informative data records gath-
ered for Nioc frozen scheduling signals. If Nio,c — oo and Ngq — oo then éNd — O*
where 6% is the minimizing arqument of the expected value of the squared residual error,
0* = argmingco 8{62(9)}. Furthermore, if S is in the model class with parameters 6,
then 0* = 6.

Theorem (@.J) similarly holds in the H-LPV OBF case. This theorem implies that
the asymptotic parameter estimate is independent from the particular noise re-
alization in the data sequence and identification of the true system is possible if
it is in the model class. Proof of the theorem follows from the consistency and
convergence of the local model estimates together with the convergence of the in-
terEolation in case of Lipschitz continuous functions (for the latter property see

(1989)).
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Consider the global approach. Assume that the available data record is infor-
mative with respect to the considered model. Then based on the OE structure of
the W-LPV and H-LPV OBF models and the applied linear parametrization of the
coefficient functions, it is well-known in the nonlinear case (seem (1999)), that
under these conditions, the least-squares estimate of 6 is strongly convergent and
consistent. So the following theorem obviously holds:

Theorem 9.2 (Convergence and consistency, global method) Consider the esti-
mate Oy, determined by @A47) with respect to the model structure My (D7, 0, Bp) or

g

Mu (Pe,0,Bp). Assume that the data record D is informative. If Nqg — oo, then

On, — 0* with probability 1 where 6* is the minimizing argument of the expected value
of the squared residual error, * = argmingee &{€*(0)}. Furthermore, if S is in the
model class with parameters 6, then 8* = 6.

The concept of variance and bias

Estimation errors of the resulting model estimates can be decomposed into vari-
ance and bias parts:

Fo(q) — F(q,0n,) = Folq) — F(q,07) + F(q,0%) — F(q,0,). (9.57)

bias variance

where Fj(q) is the pulse basis expansion of the process part of the data generating
system (@.1), while F(q,fy,) corresponds to the truncated OBF expansion form
of the estimated model My (7e, On,,Bp) or M (e, On,,Bp). Similar to the
LTI case, the bias part corresponds to the structural error, i.e. the modeling error
introduced by the finite truncation of the expansion and the applied coefficient
parametrization, while the variance corresponds to the error which is due to the
noise contribution on the data.

Variance

In case of the local approach, the concepts of variance and bias can be formu-
lated in the frozen sense. By viewing the result of each frozen identification as a
LTI model estimate in terms of the considered basis functions, all results of the
LTI framework apply in terms of variance and bias (see Section Z.3.5). However,
due to interpolation of these local model estimates through their expansion co-
efficients, there is a little hope to characterize the variance and the bias of the
resulting LPV model estimate. In terms of the bias, the main difficulty is that the
number of frozen models, i.e. the number of interpolation points has a significant,
but not well understood effect on the bias. For the variance, the problem is that,
by knowing the distribution of {w;;-}, it is a difficult problem in general to de-
duce the distribution of {éijl} in (@.42). Based on these, variance and bias are only
characterized in the frozen sense with respect to the estimates by the local method.
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In the global case, we face a different situation. We have already shown that
the parameter estimates in this case are consistent. Let D, be informative with re-
spect to S. Then due to the prediction-error setting of the estimation, the classical
result of the LTI framework holds:

Theorem 9.3 (Asymptotic variance, global method) Consider the estimate 0, de-
termined by (9.47) with respect to the model structure My (P, 6, Bp) or My (D=, 6,

Nng? Ng?
Bp). Assume that the data record Do, is informative. Due to the convergence of Oy,
there exists a 0 € © such that O, — 6* with probability 1 if Nq — oc. Then

V/Ng (On, — 0°) — N(0,Qp) as Ng — oo, (9.58)
where
0= Iim Na-ed|Zw (0%, Dn,) av 0%, Dn,)"
0 — Ndlgoo d - % Ng ) Ng % Ng ) Ny

Note that the proof follows similarly as in the LTI case[Ljung (1999), due to the fact
that the considered model sets correspond to asymptotically stable models with
respect to all € O, the estimates of § are convergent, and the considered predic-
tion error framework is equivalent with the classical formulation. This basic result
on the variance of the parameter estimates provides some insights, however fur-
ther properties in terms of asymptotic model order or frequency characterization
of the variance are hard to derive due to the parameter-varying nature of the plant.
Developing more informative expression for the asymptotic variance are the aims
of future research.

Bias

Consider the bias of the estimated models Mw (P73, On,, Bp) and Mu(Ppe, On,,
Bp). In the global case it holds that, if the data record Dy, is informative and the
data generating system is in the model class, then the classical results of prediction
error identification imply that the estimate 6y, of the parameters 6 is unbiased. In
case the process part Fy, i.e. the LPV system S, in (@.1) is not in the model class, i.e.
either in the series-expansion of S by ®7° the coefficients {=} } are non-zero in the
truncated part (w;; # 0 for i > n,), or the coefficients have different dependence
than the used parametrization (@.38alb), then for the asymptotic estimate 6* it
holds that for a given p € Bp

(Fo(q) — F(q,0")op = Zi KW‘} - iﬁsz%ﬂ) Op] i (9)
=0

i=0 j=1

parametrization bias

+ > > [wisopldi(a), (9.59)

i=ne+1 j=1

truncation bias
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where {w;} are the expansion coefficients of S in terms of ®7° and 0 =
[0;51)i<0. 5o The first part in expression (0.59) describes bias due to improper
assumptions on the scheduling dependence while the right side describes bias
due to the non-considered tail of the series-expansion. Based on (@.59), it can be
concluded that by extending the basis functions, i.e. increasing n., the truncation
bias can be arbitrary decreased. However, increasing n. means that more coeffi-
cients appear in the parametrization associated bias, which results in an eventual
increase of this term. This underlines that choosing a good coefficient dependence
in terms of {¢; } is equally important to the choice of a OBF set with fast conver-
gence rate. Fortunately, due to the model transformation approach of Chapter[7)
first principle information can be used to assist the adequate choice of 1;; with
respect to a given basis ®7¢.

(In)validation

In general, reliable (in)validation of LPV model estimates is a theoretically hard
task. One problem is that uncertainty of the model estimates has not been inves-
tigated in the LPV framework and on the other hand, it is difficult to judge how
the estimated model relates or fits to the available first principle knowledge.

In general, only (in)validation through the simulation of the model is avail-
able, comparing the model output with respect to measured data records which
are assumed to be informative. Here the richness of p in terms of excitation has
a prime importance, as with slowly varying scheduling trajectories, model esti-
mates with significantly different transient behavior can seem to be both valid
models of the plant. Error measures like MSE, BFT, VAF introduced in Section
[2.37] can be successfully used to accommodate comparison of the simulated and
measured signals and to decide on the validity of the model estimates. However,
in case of an invalidated model estimate, it is hard to give any indication about
how to identify the system with a better end result (reconfiguration of the model
structure, more exciting (u, p), other type of identification method, etc.).

Additionally, for the introduced models, (in)validation can also be accom-
plished based on the residual signal ¢ in the one-step-ahead prediction error (9.14).
The residual can be easily computed for the proposed models as the inverse of the
noise model is 1. Applying residual analysis, similar to the LTI case, the hypoth-
esis that € is white noise or ¢ is uncorrelated with the past inputs can be tested. If
these hypothesis tests result in rejection, then the deficiency of the applied model
structure is implied. The only problem is that due to the approximative nature
of the applied model structure (both in terms of the finite series-expansion and in
terms of the assumption of static dependence), some unmodeled dynamics of the
system always contribute to the residual term. This implies that based on residual
analysis, the models are most likely to be rejected. Thus in the following, we only
consider (in)validation in terms of simulations and error measures.
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Initial conditions

In practice, slow dynamics of the system, safety considerations, or high costs of
long measurements often result in data records which are collected with non-zero
initial conditions of the plant. For these data sets, the initial conditions need to
be estimated during the identification process. In the LTI case, the identification
framework of OBFs supports estimation of initial conditions (Heuberger et all
2005), which can be efficiently applied in the local algorithm to estimate initial
conditions of the frozen systems of S. Therefore, further investigation of initial
condition estimation is only interesting for the global identification approach.

In the global method, the SS form of the H-LPV OBF model structure, can be
used to formulate an extended data matrix vyhich involves the initial condition
x(0) of the model. The extended data matrix Y} is introduced as

Cz(0)
Vi, = : + Y, (9.60)
CANa=12(0)

where Yy, satisfies (049), i.e. it is the predicted output of My (P}, 0, Bp) with
zero initial condition. By extending # with x (0) as parameters and including

[CTATCT .. ] Tinto T'y ., estimation of z (0) becomes available through linear
regression. In the W-LPV OBEF case, the extended data matrix is

W(p(0))z (0)
Vi, = : + Y, (9.61)
W (p(Na)) ANtz (0)

Based on (@.6]), simultaneous estimation of 6 and z(0) is a bilinear optimization
problem for the LS criterion. This optimization is solvable by the application of

a separable least-squares strategy (see (Golub and Pereyra (1973)), however the

obtained solutions are only local minima of the involved cost function.

(Quasi) LPV system identification

There is an important aspect of the proposed identification methods if the data
generating system is a quasi LPV system. For quasi LPV systems, generally, p
cannot be held constant, as the scheduling is an internal signal of the system like
elements of the state or output variables. Thus for this case, only he global method
is applicable, as the local approach needs identification of the system with respect
to constant scheduling trajectories.

Similarity to nonlinear identification methods

In Chapter[Ilit has been discussed that the attractive properties of truncated OBF
expansion representations inspired some identification approaches of the NL and
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the fuzzy field. In order to position the developed approaches with respect to
these methods, i.e. to clarify the connection or the dissimilarities, the following
properties are important:

e In the nonlinear case, the method of (Gémez and Bae;zgné (2004) uses Wiener

and Hammerstein type of models where the LTI part is the linear combi-
nation of a filter bank of OBFs. We have already shown that these models
result as “special cases”of W-LPV and H-LPV OBF models in the quasi-LPV
case. In [Sbarbaro and Johansen (1997), the used model structure contains
fuzzy membership functions associated with a (Laguerre) basis function in
the filter bank.

¢ In our approach, the OBFs, the backbone of the model structures, are op-

timized for S, while in the methods of [Sbarbaro and Johanserl (1997) and
|G_Qmez_an.d_B_a.e;Len§ (2004) they are assumed to be chosen by the user.

* In|G6émez and Baeyens (2004), the LTI part is parameterized and estimated

as a linear combination of the chosen basis simultaneously with the esti-
mation of the static nonlinearity. Similarly inSbarbaro and Johansen (1997),
both the LTI part and the fuzzy part are identified together. In our approach,
the parametrization is focused on the expansion coefficients while the LTI
part is fixed, thus the complicated estimation structure of the fuzzy and NL
methods is not required in this case.

e Both the proposed and the NL/fuzzy approaches use the least-squares cri-
terion for the identification of the system, however, the proposed LPV ap-
proach is simpler as it solves the estimation problem by linear regression.

9.3.6 Examples

In this section, the applicability of the introduced identification methods is shown
in three different examples.

SS example with invariant (A, B)

As a first example, consider an asymptotically stable LPV system S;, with an
MRgs(S1) equal to

0.3 0.2 04 |1
A B | | -01 02 02 |1

[ Cop ]_ 04 —01 05 [1 |
2p  —p° sin(p) | 0

and P = [—1,1]. Note that in this representation, only C' depends on p and the
underlying dependence is static. Using the poles of A to generate Hambo basis
functions ®9, the resulting OBFs are complete with respect to the frozen transfer
function set Fp of Ngs(S1). As only C is dependent on p and @Y is complete,
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Table 9.1: Validation results of 100 identification experiments by the global and
local methods using the W-LPV and H-LPV OBF model structures in the consid-
ered examples. The results are given in terms of the MSE and the average BFT and
VAF of the simulated output signals of the model estimates.

Model Case MSE (dB) | BTF(%) | VAF (%)
Wpvs, | oo —94.99 99.84% 99.99%
glob. —62.35 98.54% 98.98%

HLPV S, | loc —95.90 99.71% 99.99%
glob. —62.78 98.39% 99.97%

WPV S, | loc ~18.01 75.82% 94.12%
glob. —31.03 86.34% 98.23%

HLPV S, | loc ~10.16 62.13% 85.69%
glob. —26.41 82.11% 96.18%

the system lies in the model class of the W-LPV OBF structure with these basis
functions. Furthermore, the expansion coefficients of Rgg (St ) in terms of the basis
functions ®Y have static dependence, thus choosing the parametrization of the W-
LPV OBF model with static dependence still implies that the system lies in the
model class.

Based on the OBF set 9 and 100 experiments with varying p, global identifi-
cation of S with the W-LPV OBF structure has been carried out 100 times. In each
experiment, a Ng = 500 sample long data record of the system has been generated,
based on white u and p with uniform distribution ¢/(—1, 1). For each data record,
a white output noise e with distribution A/(0, 0.5) has been added, which matches
with the noise concept of the prediction error setting (see Section 0.2.T). The
resulting Signal-to-Noise Ratio (SNR) has been 29.5 dB, while the relative signal-
to-noise amplitude has been 26 %. Using the same conditions in the local case,
D, p data records have been collected 100 times with constant scheduling points
Py1 = {—1+0.27}19 . Based on these data records, 11 local estimates of Rgs(S)
have been produced using an LTI-OBF model structure with ®9. The resulting
“frozen” basis coefficients have been interpolated in each of the 100 cases. In both
the global and local methods, a 2"¢-order polynomial based parametrization has
been used in the estimation of W (see (9.38a) with ¢;;;(p) = p' and n;; = 2).

In the first row of Table[0.1] the (in)validation results of the resulting 100 model
estimates are shown in both the local and global cases. The (in)validation results
are given in terms of MSE and average BFT and VAF of the simulated output sig-
nals of the models (see Section for realizations of u and p that are different
from the ones used during the identification. In Figure a typical plot of the
simulated output signals and the resulting output-error of the models are pre-
sented. As expected, both approaches identified the system with adequate valida-
tion results. This underlines, that with respect systems that are in the considered
W-LPV OBF model class, both approaches provide reliable estimates even in case
of significant output noise. By further investigating the results it is obvious that
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Figure 9.5: Comparison of the identified models of S; by their responses for white
u, p with distribution ¢/(—1,1): Rgs(S) (green), W-LPV OBF local (blue), W-LPV
OBEF global (red).

the global approach has produced a slightly worse result than the local approach.
Explanation of this phenomena lies in the much larger amount of data (11 - Ng)
available in the local case.

SS example with invariant (4, C)

As a second example, consider an asymptotically stable LPV system S, with an
MRgs(S2) equal to the transpose of Rgg(Sh):

{A2|B2]_[A1T|01T]

Glol Lslol

Note that Rss(S1) and Rss(S2) are not equivalent. However, the OBF set ®9 of
the previous example is still complete with respect to the frozen transfer function
set §p of MRgs(S2). So also in this case, the true system lies in the model class of
the H-LPV OBF structure with the basis functions ®9 and with static coefficient
dependence. By using the same setting of data sequences and local model esti-
mates as in the previous example, identification of Sy has been accomplished by
the H-LPV OBF model structure with ®J. The (in)validation results in terms of
simulation are shown in Figure 0.6l and in the second row of Table As ex-

pected, both approaches identified the system adequately just like in the previous
example.

IO example

As a third example, the asymptotically stable LPV system S3 for which OBF se-
lection has been extensively studied in Section[8.33lis identified. Consider the IO
representation Rio (S;) defined by (814) and with P = [0.6,0.8]. Using the poles
obtained via the FKcM algorithm with fuzzyness m = 25 and n. = 8, a OBF set 9§
has resulted, which has been found adequate for the truncated series-expansion
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Figure 9.6: Comparison of the identified models of S, by their responses for white
u, p with distribution ¢/(—1, 1): :gs(S2) (green), H-LPV OBF local (blue), H-LPV
OBEF global (red).

based approximation of the system. Using this basis function set and the pro-
posed identification algorithms, we show that quite accurate estimated models of
the system can be derived.

Based on @9 and a 2"d-order polynomial based parametrization of the coef-
ficients, identification of S3 with both methods and structures has been accom-
plished 100 times. The used data sequences have been based on the same setting
and conditions as in the previous examples, except p has been generated with a
distribution ¢/(0.6,0.8). The resulting SNR has been 20 dB in the resulting data
records with a relative signal-to-noise amplitude of 25 %. Calculation time of the
algorithms has been a few seconds on a Pentium 4, 2.8 GHz PC.

In Figure 0.7/ and 0.8 and in the last two rows of Table the (in)validation
results are shown for different realizations of v, p than used during the identifi-
cation. As expected, the W-LPV and H-LPV OBF structures based on coefficients
with static dependence could not fully cope with the variations in the {a;}}_, pa-
rameters. However, the global W-LPV OBF identification provided quite accept-
able results for such a heavily nonlinear system. The explanation why the H-LPV
OBEF structure gave a worse result lies in the different approximation capabilities
of these models. By computing the left-side expansion coefficients of (814) in
terms of the used basis, which corresponds to the true coefficients of the system
with respect to the W-LPV OBF model structure, the resulting expansion coeffi-
cients have a dominant part with static dependence. This means that a good ap-
proximation of the system can be found among the used W-LPV OBF models with
static dependence (both the parametrization and truncation bias are small). On the
other hand, the right-side expansion coefficients of (8I4) in terms of ®3° have a
dominant part with dynamic dependence. This means that the parametrization
bias of H-LPV OBF models with static dependence must be larger than in the pre-
vious case. This implies that with the considered parametrization, W-LPV OBF
model structures are generally better for systems with a IO representation where
the dynamics are dominated by the variation of the {a;} coefficients, while H-LPV
OBF model structures are better for the cases, where {b;} are dominant.
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Figure 9.7: Comparison of the identified models of S3 by their responses for white
(u, p) with distribution (4(—1,1),4(0.6,0.8)): S3 (green), W-LPV OBF global (red),
H-LPV OBF global (blue).
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Figure 9.8: Comparison of the identified models of S3 by their responses for white
(u, p) with distribution (U/(—1,1),24(0.6,0.8)): S3 (green), W-LPV OBF local (red),
H-LPV OBF local (blue).

In this example global methods are prevailed, because they have been able to
capture the transient dynamics of the system between frozen scheduling points
of P, while in the local case the 11 local model estimates have been not enough
for correct interpolation. By using Ny, > 11, the local method quickly improves.
Note, that in the asymptotic sense (in Ni,.), the local and global method con-
verge to the same optimal model in the utilized model class. Extension of ®¢ with
ne = 1,2,... has not improved the results as ®; is well chosen with respect to Ss,
i.e. the local modeling error is negligible due to the optimal choice by the FKcM.
Therefore, the error in Table 0.]is mainly governed by the modeling error of the
used parametrization (@.59). Using higher order polynomials in ¥ produces a 2-
5% percentage improvement in the results of Table[0.1] but in order to achieve full
representation with the proposed models, incorporation of dynamic dependence
on p is needed.
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9.4 Approximation of dynamic dependence

In the previous part, OBFs-based model structures have been introduced for the
identification of LPV systems, with the main intention to give flexible models that
are able to describe general LPV systems, simplify identification, are useful for
control, and are unaffected by the difficulties present in the identification of LPV-
SS or 10 models. It has been shown that to describe any LPV system, the coeffi-
cients of the W-LPV and H-LPV OBF models, similar to the coefficients of other
LPV models, need to have dynamic dependence on p. We have motivated, that
dynamic dependence presents an extra freedom of the parametrization and is not
supported by the existing control approaches. To overcome this problem, in Sec-
tion [0.3] the coefficients have been restricted to static dependence. This assump-
tion led to a novel and efficient identification approach of W-LPV and H-LPV
OBF model structures based on the LS criterion. However, the drawback of the
assumption has been also pointed out: it limits the class of representable LPV
systems. In this section, an alternative of LPV truncated OBF expansion mod-
els and its identification approach is introduced with the intention to improve
the representation capabilities of the previously considered model structures and
parametrization, but without the use of dynamic dependence. In fact the idea that
we will apply is the introduction of an additional feedback-loop around each basis
component of the W-LPV and H-LPV OBF model structures with a gain incorpo-
rating also static dependence (see Figures[0.9land 0.10). In this way, the filter bank
of OBFs as a dynamical LTI system is “reused”to provide dynamic expansion co-
efficients. This implies that these modified structures can approximate a much
wider class of LPV systems, than W-LPV and H-LPV OBF models with static de-
pendence. The introduction of feedback-based weighting leads to two new model
structures given in Figure 0.9 and which we call Wiener Feedback (WF) and
Hammerstein Feedback (HF) LPV OBF models.

9.4.1 Feedback-based OBF model structures

Again we consider the prediction-error setting of Section@.2.T] Let ®}:c be a set of
Hambo basis functions in RHs_ (E). Denote the input and output of each basis
function in ®7¢ by #;; and y;; satisfying:

Uij = 05(0)G" (q) ;. (9.62)

Additionally, let (A4;;, B;j, Csj, Di;) be the minimal balanced SS realization of each
basis function ¢;G* and introduce A = diag(4o1,. .., Apon, ). Similarly define B
and C. Denote @ = [ligy ... Un.n,) and § = [Jo1 ... Ynen,) - Then, the SS
form of the 10 relations (9.62) is

qr = Ax+ Bu, (9.63a)
y = Cu. (9.63b)
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Figure 9.9: 1O signal flow graph of WF-LPV OBF models with feedback coeffi-
cients V' = [v01 ... vp.n,] and output-side coefficients W = [wo1 ... wp,n,] With-
out a feedthrough term. All coefficients are considered with static dependence.
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Figure 9.10: 1O signal flow graph of HF-LPV OBF models with feedback coeffi-
cients V' = [v01 ... vn.n,] and input-side coefficients W = [wq1 ... wp n,] Without
a feedthrough term. All coefficients are considered with static dependence.
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Note that this is a non-minimal SS representation, but it is needed to introduce the
feedback loops around each basis function separately (see Figures[@.9and 0.10).

Let S be an asymptotically stable SISO LPV system with scheduling space

P C R", scheduling signal p, and IO partition (u,y). Then the feedback model
structures of Figures[@.9]and @.I0]are formulated as follows:

e Wiener feedback LPV OBF model (WF-LPV OBF)

Ui = 0;(@Q)G(q)u — ;(q)G(q)vi; (P) s (9.64a)
y = e+woPutd Y wiD)ii, (9.64b)
i=0 j=1

with p € Bp, where Bp is considered to be known and with
T
0= [ w0 WOl ... Wneng Y01 --- Vneng ] (S (R|nlp)1+2(nc+1)ng.

This model, given in Figure is called the WF-LPV OBF model and de-
noted by Sﬁwp(cbﬁz,ﬁ, Bp). As y;; is independent from e (u and p are as-
sumed to be deterministic), the one-step-ahead predictor in this case reads

as
Ui = 0;(@Q)G(q)u— ¢;(q)G(q)vi; (P) s (9.65a)
Jo = woo(p)u+ Z Z wij (P)Yij- (9.65b)
i=0 j=1

Denote W = diag(wo1, ..., wn,n,) and V accordingly and let £ = [1 ... 1].
Then, the SS equivalent of (@.65alb) is given by

qrv = [A—BV(p)C)|z+ BE"u, (9.66a)
go = W(p)Cx + woo(p)u. (9.66b)

e Hammerstein feedback LPV OBF model (HF-LPV OBF)

Uiy = wig(p)u— vij(p)¢;(9)G* (q)i, (9.67a)
y = etwo@u+ Y > ¢i(q)G (q)i;. (9.67b)
i=0 j=1

with p € Bp, where Bp is considered to be known and with
T
0= [ wo0 WOl .- Wneng Y0l .- Uneng ] (S (R|TLP)1+2(HC+1)ng.

This model, given in Figure is called the HF-LPV OBF model and de-
noted by Mur (@Zz ,0,Bp). As 1;; is independent from e, the one-step-ahead
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predictor reads as

Uiy = wi(p)u— vi;(p)e; ()G (q)tij, (9.68a)
Jo = woo(Pu+ > 6;(q)G (q);. (9.68b)
i=0 j=1

Following a similar formulation as in the Wiener case, the SS equivalent of

([©.68atb) is given by

qgr = [A—BV(p)C)]x+ BW(p)u, (9.69a)
g9 = ECx+ woo(p)u, (9.69b)

Note that the weighting functions {w;; }, {v;;} are not necessarily equivalent in
(©.64atb) and (@.67atb). Thus similar to the previous case, these model structures
are distinguished in the sequel.

9.4.2 Properties of Wiener and Hammerstein feedback models
Representation of dynamic dependence

First, an important property of the introduced feedback based model structures is
discussed:

Property 9.2 (Representation of dynamic dependence) Let S be an asymptotically
stable LPV system and ®3° C R'Ha— (E) be a Hambo basis. Given a Wiener-feedback
model My (Pye, 0, Bp) or Hammerstein-feedback model Mup (7, 0, Bp) of S with
truncation ne > 0 and coefficients w;j,v;j € Rl having static dependence. If
Mwr (e, 0, Bp) (Mur (e, 0, Bp)) is asymptotically stable, then its process model
(deterministic part) has a convergent series-expansion in terms of ®p°. If there is an
(i,7) € Ig° x 17 such that v;; is dependent on p, i.e. not all feedback terms are con-
stant, then the coefficients of the series-expansion have dynamic dependence otherwise all
expansion coefficients have static dependence.

For a proof see Appendix[Adl Note that in terms of Property 0.2] a WF-LPV or
a HF-LPV OBF model can be considered to be equivalent with a W-LPV or a H-
LPV OBF model with dynamic coefficient dependence. However, the converse
does not hold in general. Thus, through feedback-based static weighting func-
tions w;j,vi; € R|n, the feedback based OBF models can approximate general
LPV systems. It is trivial that such an approximation is more adequate than us-
ing W-LPV and H-LPV OBF models with static coefficient dependence. In fact,
those models are special cases of the WE-LPV OBF and HF-LPV OBF structures.
Equations (9.66alb) and ([©@.69alb) imply that the WE-LPV and HF-LPV OBF struc-
tures can approximate static scheduling dependence in the A matrix as well as
static scheduling dependence in the autoregressive part, see (9.64alb) and (©.67at
b). However, this improved representation capability comes at a price, namely
that due to the feedback, stability of the model is not internally guaranteed like in
the W-LPV or the H-LPV OBF case.
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General approximation property

Based on the previous part, a WF-LPV or a HF-LPV OBF model can only approx-
imate and not represent an arbitrary LPV system S. So the general approximator
property does not hold in this case as it would require dynamic dependence of W
and V. However, these models have a series-expansion representation with coef-
ficients incorporating dynamic dependence, thus they give better approximation
of general LPV systems than W-LPV and H-LPV OBF models restricted to have
static dependence.

Loss of linearity in the coefficients

The second price to be paid is that by the introduction of the feedback loop, the
linear-in-the-coefficients property of the original series-expansion structure is lost.
The resulting predictors (@.65atb) and (9.68alb) are bilinear in the coefficients.

McMillan degree property

Due to the fact, that the introduced feedback based structures are still based on
truncated series expansions, just like the W-LPV and H-LPV OBF models, they
are well structured against changes of the McMillan degree in the frozen system
set Zp of S.

Models for control

The existing approaches of LPV control theory are also directly applicable for es-
timates with the introduced model structures. Through ([@.66alb) and (©@.69alb),
immediate SS realizations of estimated models are available where all dependen-
cies are static. Opposite to the previous case, in (9.66a) and ([©.69a) the resulting
A matrix is dependent on p, thus control design does not simplify for these mod-
els. However, the specific structure of the dependence may be exploited during
control design.

9.4.3 Identification by dynamic dependence approximation

In the following, an approach is proposed for the identification with the intro-
duced WF-LPV and HF-LPV OBF model structures based on a LS criterion. This
identification approach is the extension of the global method of Section[0.3] Again
we consider the parametrization of each w;; and v;; as

wij = D O, v = 0507, (9.70)
=0 =0

where {07} and {0];,} are real-valued unknown coefficients and ¢j', ¢} € R|n;,
with ¢ = ¢§ = 1, are given meromorphic functions with static dependence.



9.4 Approximation of dynamic dependence 317

We also assume that no feedthrough term is present, woy = 0, however later, the
estimation of wq is also investigated for the algorithm. Similar to the previous
case, the approach is formulated by assuming that the basis selection phase has
already been accomplished, so we pick up the line of reasoning right after Step 2
in Section@.2.5

Similar to the global approach of Section[0.3] the estimation phase of the iden-
tification approach based on WF-LPV and HF-LPV OBF model structures uses
only one data set Dy, = {y (k),u(k),p (k) évio_l which is collected from S with
varying scheduling and it is assumed to be informative. Note that due to the lin-
ear parametrization of the coefficients, the unknown parameters {07, } and {07}
appear in a bilinear relationship in the predictors (@.65alb) and Mél-b). This im-
plies that by using the LS criterion (9.36) as an identification criterion with residual
(©.15), the minimization of (9.36)) can be tackled by a separable least squares algo-
rithm. In each step of this iterative solution, either {67}, } or {6}, } is fixed, while
the other parameter set is estimated by linear regression. This iterative scheme is
repeated, till (9.36) converges. The procedure for the Wiener case is given in detail

as follows:

Algorithm 9.4 (OBFs based LPV identification, Wiener-Feedback case)

Step 3c. Given an OBF set @3¢ = {¢; };z?”e and data record Dy, of S. Param-

sees g
eterize each w;; and v;; of (@.64alb) according to (@.70) where ¢}, ¢} € R|n,
are meromorphic functional dependencies chosen by the user with ¥§ =
1§ = 1. Collect these functions as

U = [y ... ]
N A
and also the real parameters, associated with the parametrization (9.70), into
the vectors:
.
0w = [ 9810 9811 e 0;;077,1;,’-77,“, ]

\4 v v \4
0 = [ 9010 9011 e 0n071gnv

)

] T
Step 4c. Choose an initial set of values for the parameters {0}, }, like 67, = 0.

Step 5¢. Based on Dy, compute § = [§;;]'=) 7" via (@.64a) with respect to the

Jj=1l..ng
OBF set ®7c.
g
Step 6¢. Estimate the parameter set {67}, }; (""", _ by linear regression with re-

Ne,Ng Ny

spect to fixed {0}, j_,"1—o- This is done by defining the regressors as

' (k) =4 (k)® ¥ (p(k)), ke0,Na—1], (9.73)
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Collect the data into

Ty, = [y(0) ... y(Na—1)]",
Y, = [y(0) ... y(Na—1)]".

Then, to minimize the prediction error criterion (@.46), the analytic solution
0 is obtained via (9.47).

Step 7c. Fix {¢}},} to é‘jvd and estimate the parameters {0} in the following it-

erative way. In each iteration step we calculate an update for each ¢}; =
07,0 - 07;,,] and choose that estimate which gives the best improvement
on the prediction error of the model. This is formalized in the following
steps:

1. For each basis function ¢;G?, compute

Ji=m v— D D wm®)im| - (9.75)

k=0, ki 1=1,1#]

If w;;(p(k)) = 0 for some k, then do not consider those time instants in
the further procedure.

2. Collect each g;; into }7]%]') and v into Uy, similar to Yy,. Let H;; be the
lower triangular Toeplitz matrix of the Markov parameters associated
with (Aij, Bij, Cij)l

0 0
CijBij 0 e
Hij =1 G ‘AijBij CijBij o ... |- (9.76)
Define
viy (k) = ij (k) @ 0" (p(k)), k€[0,Na—1], (9.77)

and collect it into Fg\g ). Then, based on ([@.66alb), it holds that

V) = HyUn, = R85, 9.78)
where T
YO a0y g0y L i (Ve —1) (9.79)

is the predicted output of the basis function ¢;G". Estimation of 6}, can

be formulated as a linear regression, similarly as in Step 6.c, to mini-

mize the residual of Yjsfj) - Y]Efj) The regressor in this case is HijF%{l )
and the data matrix is H;;Un, — Y]S;Z).

3. For each é}’j,

dated in 6". Choose the 6}; which renders the smallest error and only

compute the prediction error with only this element up-
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update the value of ¥ with this element.

4. If the overall prediction error did not converge, then goto Step 7.c.1.

Step 8c. If the prediction error converged with respect to both {07} and {6],},
then stop, else goto 5.c.

In the HF-LPV OBF case, the identification procedure is similar. However, the
formulation of the regressor is accomplished differently just like in Section
Based on (9.69alb), for z(0) = 0 and wgo = 0, the predicted output of the HF-LPV
OBF model

Vaa = [ 96(0) Go(1) ... go(Na—1)]"
satisfies
0 0
. ECBW (p(0)) 0 o
Yne=| EC[A-BV(p(1))C] BW(p(0)) ECBW (p(1)) UNa-

By simple rearrangement it follows that

0 0
ECBIu(0) 0 % Eg E?gg

Yni = | EC[A— BV(p(1))C] BIu(0) ECBIu(1)

v,

Now similar to the global method of Section[0.3] formulation of the regressor can

be accomplished based on Hy, and the estimate of {65, } follows via linear regres-
sion.

The other difference occurs in Step 7.c.1 where due to the Hammerstein struc-
ture of the model, (9.75) simplifies to

Ne Ng
Gi=y— Y. Y. Uk (9.80)

k=0, ki 1=1,1#]

Furthermore, (0.78) is translated to

7 — M08 — e o8

17

U8 = [ iy (0(0)u(0) wiy(p(1)u) ... wiy(p(Na—1)u(Na—1)]".
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The procedure can also be extended to estimate a direct feedthrough in the
same way as discussed in Section[9.3]

9.4.4 Properties

In the following important properties of the introduced identification approach of
WE-LPV and HF-LPV OBF models are investigated. It is motivated that the sep-
arable least-squares estimation scheme is convergent and the obtained parameter
estimates are local minima or saddle point of the LS criterion.

Convergence of the iterative estimation scheme

In the proposed identification scheme, the coefficients w;; and v;; are parameter-
ized linearly via (@.70), resulting in a set of unknown parameters {0}, } and {0}, }.
Due to the bilinear relationship in which these parameters appear in the one-step-
ahead predictors (9.65a) and (9.68a), a separable-least squares algorithm is applied
to tackle the minimization of the LS criterion. It is a cardinal question if this iter-
ative scheme is convergent, i.e. is it guaranteed that the value of the LS criterion
decreases in each consecutive iteration step. In each iteration cycle of this scheme,
one set of the parameters is fixed, {67}, } or {#];}, in order to form a linear regres-
sion based estimation of the other set by minimizing the mean squared error of
the residual. This results in a steepest descend type of iterative optimization in
the search for the optimal LS prediction error. For such a separable least squares
strategy, it is well known that it is convergent and the convergence point is a sad-
dle point or a local minimum of the cost function (Golub and Pereyrd[1973). The
exact convergence point is characterized by the initial choice of {7}, } in Step 3c.
The estimates converge to that point of the parameter space © whose associated
region of attraction, based on the given data set, contains the initial choice of {6}, }.
Similar to the numerical optimization schemes of LTI OE or Box-Jenkins models,
the global optimum of (0.36) can only be obtained by starting the iterative search
from different initial values and comparing the results 1999).

Unstable model estimates

A further problem may arise in cases where the resulting model estimate is un-
stable, even if S is asymptotically stable. This phenomenon is due to the fact that
the feedback weighting is tuned on a particular, finite scheduling trajectory. As
this feedback tuning can be thought of as the reoptimization of the basis with re-
spect to Dy, the finite data length and the excitation capabilities of the input and
scheduling signals directly effect the estimation. Thus, even if the resulting model
is stable with respect to the scheduling trajectory in Dy, it is not guaranteed that
it is stable for any other p € Bp.
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Practical use and (in)validation

Local minima and the possibility of unstable model estimates do not necessarily
create problems in practice. If the resulting model passes the validation test it
should be an acceptable model m ). The problem is that the only theo-
retically sound (in)validation approach of the model estimates is based on simu-
lation. By computing error measures of the difference of simulated and measured
outputs, the qualities of the model estimates can be compared. As is shown in the
example of Section[0.4.5] the proposed method quickly converges in practice and
provides a reliable estimate of LPV systems.

Consistency, variance, and bias of the estimates

In the previous section, the linear-in-the-parameter property of the used model
structures in the one-step-ahead predictor enabled results on the consistency, vari-
ance, and bias of the resulting model estimates. In the feedback case, the linear-in-
the-parameter property is lost, due to the bilinear relationship of the coefficients.
Thus the previously developed results do not hold in this case. In nonlinear sys-
tem identification, there are many results on the consistency, variance, and bias of
model estimates obtained via different types of separable least-squares strategies.
However, none of these results seems to apply to the considered model structures
and estimation strategies used here. Investigation of consistency, variance, and
bias of the estimation mechanism remains the subject of future research for the
feedback based model structures.

9.4.5 Example

In this section, applicability of WF-LPV OBF model structure and identification
approach for the approximation of general LPV systems is shown through an ex-
ample. Comparison is made with the static-coefficient-function based Wiener OBF
model structure to show that by using the proposed feedback structure, better per-
formance of the model estimates can be achieved.

As in the previous case, the asymptotically stable LPV system Ss is considered
which has been studied in Section The IO representation of S3, Rio(Ss3) is
defined by (8.14). This system has been also identified in Section@.3.6]by using the
basis functions set ®2 obtained via the FKcM algorithm with fuzzyness m = 25
and n. = 8.

Here we aim at the identification of Sz with the WF-LPV and W-LPV OBF
model structures. To ensure fair comparison of the results, both model structures
are used with basis functions ® and the coefficients in W are parameterized as
27d_order polynomials in p. In the feedback case, the coefficients in V' are param-
eterized as 3'%-order polynomials. These orders have been found optimal after
several trial and error experiments.

Identification of S3 with the global approach has been accomplished 100 times
in 4 different noise settings with both the Wiener and the Wiener-feedback model
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Table 9.2: Validation results of 100 identification experiments with the Wiener (W)
and the Wiener Feedback (WF) model structures. The results are given in terms
of the MSE and the average BFT and VAF of the simulated output signals of the
model estimates.

Validation by multisine

MSE (dB) BFT (%) VAF (%)

SNR W WF W WE W WE

nonoise | -18.23 | -31.32 | 85.39 | 94.04 | 97.84 | 99.55
35dB -18.21 | -31.30 | 85.38 | 93.64 | 97.82 | 99.53
20 dB -17.81 | -21.60 | 85.17 | 89.30 | 97.75 | 98.52
10dB -20.68 | -22.60 | 86.27 | 88.44 | 98.47 | 98.98

Validation by uniform noise + multisine
MSE (dB) BET (%) VAF (%)
SNR W WEF W WEF \4% WF

nonoise | -34.96 | -39.75 | 90.04 | 92.40 | 99.00 | 99.42
35dB -34.77 | -39.17 | 89.92 | 92.15 | 98.99 | 99.39
20 dB -32.75 | -35.01 | 88.69 | 90.06 | 98.71 | 99.00
10 dB -31.81 | -32.38 | 87.73 | 88.15 | 98.19 | 98.59
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Figure 9.11: Typical convergence plot of the prediction error in terms of (@.36)) for
the iterative WF-LPV OBF identification algorithm.

structures. The data records for each identification have been generated by a white
(u, p) with uniform distribution (¢/(—0.5,0.5),4(0.65,0.75) superimposed on ran-
dom multisines (3 sines with random phase in [0, 7] and frequency in [0, 7/5] and
with overall amplitude of 0.5 and 0.05). The reason why this particular excita-
tion has been used is explained later. For each data record, the identification has
been accomplished in a noiseless setting and also with additive zero mean white
output noise with normal distribution and variance 02 = 0.01, 0.1, and 0.5. The
resulting SNR has been 35 dB, 20 dB, and 10 dB, while the relative noise amplitude
has been 7%, 25%, and 54% in average for the three noise cases. For the 0% = 0.5
noise case Ng = 1000, and in the other cases N4 = 500 samples long data records
have been used. In the iterative identification method, the feedback weights have
been initialized at zero. The iterative identification method converged in an av-
erage of 14 iterations for the 4 x 100 runs. A typical convergence plot is given in
Figure@.ITland the typical output trajectories of the resulting estimates are shown
in Figure Calculation time for each data set has been approximately 2 min-
utes with the WF-LPV OBF structure and only a few seconds with the W-LPV
OBF structure on a Pentium 4, 2.8 GHz PC. In Table[0.2] the (in)validation results
are shown for multisine (u,p) with random frequencies and phases and also for
uniform noise superimposed on random multisine, similarly generated like the
identification data. As expected, both approaches identified the system with ade-
quate MSE and average BFT, VAF even in case of extremely heavy output noise,
which underlines the effectiveness of the proposed OBF identification philosophy.
For all measures, validation signals, and noise cases, the WF-LPV OBF model pro-
vided better estimates than the pure static dependence based W-LPV OBF model
estimate. This clearly shows the improvement in the approximation capability
due to the approximation of dynamic dependence with feedback-based weight-
ing. Additional extension of ®J with n. = 1,2,... has not improved the results
as @Y is well chosen with respect to S, i.e. the local modeling error is negligible
due to the FKcM (see Section[8:3.3). Even in the SNR= 10dB case, the model esti-
mates proved to be accurate, showing that the proposed identification scheme is
applicable even in the presence of significant measurement noise.

It has been observed that by using multisines superimposed on the realization
of a noise sequence for the excitation of the system, the results have been better
with the feedback-based structures in the presence of output additive noise. Ex-
planation lies in the presence of the feedback gain of the model structure. In case
significant noise is present in short data records, it is possible that the feedback
weights are fitted to the noise process during the iterative optimization. By using
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Figure 9.12: Typical validation results of identified WF-LPV OBF (red) and W-
LPV OBF (blue) models in the SNR = 20dB case. The response of the true system
is given in green.

multisines that emphasizes certain frequencies in the input and the scheduling
signal, this effect can be attenuated. This underlines that much more understand-
ing of feedback-based OBF models, especially in terms of sufficient excitation, is
needed to achieve high quality model estimates. This remains the target of future
research.

9.5 Extension towards MIMO systems

Next, we investigate how the developed approaches and model structures can be
used for identification in the MIMO case. We show that by different choices of
the basis (scalar or multivariable) different extensions of the previously studied
approaches are available.

Extension by using scalar basis

For asymptotically stable MIMO LPV systems, the formulation of the W-LPV and
H-LPV OBF model structures follows similarly as in Section In Section
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the OBF expansion representation of asymptotically stable LPV systems has been
introduced also for the MIMO case. These representations are based on the expan-
sion of the IO map of the system in terms of scalar basis functions. This implies
that by using the concept of truncation of multivariable expansion representations
based on scalar basis functions, the MIMO W-LPV OBF structure like (@:21) or a
MIMO H-LPV OBF model like (©.24) can be formulated with w;; € R™ *"V. By as-
suming static dependence of these coefficients, identification follows by applying
the algorithms of Section [0.3] with some extra book keeping due to the multidi-
mensional input and output signals. Additionally, the basis selection algorithm of
Chapter[8lis also applicable in this case, by selecting the scalar basis with respect
to the pole manifest set of the MIMO frozen systems of S.

Note, that a multidimensional p results in a multidimensional interpolation in
the local case or the use of multidimensional 1 (p) in the global case. Multidi-
mensional interpolation problems are hard to be solved and they require many
interpolation points, i.e. many local experiments. Therefore, the global method is
practically applicable for large scheduling dimensions. Note that the global ap-
proach is even applicable for significantly large scheduling dimensions which is
an advantageous property with respect to LPV subspace identification methods
due to the serious increase of block dimensions in such cases.

Extension by using multivariable basis

Due to the scalar basis sequence, it can happen that a MIMO series-expansion
converges fast with respect to specific input-output channels, but quite slow for
others just like in the LTI case (see Section2.2.2). As a result, some elements of the
resulting coefficient matrices can have negligibly small amplitudes over all trajec-
tories of the scheduling behavior Bp. This implies that their estimation can result
in a considerable variance. To overcome this effect, series-expansion of asymptot-
ically stable multivariable LPV systems can be introduced using a MIMO basis of
RHa— (E). Again, the key idea is to use MIMO basis functions that are composed
from scalar basis sequences (see Section [2.2.2):

¢111(Q) 92511% (Q)
Pi(q) = : : : (9.82)
¢lnyl(q) s (blnvnlu (q)

where each {¢;;; }7°, corresponds to a basis of RHz— (E). Then, in terms of Theo-
rem[5.2] an asymptotically stable LPV system, with respect to a given IO partition,
can be represented as

y=Woopu+Y_ [(Wiop) @ di()] (9:83)
i=0

where W; € R™*™ and © denotes the element-by-element matrix product. By
choosing the basis sequences appropriately, a fast convergence rate can be achieved
for each IO channel. The basis selection can follow by applying the OBF selection
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procedure of Chapter[8] with respect to each input-output channel separately. This
means that the method is applied for a set of pole samples that are associated with
the set of SISO systems describing the frozen behavior of S restricted to the con-
sidered IO channel. As a next step, we formulate these model structures for a
given MIMO basis sequence ®,, = { (Ei}?:l composed from these scalar elements.
Note that in this case, each basis sequence {¢;;; }7°, is generated with a different
inner function, thus ®,, denotes the first n functions in each sequence.

e MIMO Wiener LPV-OBF model, My (P,,, 6, Bp)

F(q,0)op=Wpop+ Z(Wi op)®di(q), Qg,0) =1, (9.84)

i=0

where W; € R™*™ and e in this case is a vector of independent zero mean
white noise processes. The parameter vector of the coefficients is

0= [WoiWyi... W] (9.85)
The one-step-ahead predictor is formulated in this case as
Go = (Woop)u+ Y [(Wiop) ©d(a)| u. (9.86)
i=0
Let E=[1 ... 1]T and introduce §; : Z — R™*"V defined as
i = b(a) © (Bu). (9.87)

These signals are the multidimensional counterparts of the output signals of
the filter bank part of the model structures in the SISO case (see Figure[9.2).

e MIMO Hammerstein LPV-OBF model, My (®,,, 0, Bp)

n

F(q,0)op=Woop+ Y dilg) © (Wiop), Q(g,0) =1, (9.88)
=0

where W; € R™*"V. The one-step-ahead predictor is formulated in this

case as
n

g0 = (Woophut Y [d5(a) © Wi o) u. (9.89)
=0

Additionally, the multidimensional i; : Z — R™*" (see Figure [0.3) are
introduced as
;= (Wiop)® (Bu'). (9.90)
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By assuming static dependence of the matrix coefficients {W; } and introducing
a parametrization of {W;} in terms of linear combination of predefined functions:

Wi=> 60 (9.91)
=0

where 6; € R™*™ and ¢y € (R]n, )™ ", identification follows by applying the
algorithms of Section 0.3 with an extended matrix regressor v and a stacked out-
put record Yy, formulated as

Yo =[9100) o pny(0) 31 o g (Na—1) ] (9.92)

All results in this case about consistency, bias, variance, etc. obviously extend to
the MIMO case.
Extension by using multivariable basis in the feedback case

In case of the feedback structures of Section [0.4] the MIMO version of the model
structures based on a given MIMO basis sequence ®,, composed from scalar ele-
ments can also be formulated.

¢ MIMO WE-LPV OBF model, My (®,,, 0, Bp)

Ji = ¢i(q)© (Byu') = dilg) © (Viop) O (9.93a)
y = e+ (Woopu+ Y [(Wiop)® i Eu, (9.93Db)
=0

where Ey, € R™, E, =[1 ... 1]T and E, € R™, E, = [1 ... 1]T. Further-
more, each ; : Z — R™*™ is a multidimensional signal, W, V; € R™v*"v
and e is a vector of independent zero-mean white noise processes. Again as
each g; is independent from e, the one-step-ahead predictor reads as

n

= (Woop)u+ Y [(W;op)® 4] Eu, (9.94)
=0

¢ MIMO HF-LPV OBF model, Myur (2, 6, Bp)
i = (Wiop)© (Eyu") — (Viop)©dia) © i, (9.95a)

y = e+ (Wphop u—i—Z ) ® 11;) By (9.95b)
=0
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where each ; : Z — R™ >V is a multidimensional signal, W, V; € R™*"v,
The one-step-ahead predictor reads as

n

o= (Wooplu+ Yy (di(q) ®iis) By (9.96)
=0

Assume that each element of the coefficient matrix functions of these struc-
tures is parameterized as a linear combination of functions with static depen-
dence. Then the specific structure of the used MIMO forms enables the application
of the separable least-squares algorithm for the estimation of the coefficient func-
tions. Note that the crucial point of the algorithm is the propagation of the error
backwards to the output of a basis function (see (@.75) or (0.80)). The propagated
error can be computed for each element of the basis function matrix separately.
As each OBF has a separate feedback via (9.95a) or (9.93a), thus re-optimization of
each feedback weight on a output channel can be done in parallel.

General remarks on the MIMO extension

Similar to the LTI case, OBFs based identification of MIMO LPV systems has a
much larger freedom than the LTI case. There are different approaches that can be
applied to derive a MIMO basis expansion, to formulate MIMO version of W-LPV
and H-LPV OBF models, and to develop identification algorithms that can de-
liver the estimate. We have taken here specific choices in order to be able to apply
the introduced estimation mechanisms of Section [0.3]and 0.4 without any modi-
fication or reformulation. However, there are numerous possibilities that may be
interesting for further investigation. For example, by considering left or right side
placement of the expansion coefficients for specific IO channels, like mixing the
structures of H-LPV OBF and W-LPV OBF models, or using other formulation of
MIMO orthonormal basis functions, like presented in Section[2.2.2]

In conclusion, it can be stated that the introduced identification approaches of
this thesis can be directly applied to MIMO LPV systems without the need of any
modification or further assumptions. This implies that the proposed identification
scheme in terms of model structure selection, parametrization, and estimation of-
fers an effectively and easily applicable identification scheme for a wide variety
of LPV systems.

9.6 Summary

In this chapter we have introduced OBF based model structures and identification
methods in discrete-time to solve the primary objective of this thesis: the devel-
opment of an efficient identification approach of LPV systems.

By using the concept of series-expansion of LPV systems in terms of OBFs we
have first introduced model structures in Section@.2]that approximate the system
dynamics based on a truncation of the expansion representation. As it is possible
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to formulate LPV expansions with coefficients on the right and on the left side of
the basis functions, finite truncation of such expansions results in different model
structures. Due to the non-commutativity of the multiplication with the time-shift
operator in the expansion representations, such models have different approxi-
mation capabilities. The resulting structures can be seen as a LTI filter bank fol-
lowed or preceded by a weighing functions set with dynamic dependence on the
scheduling, thus the introduced structures are named as Wiener and Hammer-
stein LPV-OBF models. It has been shown that similar to their nonlinear counter-
parts, these structures can approximate any LPV system with arbitrary accuracy
if the coefficients have dynamic dependence. Furthermore, these models are not
effected by changing McMillan degree of the frozen aspects of the LPV system,
which represents a significant difficulty for the identification of other type of LPV
model structures. We have motivated that the introduced models are effectively
applicable for control as they have a direct state-space realization, however to sat-
isfy assumptions of the control approaches, their coefficient dependencies must
be restricted to be static.

As a significant contribution, we have extended the classical prediction error
setting to the LPV framework. Due to the absence of a transfer function type of
description of LPV systems, the process and noise models are formulated based
on their impulse response presentation. This has been used to define the one-step
ahead predictor in this framework for both the proposed model structures and
other LPV model types. We have analyzed the notion of noise model in this set-
ting showing that to formulate the predictor in the classical sense, the scheduling
variable must be a deterministic signal. It has been also shown that the introduced
model structures are linear-in-the coefficients with respect to the predictor and the
noise model is independently parameterized from the process model. These imply
that similar to the LTI case, estimation of the coefficients is available through lin-
ear regression if the least-squared error criterion is used. Additionally, it has been
discussed how other LPV model structures, used in the literature, are formulated
in the prediction error setting and how their associated noise models influence the
parameter estimation in this setting.

Using the previously derived properties and the prediction error framework,
we have developed in Section 0.3 discrete-time identification algorithms for the
proposed model structures in the least-squares setting. To narrow the search space
and to provide models directly applicable for control, the coefficient functions of
the OBF model structures have been restricted to have static dependence in de-
veloped approaches of Section[0.3] Based on the linear and static parametrization
of the model coefficients (each coefficient is a linear combination of a priori cho-
sen set of meromorphic functions with static dependence) and by the use of the
least-squares prediction-error setting, two identification approaches: a local and
a global one are introduced for the SISO case. The local method uses the gain-
scheduling type of identification strategy: for some constant scheduling trajecto-
ries, LTI truncated expansion models of the system based on a fixed set of OBFs
are identified and then the expansion coefficients of the resulting models are in-
terpolated on the scheduling space P. It has been shown that in comparison with
other gain-scheduling-based identification approaches the interpolation problem
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is well formulated in this case. The global method uses a data record collected
from the system for a varying scheduling trajectory, and formulates the estima-
tion of the parameters of the coefficients by a linear regression. The introduced
approaches are analyzed in terms of variance, bias, and consistency.

To enable the estimation of truncated expansion models with dynamic coeffi-
cient dependencies, but at the same time still provide applicable models for con-
trol, feedback-based OBF model structures have been proposed in Section It
has been shown, that by using static dependence, the introduced model structure
is equivalent to OBF expansion models with dynamic coefficient dependencies.
For the identification with such feedback-based model structures, the previously
developed global approach is extended, formulating the parameter estimation
through a separable least-squares approach. Finally, in Section[0.5] the extension
of the introduced approaches to MIMO systems is investigated. It has been con-
cluded, that for OBF models, based on MIMO functions composed from scalar
basis sequences, the developed approaches and results are applicable.

This concludes that, by the developed identification algorithms, the research
objective of this thesis is completed, giving an alternative, practically applicable
approach for identification of LPV systems as models of an underlying physical
process.
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Conclusions and Recommendations

n this thesis, we have aimed at the development of a framework and

structural approach for the identification of general LPV systems as
models of an underlying physical process. This chapter is dedicated to
the main conclusions of the presented research and to investigate which
aspects of the aimed objectives have been fulfilled. In addition, sugges-
tions for future research are given.

10.1 Conclusions

This thesis has been motivated by the research goal to develop an improved frame-
work and approach for the identification of Linear Parameter-Varying (LPV) sys-
tems. LPV systems can incorporate and describe both nonlinear (NL) and time-
varying (TV) aspects of physical phenomena and the framework of LPV control is
well worked out and industrially reputed. However, identification of such sys-
tems is still in an immature state. Thus, development of an improved LPV identi-
fication approach could provide models which fulfill the increasing expectations
of industrial applications. In view of the state-of-the-art LPV identification, the
motivation for improvement has been based on the following observations:

e The LPV identification field is dispersed, as available methods focus mainly
on estimation in specific model structures while the steps of the classical
identification cycle often remain uninvestigated.

e The main obstacles in the analysis of methods and model structures are the
gaps of LPV system theory. Dynamic dependence seems to play a crucial
role, but its formalization and effects have not been investigated yet.

e The use of Orthonormal Basis Functions (OBF)s-based model structures for
LPV identification is promising, due to their attractive parametrization, wide
representation capabilities, and easy application for control. Identification,

331
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based on these structures, might avoid problematic issues connected to the
use of other LPV model structures.

Based on these observations, we have established several sub-objectives (see Sec-
tion[T.6) which had to be investigated to fulfill our primary research goal. In the re-
search plan, that has been followed throughout this thesis, emphasis has been laid
on the investigation of identification using OBF model structures as prime candi-
dates to fulfill our primary objective. A major conclusion of this thesis is that trun-
cated OBF expansion models and the associated identification approaches give an
attractive and useful way of identifying LPV systems in practice. In this final
chapter, we summarize the results of our research, the achieved contributions,
and the conclusions that we have developed in our work and which have led to
the above stated result.

Subgoal 1: Model structure selection

In the scope of our first research goal, we have investigated LPV model struc-
tures and how model-structure selection can be accomplished. We observed that
the main obstacles to answer these questions are the missing system theoretical
concepts, like transformation theory of LPV representations, equivalence classes,
canonical forms, etc. and a clear understanding how NL differential equations
translate to LPV models. Based on the similarity with the Linear Time-Varying
(LTV) system theory, the question was raised wether it would be necessary to in-
troduce dynamic dependence on the scheduling variable to enable equivalence
relations between representations of an LPV system.

In Chapter B} we have shown that dynamic dependence is the key ingredient
to establish a well founded system theory. We have developed the LPV behavioral
approach, which enables comparison of LPV model structures and their analysis.
A major conclusion has been that LPV model structures need dynamic coefficient
dependence to enable approximation of general LPV systems. We have defined
representations of LPV systems, formalized their equivalence classes, and inves-
tigated their general properties in terms of stability and state-observability and
reachability. We have used the concepts of LTV system theory to characterize our
framework, formulating algebraic structures and concepts that made the exten-
sion of these theories to the LPV case possible. We have also shown that the intro-
duced framework is compatible with the existing results of LPV system theory.

In Chapter[ we have introduced state-space canonical forms and equivalence
transformations between SS and IO representations. It has been shown that for the
LPV formulation of the classical canonical forms, which are the gateways of equiv-
alence transformations, the concept of structural state-observability and reacha-
bility is the key concept instead of complete state-observability and reachability.
The theory on equivalence transformations between SS and IO representations
enabled the comparison of model structures, which has been subgoal 1.a of our
research plan. We have also concluded that equality of behaviors must be un-
derstood in an almost-everywhere sense. It has been proven that several relations
of LTI system theory, like canonical form construction, realization theory, etc. do
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not hold in the LPV case, showing that the intuitive use of LTI theory in the LPV
identification field can result in unexpected errors.

In Chapter §l we have shown that an asymptotically stable LPV system has
a series-expansion representation in terms of LTI basis functions. This has di-
rectly answered our research question 1.c, implying that truncated versions of
such model structures can be used for the identification of LPV systems. We have
also motivated that a fast convergence rate of this expansion can be achieved, by
choosing the basis functions such that they are optimal with respect to the frozen
transfer function set of the LPV system. This proved to be the key concept to
facilitate model-structure selection based on OBF models for the LPV case.

In the scope of research goal 1.b, we have studied in Chapter [6l discretization
approaches of LPV-SS representations in a zero-order-hold (ZOH) setting and de-
rived criteria to choose an adequate discretization step-size. A major conclusion
has been that the ZOH setting for the scheduling variable is only adequate for the
discretization of SS representations with static dependence. A higher-order hold
setting has been proposed for the discretization of representations with dynamic
dependence.

In the ZOH case, there is a trade-off between accuracy of the discretization
and the resulting complexity of the coefficient dependence. This has motivated
the introduction of approximative methods that provide less complicated DT re-
alizations. It has been also shown that numerical stability and preservation of
the frozen stability of the original system are equivalent in case of single-step dis-
cretization methods.

In Chapter[7] our research goal 1.b has been fulfilled by developing a model
transformation approach that converts first-principle knowledge, given in terms
of NL differential equations, to a LPV description. It was shown that the se-
lection of scheduling variables is restricted if predefined state-signals, inputs or
outputs, or representations are considered. We has developed an approach that
investigates all possible conversions to a parameter-varying (PV) differential equa-
tion form. Using the behavioral framework, the resulting PV description (if it
exists) can be realized as an arbitrary model representation and assist the model-
structure-selection phase of the identification cycle.

In order to deal with research objective 1.c, it has been shown in Chapter
that adequate selection of basis functions for OBF model structures can be ac-
complished by the combined use of fuzzy clustering and the Kolmogorov n-width
(KnW) theory. If the pole locations of the frozen transfer functions of the LPV
system are known, then an OBF set can be derived which achieves the smallest
possible upperbound on the representation error with respect to the frozen trans-
fer function set. This also holds if the region of pole locations, associated with the
frozen transfer functions, can be reconstructed based on experimental data. For
this purpose we have developed the Fuzzy Kolmogorov c-Max (FKcM) clustering
approach and showed that both reconstruction and optimal basis selection can
be solved simultaneously by this approach. To take the effect of noise and dis-
turbances into account, we have developed also a robust extension of the FKcM
procedure via the use of hyperbolic geometry.
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Subgoal 2: LPV prediction error framework

Using the developed concept of series-expansions of LPV systems in terms of the
pulse basis, we have introduced in Chapter[9a LPV prediction-error framework,
establishing research objective 2. It has been shown that, due to the absence of
a transfer function description of LPV systems, series-expansion representations
are crucial to formulate this framework. An important conclusion has been that
the scheduling signal must be deterministic to enable the definition of output pre-
dictors.

With respect to noise models in the LPV setting we have observed that a prime
advantage of OBFs-based models is that the assumed noise model is indepen-
dent of the scheduling and that the models are linear-in-the-coefficients. For ARX
models, often used in LPV-IO identification, the noise model does depend on the
scheduling, which is quite unrealistic from a practical point of view. As other
model structures are not linear-in-the-coefficients, we have concluded that OBF
expansion models are attractive candidates for LPV prediction-error identifica-
tion.

Subgoal 3: Improved LPV identification approach

Finally, in Chapter[d the LPV identification procedure, intended to fulfill the pri-
mary research objective and hence sub-objective 3, has been formalized. Model
structures in terms of OBFs-based series-expansions have been formally defined
and analyzed. The similarity of these structures with respect to nonlinear Wiener
and Hammerstein models has been explained, and as a dual of the nonlinear re-
sult, it has been proven that OBF models are general approximators of LPV sys-
tems. Furthermore, it has been shown that it is straightforward to derive a SS real-
ization of these models, enabling the application of LPV control approaches. Con-
cepts to identify OBF models have been derived in a two-step procedure, where
first the OBFs are selected for the model structure, based on first-principle infor-
mation or the FKcM mechanism. As a second step, the parameterization of the
model coefficients is chosen and the estimates are obtained. The estimation phase
has been explored by using both a gain-scheduling type of identification mech-
anism (local approach) and linear regression in the prediction-error framework
(global approach), yielding answers to sub-objectives 3.a-b.

The developed approaches have been formulated by assuming static depen-
dence of the coefficients, which has been motivated both from a control and a
parametrization perspective. Convergence and consistency of the estimates have
been investigated proving that both approaches are consistent under minor con-
ditions. Asymptotic variance and bias expressions of the model estimates have
been derived for the global approach, showing that the introduced mechanism
generalizes the classical asymptotic results of the LTI framework.

To overcome the restrictions of static dependence, a new model structure based
on feedback has been proposed, which, by using only static dependence, is capa-
ble to approximate series-expansion models with dynamic dependence. The basic
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issues and properties of this modeling concept have been analyzed and an identi-
fication approach has been given based on separable least-squares. These models
can approximate general LPV system better than expansion models with static
dependence and they are also easily applicable for control. However, due to the
feedback structure, stability of the model estimates is not guaranteed and results
on consistency, variance and bias are hard to be drawn. Finally, it has been shown
that all introduced approaches can easily be extended to the MIMO case.

Based on these observations, it can be concluded that the developed iden-
tification framework and approaches of this thesis fulfill the primary objective:
development of a low-complexity and reliable identification mechanism of LPV
systems as models of physical plants, where the model estimates are directly ap-
plicable for control.

10.2 Contributions to the state-of-the-art

As solutions for the presented research objectives, the main contributions of this
thesis are the following:

Unified LPV system theory

® A unified system theoretical framework of LPV systems is developed, where
notions of representation, equivalency and minimality can be defined thro-
ugh the concepts of behaviors and dynamic dependence (Chapter B). A
transformation theory between IO and SS representations is established and
a new state-construction algorithm is introduced which delivers a minimal
SS representation in the SISO case (Chapter[). Concepts of state-observabi-
lity, state-reachability, stability, and canonical forms are also reformulated
in this setting, yielding a common basis for the analysis of LPV system rep-
resentations. The presented theoretical framework enables the comparison
and analysis of model estimates and identification algorithms in the LPV
context.

¢ Discretization theory of LPV systems is worked out in a zero-order-hold set-
ting with respect to models with static dependence (Chapterlf). Criteria are
given to choose a discretization step size, guaranteing stability preservation
or a specific approximation error. The concepts of discretization of general
LPV systems with dynamic dependence are also established. This contribu-
tion enables the use of first-principle information about continuous-time dy-
namics of the system in the model-structure selection of discrete-time iden-
tification methods.

e The modeling capabilities of LPV systems with respect to NL systems are
studied and a new method for automatic model conversion of NL differen-
tial equations to LPV models is given (Chapter[7). The procedure formulates
an effective way of modeling NL systems in the LPV framework and the use
of first-principle knowledge in model-structure selection.
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LPV-OBF expansion model structures

e Itisshown, in Chapter[7] that asymptotically stable LPV systems have series-
expansion representations in terms of OBFs.

e In Chapter 0] OBFs based LPV model structures are introduced and ana-
lyzed in terms of representation and properties, with the conclusion that in
many aspects these model structures are attractive for LPV identification.

The LPV prediction-error setting

* An LPV prediction-error setting is formalized, based on the concepts of the
classical identification framework (Chapter @). This includes the definition
of predictors and noise models and the analysis of these concepts for the
LPV case.

e A comparison of LPV model structures in the introduced prediction-error
framework is carried out, showing that OBF models are attractive as they
are linear-in-the-coefficients and their noise model is independently param-
eterized and does not depend on the scheduling. This enables an efficient
estimation of OBF models by linear regression.

LPV identification based on OBF models

* Twonovel approximative LPV identification approaches, a local and a global
approach, are proposed, based on OBFs models with static-scheduling de-
pendence. The methods extend the concept of LTI predication-error identi-
fication and can also be applied for the identification of MIMO systems. The
local method exploits the principle of gain-scheduling to formulate the LPV
identification as a well-posed interpolation problem of identified LTI mod-
els with constant scheduling signals. The global method relies on a prior
chosen parameterization of the scheduling dependence to provide a global
estimate via linear regression and a varying scheduling signal.

¢ Feedback-based model structures are introduced, which can approximate
dynamic dependence of the coefficients of LPV series-expansions by using
static dependence. The identification problem with these structures is solved
via a separable least-squares strategy.

* A novel OBFs-selection mechanism and its robust extension are developed.
These mechanisms provide the basis selection, i.e. the model-structure se-
lection, phase for the proposed OBFs-based LPV identification approach
(Chapter[8).

¢ By using the concepts of hyperbolic geometry, the Kolmogorov n-width op-
timality result of the pulse basis with respect to circular regions of non-
analycity around the origin is extended. This contribution gives more in-
sight in the understanding of Kolmogorov n-width optimality of OBFs with
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respect to specific regions of non-analycity and enables the robust extension
of the basis-selection tool.

10.3 Recommendations for future research

As a continuation of the presented results and in view of our research goals the
following problems/challenges are suggested for future research:

e In the LTI behavioral framework, a considerable amount of theory is dedi-
cated to the investigation of observability and reachability of behaviors and
system representations. Such notions are inevitable to formulate and under-
stand control in the behavioral concept. In this thesis, such notions have
been left unexplored as they have been not necessary ingredients for the
developed theory. However, to achieve a complete foundation of the LPV
behavioral approach, such notions must be worked out as well. This in-
vestigation might be based on the compatible theories of (2006) and
I[lchmann and Mehrmann (2003).

¢ Beside the proposed cut & shift procedure, the development of a state con-
struction mechanism for the realization of LPV-SS representations with min-
imal complexity of coefficient dependence can also be important from a
number of aspects. It would establish the concept of minimality both in
terms of state dimensions and complexity of the coefficient dependence.
Furthermore, it would provide the most simple realization of a given model
in a SS representation, making comparison and further use much more effi-
cient.

¢ In this thesis, series-expansions representations of LPV models have been es-
tablished in terms of LTI basis functions. It is an interesting question wether
such basis functions can be defined in a parameter-varying sense. Such a
mathematical concept might enable the full extension of the theory on or-
thonormal basis functions with respect to LPV systems.

* The developed discretization theory focuses on static dependence of the co-
efficients in a zero-order-hold setting. Foundations for discretization of rep-
resentations with dynamic dependence are given in a higher-order-hold set-
ting. However, for a well-established theory, further investigation of this
setting is needed. The performance of the methods in a higher-order-hold
setting together with the derivation of criteria to assist the step-size selection
could be an interesting target of future research.

¢ Instead of the isolated discretization concept, treated in this thesis, the de-
velopment of discretization procedures that focus on preservation of the
closed-loop performance, would provide valuable tools for the LPV control
community.
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e In the proposed transformation mechanism of NL models to LPV descrip-

tions, the approximation of non-factorizable terms leaves a considerable a-
mount of freedom. By analyzing and categorizing efficient approximation of
common non-factorizable nonlinear terms, a fully automatized model con-
version tool could result.

Strong concepts of identifiability, persistency of excitation, and validation of
the proposed model structures and LPV systems in general have been left
unanswered. General results about the asymptotic variance and bias of the
estimates have been derived, but developing more informative expressions
remains a subject for future research. The exploration and analysis of these
issues, together with an experiment-design theory, are inevitable to accom-
plish the identification cycle and give a complete theory of LPV modeling
and identification.

Further investigation of relations of hyperbolic geometry, pole uncertainties,
and the Kolmogorov theory also presents an interesting objective. These
investigations may provide a better understanding of model uncertainties
or define well-established metrics for investigating similarity or distance of
LTI models.

In the proposed identification scheme, one of the major difficulties is the de-
cision about the parameterization of coefficient dependencies both in terms
of functional and dynamic dependence, in the absence of structural infor-
mation. In the NL case, especially for Wiener models (Hagenblad 1999),
recently some theories appeared to choose appropriate functional forms for
the coefficients, based on measured data sequences. Due to the similarity
of the proposed model structures to this system class, such results could be
useful to solve similar questions in the LPV case as well.

Commonly, unstable systems are identified in a closed-loop setting. Con-
sidering that the primary objective of control is stabilization of such sys-
tems, the identification of unstable phenomena is also a vital problem in the
LPV case. Based on this, investigation of LPV closed-loop identification with
series-expansion model structures is proposed as one of the most crucial ob-
jectives of future research.

Finally, testing the developed approaches and theories in practice is required
for verification of their usefulness. Establishing model estimates based on
measured data and synthesizing LPV control with these models are essential
steps to be taken. This may lead to further insight and experience to develop
the LPV identification field into a well-established framework.
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Proofs

In this appendix, the proofs of the theories and lemmas of this thesis
are presented. The proofs relay heavily on the notation and concepts
introduced in the previous chapters.

A.1 Proofs of Chapter (3

Proof: (Field property of R, Lemma[3.I) To prove that R is a field the following
properties have to be satisfied by the operators H and L.

e Closure of R under B and [.
We need to prove that

(VT‘l,T‘QER)#(TlEHT’QER) and (TlmTQER). (A].)

Letri,72 € Rsuch thatry € R;and 72 € R; withi > j > 0. Letr, € R;
such that U, (r}) = ro. Note that r is unique. In R; it holds that r; + 75 € R;
and 71 -, € R,;. Furthermore the results of these operators are unique in R,.
For any r € R; it also trivially holds that U, (r) € R and it is unique. These
imply that r; Bry € R and r; 7y € R and the results of these operators are
also unique in R. This proves (AJ).

o Commutativity of B and [.
This property follows from the commutativity of the Euclidean operators.

e Associativity of B and [.
We need to prove that for all 71, r2, 70 € R

71 B (T‘Q B T‘3) = (T‘l B T‘g) H 73 and 71 & (T‘Q B 7’3) = (T‘l B 7’2) B r3.
Due to the fact that 4+ and - are associative in R,, for n > 0, it is enough to

show that U*(T‘l + 7’2) = U*(T’l) H U*(T‘g) and U*(T‘l . 7’2) = U*(T‘l) ] U*(T‘g).
As for all r € Ritholds that r = U,(r) these properties are trivially satisfied.

339
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e Operation [ is distributive over 8.
We need to prove that for all 71, 72,70 € R

1 ] (7’2 H 7’3) = (7‘1 ] 7’2) H (’I"l L] 7"3).

Due to the fact that - is distributive over + in R,, for n > 0, the argument
that proves this property is similar to the previous case.

e Existence of additive identity.
Due to construction (3.12), the additive identity in R is unique and equal to
0 € R. This is proved by the following argument. In R,, for n > 0, the zero
element 7 is unique and satisfies 79 + r = r for all » € R,,. It also holds that
70 is not in R,, except for n = 0 because U, (ry) = 0 € R.

e Existence of multiplicative identity.
Due to construction (38.12), the multiplicative identity in R is unique and
equal to 1 € R. This is proved by a similar argument as in the previous case.

e Existence of additive/multiplicative inverse.
For any r € R, there exists a unique —r € R, such that r + (—r) = r¢
where 7y is the zero element in R,,. If U.(r) = r, then it trivially implies that
U.(—7) = —r. Thus for all » € R, it holds that its additive inverse exists
in R, and it is unique. This proves the existence of additive inverse in R
which is also unique. Similar arguments hold for the multiplicative inverse.

O

Proof: (State-kernel form, Theorem [3.2) The concept of the proof is based on
Rapisarda and Willems (1997). To 51mphfy the discussion, we prove only the so
called Markovian case as the state case follows trivially from this concept due to the
linearity and time-invariance of LPV systems. We call the continuous-time LPV
system S = (R, P, W, B) Markovian, if for all p € Bp

(w1, w2 € By) A (wr,wy continuous at 0) A (w1 (0) = w2(0)) = (w; 6\’[1)2) €B,.

In case of a discrete-time S, i.e. T = Z, the definition is similar except continuity
of w; and wy, is not required at 0. In the following, we prove that S is Markovian,
iff there exist matrices ro, 1y € R™*™ such that B has the kernel representation:

row + méw = 0. (A.2)

For the sake of simplicity we consider only the continuous-time case as the DT
case follows similarly. For T = R, { = £, the “if” part is trivial. To show the
“only if” case, assume that a KR representation of S is given with R € R[{]"*"W
for which the solutions of (3.17) satisfy the above given connectability condition.
Without loss of generality it can be assumed that R is full row rank. Also, there
exists a unimodular M € R[{] *™ such that R' = MR is in a row reduced form,
meaning that the matrix formed by the coefficient functions of the highest powers
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in £ of the rows R’(£) has full row rank. Due to the fact that M is a left-side
unimodular transformation, the behaviors of R and R’ are equivalent.

We show now that deg(R’) = 1. Assume the contrary and write R’ in the IO
form: J J
(Rl(ﬁ) <>p)w1 = (Rg(@) op)wg, (A3)
where col(w;, wy) = w corresponds to an 10 partition and deg(R;) > deg(R2). The
assumption that deg(R’) > 1 implies that deg(R1) > 1. Similarly, the assumption
of (R'(4) o p)w = 0 is Markovian implies that (R (%) o p)w; = 0 is Markovian.

Now let w},w} be the solutions of (Ri(4) o p)w; = 0 for a p € Bp with
w} (0) = wY (0). Since (w1, w2) is an IO partition of S, thus col(w, 0) and col(w/, 0)
are also solutions of (R'(%) ¢ p)w = 0 and due to Markovian property, they are
connectable. This implies that in order to obtain contradiction it suffices to prove
contradiction for autonomous systems. Let ng = deg(R:) and by assumption
ng > 1. Introduce auxiliary variables w;; defined as

d n
’uv}ij = ﬁ’w]‘, (Z,]) € ﬂos X |]711w7 (A.4)
where w = [w; ... wp,,]". Collect these variables in a column vector
g N N N N 9 T
w = [ Wp1 Wo2 ... Wony, W11 ... wngnw ] (A5)
Now consider the system with latent variable w as
4y (ropw (A.6a)
—w = (r 0, .
dt P
w; = Uu)oj, Vj e |]71’Lw. (A6b)

where the coefficient » € R("¢"w)x(nemw) is determined from the coefficients of
R;(¢) and the definition (AZ). The manifest behavior of (A.6a)) is equivalent with
the manifest behavior of R;(¢), which can be checked by elimination of the la-
tent variables of (A.6alb). However, the manifest behavior can not be Marko-
vian as (A.6alb) has exactly one solution (w, w) for each initial condition @ (0) and
scheduling trajectory p € Bp. This contradicts Markovianity, since two solutions
(w,w) and (w',w") with 1;(0) = 10, (0), Vj € I}7" cannot be connected unless also

w3 (0) = @l (0), (i, §) € 1771 x 1. 0

A.2 Proofs of Chapter[5

Proof: (LPV series expansion, pulse basis, Theorem [5.J) In the introduced LPV
behavioral framework it has been shown that any discrete-time non-autonomous
LPV system S = (Z,P C R"®,R™, B) has non-unique IO representations. Denote
the scheduling variable of S as p. For a given IO partition with output dimen-
sion ny and input dimension ny, a IO representation of S is characterized by the
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polynomials R, € R[{]™*" and full row rank R, € R[{]"**"¥. Among the IO
representations that belong to the equivalence class of S for this IO partition, there
exists a subset of representations where R, and R, are coprime. Those representa-
tions are called minimal. Among these minimal representations the representation
with monic Ry is unique. Consider this unique, minimal IO representation of S
and denote its polynomials with R, and R,. Then the dynamic relation reads as

Nna—1 ny
¢"y+ Y (aiop)g'y=> (bjop)du, (A7)
=0 7=0

where a; € R™ ™, i € Ij*>"" and b; € R™*"™, j € [ are the coefficients of
Ry and R,. Due to the maximum freedom of u in the IO partition, it holds that
deg(Ry) = na > np, = deg(Ry).

Assume that S is asymptotically stable. Multiply the expression (A7) with
g~ "™ which according to the non-commutative multiplication rules in discrete
time (see Definition [3.13) results in

na—1
y=— ([a]™ op)g'~ ”ay+Z 1™ o p)gd ", (A8)
i=0 =0

where [ . |"* denotes the backward shift operator applied on the coefficient func-
tion for n, times. We call (A:8) the filter form of (A7). Now substitute ¢~ 'y in
(A:8) by the left-hand side of (A.8) multiplied by ¢~*. This results in the following
expression:

na—1 np
v o= lan]™ (= 3 (@l op)g Ty 4 Y ()" ep)g
=0 j=0
Na—2
— Z ([as]™ o p)g'™ "‘y—i—z 1" o p)g’ ", (A9)

Notice that in (AJ9), the smallest time-shift of y has the order of —2 and that all
coefficient relations with (A8) are uniquely determined. Note that (A7) repre-
sents ‘B restricted to signals y and u with left compact support. Thus, by apply-
ing this procedure recursively on q~ 2y, g 3y, etc., there exists an € N for every
(u,y,p) € B such that y vanishes after substitution of ¢~ "y. This yields, that the
recursive procedure results in a Laurent-like series expansion of (A7).

Denote by g; the resulting expressions of the coefficients of Ry, and R, associ-
ated with each ¢~ ‘v in (A9). It is obvious that g; € R™*"V. However, it is not
obvious how this coefficient sequence behaves for increasing i and if it is conver-
gent or not. As a next step, we investigate this property.

Due to the asymptotic stability of S, it holds that for all p € Bp and k € Z

Jlim (gi o p)(k) = 0. (A.10)
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Otherwise there exists a kg € Z, and an input signal

(1, if k= ks
u(k) _{ 0, else. (A.11)

such that the associated output trajectory y in terms of the IO representation does
not converge to the origin when k& — oo, which contradicts with the asymptotic
stability. This implies that

lim (g, op) =0 Vp e Bp, (A12)

meaning that the coefficient sequence of the expansion converges to the zero func-
tion on Bp. In this way, the limit of the function sequence {go, g1, g2, ...} can be
considered zero.

Asymptotic stability of S also implies BIBO stability in the ¢, norm:

sup||u(k)[| < oo = sup|ly(k)| < oo.
k>0 k>0

In the view of /., BIBO stability, the resulting series expansion form satisfies

suplly(k)| = supl|(go o p)(k)u(k) + (g1 o p)(k)u(k — 1) +...|.
k>0 k>0

As supy s [lu(k)|| < oo and supys [ly(k)|| < oo, the above equation implies that
sup > _ ||(gi o p) ()| < oo. (A13)
k20520

These properties prove that

oo

y=> (gop)q  u, (A.14)
1=0

exists and it is satisfied for all (u,y,p) € B with left compact support. In this
way, an asymptotically stable discrete-time LPV system has a unique, convergent
series expansion in terms of the LTI pulse basis {1,¢7!,¢ 72, ...} with expansion
coefficients in R"v*"v, O

Proof: (LPV series expansion, OBFs, Theorem[5.2) In the LTI theory, it is proven
that any pulse basis function z7%, i > 0, has a unique series expansion in terms

of a arbitrary basis sequence ®_ = {¢;}32, in RH>_ (E) (Heuberger et al|2005).

This implies that

gt Wil Wi2 Wiz ... ¢1(q)
q? Wol W22 W23 ... ®2(q)
g3 | = | wa1 ws2 wsz ... #3(q) | > (A.15)
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where w;; € R, 4,j € 13°, are the expansion coefficients. It holds for all ¢ € [3°,

that the sequence {w;;}52; is an { sequence (Heuberger et al|[2005). The same

property also holds for each sequence {w;;}52;.

Based on Theorem[5.T] there exists a pulse basis series expansion of any discrete-
time asymptotically stable LPV system S = (Z,P, W, B) with IO partition (u,y).
This series expansion can be written in the form of

e
y=gout ([ &1 g e ... ]op)| ¢3 |uw (A.16)
Now by substituting (A15) into (A.T6) it follows that
b1
b2

Y = goU + ([ wl w2 w3 ... } <>p) QSB u, (A17)

where
Wil Wi2 W13
Wo1 Woo W23 e
[ wl w2 w3 ... ] = [ g1 8 83 .- } W31 W32 W33 ... : (A]-8)

Due to the fact that {g;}3°, converges to zero and it satisfies (AI3) for all p € Bp
and each {w;; }32, is an ¢» sequence, each w; € R™*™ is unique and well defined.
On the other hand, zero convergence of each {w;; }3°, implies that

lim (w; 0op) =0 Vp € Bp, (A.19)

meaning that the new coefficient sequence converges to the zero function on Bp.
This provides that (A7) is a unique, convergent series expansion of the LPV
system in terms of ® . C RHa_ (E). As in the considered system class any
system has a convergent series expansion in terms of the pulse basis, therefore
any of these systems has a convergent series expansion in terms of an arbitrary
&, C RHa— (E) basis. O

A.3 Proofs of Chapter (8

Proof: (Optimal Partition, Theorem The proof is given in an alternating
minimization sense. First, fix V and define J,,, (U) = J,» (U, V), for U € U}=. Since
the membership values [1;];<, of z to the fixed clusters are not depending on
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the memberships of other data points, therefore the columns of U are degenerate
to each other (decoupled) in the minimization of Jom (U), therefore:

e N
min J,, (U) = min maleu%dik = max min Z,u%dik. (A.20)

Ueul: UeUnF kel = =7 kel Ueunz i —

Denote J¥ (U) = Sory pitdix. To introduce the constraints U2, the Lagrangian

Ay (0, U) of J (U) is defined for each k € 11 as

Ay (6, U) = Zuﬁidik — Ok KZMm) - 11 - (A.21)
=1 i=1

Assume that 7, ,’f = (), then (0, U) is a stationary point for Ay, only if

8 . N, Anc¢XN,

for all k € 17, Setting all of these gradients equal to zero yields that

OA (8¢, U)
OA (05, U) 1=, A2
A
Ot

for every k € I1> and i € 7. From (A23D), it follows that

uik:< O )ml. (A24)

mdl-k

Moreover, by substitution of (A24) into (A23a):

ne rs N ]\ mi
0 Z(%) (%) -1 (A.25a)

=1
5 T
m

1 —1
e 1 \m-1
— . A.25b
[Z () ] (A25)
If (A-25D) is substituted back into (A.24), then

=1

i = (di’“)m_i - (A.26)

) E(8)
dis dis
=1 Lk =1 lk

In this way we have proved that in a local minima of .J,,, (U, V'), all p4;;, has to satisfy
(810a). 1f 77 +# 0, then (A26) is singular. In this situation, choosing u;; as given

by B10a) results in J% (/) = 0, because the non-zero weights are placed on zero
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distances, while positive distances with nonzero weights would increase J¥) 0),
contradicting to minimality. As the zero-distances can have arbitrary weights,
for the shake of simplicity equal weights are considered fulfilling (810a). Note,
that such singularity hardly occurs in reality, since machine round-off prevents its
encounter.

To establish (8.10D), fix U € U= and define .J,,, (V) = J,,,(U, V). Minimization
of J,, (V) is unconstrained on D", and it is decoupled for each v;. Therefore

Ne Uz

.7 _ . mgo in J@)
Juin Jy, (V) = i, ma ;Uikdzk = i,lvrgﬂg’l“']m V), (A.27)

where J (V) = max; y~. ik, depending only on v;. This means that

vi = arg min ) (V) = arg min max pidi. (A.28)
i 1 z

Optimization (A28) can be formulated as a matrix inequalities constrained mini-
mization problem. Denote

vi = JO (V) = max pfid, (A.29)

kell=
then the solution of (A.28) can be obtained by solving

minimize ~; > 0,

ZE—U
*
1—zjv

v e D.

N,
< v, Vk‘Eﬂl ,

subject to  pl}

The constraints of this minimization can be written for each & as

m | 2k — U

ik

Yis (A.30a)

*
1—-2zjv

IN

pE |z — v* |1 — zjo| 2 V2. (A.30b)

From the Schurr-complement of (A.30D) it follows that (A:30a) holds iff

1—ziv2 (zk2— v)

" . =0, Vkel:, A31
pip(zr — v) Yi ] o ! ( )

where v € D. Then a sufficient but not necessary condition for (U, V') being lo-
cal minima of J,, is to satisfy (A26) and (A:28). This concludes the proof. It is
important to remark that .J,, (U, V') has more stationary points than what can be
reached through alternating minimization, however all points fulfilling Theorem
Bdlare stationary points of J,, (U, V). O
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Proof: (Asymptotic property of .J,,,, Theorem[8.2) As the cluster centers of V are
assumed to be “nonsingular” with respect to Z, i.e. d;;, > 0 for all (i, k) € I7< x 1%,
thus based on the optimality of U,,, substitution of (A.26) into (8.8) implies, that

form > 1:

Jm(Uma V) = mal\g( Z/‘lkdzk = max Zﬂzklhk dir, =
keulzl 1 1 i=1
n
c dir
I . —

m—1
keﬂflzizl Te 1\ ™1
dik Z din

ne 1-m
_1
= max [Z <dm>1m] ,

kely =1

holds as >, pix = 1. Now introduce

¢ 1 1/7
> % (dikf] , (A32)
with 7 = L. Then
I (Upn, V) = Jrz1 (Urzr, V) = nd/ " max J® (V). (A.33)
T T kel

Equation (A32) is called the Holder or generalized mean (Bullerl2003) of d;;.. Based
on the properties of the generalized mean in terms of 7, the following hold:

Case m — 17— —00 = J") (V) — mﬂin {dix} forall k € 1=, Since n}~™ — 1,
i€lre

the minimum over 7 is unique for each k:

hm I (Upm, V) = max min {d;s} . (A.34)
m—1 kEUNZ Ze[]"c
Case m =2 < 7 = —1. Then jﬁkl) (V) is the harmonic mean of {d;;}}<, for each

kel so
1 c
Jo(Uz, V) = — max —or

e (A.35)
Ne ketd= D dik

Case m — oo & 7 — 0. Then, the asymptotic convergence of the generalized
mean to the geometric mean yields: JH) (V) =1, dix] e y O(e7), which

gives
T (U, V) = 0k~ max [H;l dik} L O™, (A.36)

kell=
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and since n! =™ — 0, therefore

lim Jy, (U, V) = 0. (A.37)

m—00

O

Proof: (h-center relation, Lemma From Lemma B2l we obtain that for any
Ky, (e, Th), there exists a K (e, r), such that all 2z € K}, (e, r,) satisfies both

Z — €p

———— | =1h, |z—e|=r. (A.38)
1— z%ey
Straightforward calculus leads to
1—12 1— |en|?
_ ey, leh| Th, (A.39)
1=y len] 1=y [en]
concluding that
1—1}
Yh = s €ER = e=pnen (A.40)
1 — 1} |en]
|

Proof: (ri-metric, Theorem [8.4) In order to prove that KM is a metric on D, the
following 3 properties have to be verified for all x,y,z € D:

(i) Zero metricity: k1 (x,x) = 0. By substitution:

0
1—x[*

X —X

=0, VxeD. (A.41)

F(x, %) = 1 —x*x

(ii) Symmetry: k1(x,y) = k1(y,x). Let x,y € D be arbitrary, then:

x— vl =y —%)|

F1(x,y) 1—xy[ |1 - (xy)] > x)- (442
(iii) Triangular inequality: k1 (x,y) < k1(2,%x) + k1(2,y). Assume thatx,y € D and
z € Hyy (see Figure[Adla). If x = y, then (iii) holds trivially as x1(x,x) =

0 < 2k1(z,x). Moreover, if z = x or z = y then (iii) holds with equality as
k1(x,y) = ki(x,x) + k1(x,y) = mi(x,y) or ki(x,y) = kily,y) + mai(x,y) =
k1(x,y). Now assume that x, y, z are distinct points. Define x = h,(x) and

¥ = b2(y), where b is the h-inversion that maps z — 0. Then, b, (Hyy) = Hyy

is a segment of an Euclidian line, a diameter of J (blue line in Figure[Ala).

Let H be the diameter line (also an h-line) bisecting the angle between Hyz
and the real axis. Then h;(x) = x and h;(y) = ¥ are points of the real
axis and b (Hzy) = Hzy C (—1,1) with 0 € Hg (green in Figure [Ala).

As hg o b, € D, then by Corollary (iii) can be written as x1(X,y) <
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Figure A.1: Inversion of h-lines and points proving the Triangular equality.

£1(0,%) + £1(0,¥). Assuming that x and y are ordered as x € (—1,0) and
y € (0,1), then
|X _~Z,|v S _i + ?7
[1—xy]
y—X - -
< — X,
1+xy 7
1 < 143,
0 < [&]3.

In the second part of the proof assume that z ¢ H,,. Define h-circles
Kpi(x,tn1) and Kyo(y,Tn2) such that z € Ky, Kpo (red in Figure [Adlb).
Note that k1(z,x) = Ty and k1(z,y) = The. If max (rp1,Th2) < K1 (%,5),
then Ky N Hyy = x and Ko N Hyy = y exist (blue in Figure [Alb). Since
%,z € Ky, therefore k1 (%,x) = k1 (2z,x%) and since §,z € Ky, therefore
k1 (¥,y) = k1 (z,y). Moreover, k1 (%,x) > k1 (7,%) and 1 (7,y) > k1 (X,5),
otherwise Ky N Kypo = 0. Then, x1(x,y) < k1 (%,x) + k1 (%, y), which gives
k1(x,y) < k1 (z,%) + k1 (7, y) implying (ii1). If max (ra1, Tn2) > k1 (x,y), then
either x ¢ Hyy or y ¢ Hyy. x ¢ H,, means that the circle Ky is containing
the circle Ky, (%, k1(%,y)), s0 k1(x,5) < rn1 = k1 (2,x). This implies that (iii)
holds. The case of y ¢ H,, analogously follows.

O

Proof: (h-segment worst-case distance, Theorem Define x = by (x), y =
bv (v), Hig = by (Hyy). As by (v) = 0, then x4 (0, 2) = |Z] for all £ € Hyy. Moreover,
by keeps distances in the Kolmogorov sense (Corollary[8.), therefore

gg}}({y/ﬁ (v,2) = znel%l}fy |Z]. (A.43)
In accordance to this, the most distant point of Hy; in the Euclidian sense from the
origin represents the furthest point of Hyy in the Kolmogorov sense from v. Based
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on the Euclidian geometry:

max |£] = max (][, [§]) = max (k1 (x,v), k1 (¥, 7)) (A.44)

O

Proof: (h-disc worst-case distance, Theorem Define ¢, = by (ep), then due
to LemmalfB.8] by (D (en,rh)) = Dn (én,1n). As by (v) = 0, thus k1 (0, 2) = |Z] for
every z € Dy, (é,11). Due to Corollary[8.T}

Z=ar max k1(v,z) = hy(ar max  |Z]). A.45
ngDh(eh7rh) 1( ) h ( géEDh(é}”rh)' |) ( )

Assume that v = ey, then &, = 0 and b, (Dy, (en, r1)) is equal to the Euclidean disc
D (0,ry). Then

arg max |z =K (0,rp), (A.46)
2€D(0,r1)

and Z = by (K (0,ry)) = Ky (en,rn), i-e. all the perimeter points of Dy, (en, rh),
with

max  K1(v,z) = Tp. (A.47)

zE€Dy, (en,rn)

If v # ey, then due to Lemma én and the Euclidian center of Dy, (éy, 1)) are
on the same Euclidian line from the origin. Therefore, based on the Euclidian
geometry:

zZ =by(arg max |Z]) (A.48)
2€{21,22}
where {21,202} = E (0,£) N K}, (én, rn) with E (0, £), the Euclidian line connecting
the origin with éy,. Furthermore,

max  k1(v,z) = max (|21], |22]) . (A.49)
zE€Dy, (en,rnh)

Moreover as by (E (0,t)) = Hye, the h-line connecting v with ey,, therefore Hye, N
Ky (eharh) = {bv (21)7bv (22)} O

Proof: (Convexity, Theorem[8.7) Any conformal mapping in D preserves convex-
ity of subsets of D (Blaif2000). As any e, with e € D, is a conformal mapping,
therefore b preserves convexity of sets in D (convexity preservation in the KM
sense). Let an arbitrary h-segment Hyy, be given. Then e = H,;, N H'@is the
midpoint of Hyy and Hyy = be (ny) is the part of a diameter of D. Then based
on the convexity of Euclidian lines, for any z;,z2 € Hyy; and r € [0,1] it holds
that rz; + (1 — r)z2 € Hygy. Therefore convexity holds for Hyy in the KM sense.
Furthermore, for any Dy, (en, rn), there exists an equivalent Euclidian disc D (e, r).
Based on the convexity of Euclidian discs, the convexity of Dy, (en, ry) is straight-
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forward. O

Proof: (Optimal Robust Partition, Theorem Similar to the proof of Theo-
rem 8.1l an alternating minimization approach is utilized. First, fix V' and define
Jm (U) = Ju(U,V), for U € U=, Since the minimization of Jm (U) does not
depend on the actual computation of {d;;}, therefore the first part of the proof
deriving the condition (8273 is the same as given for the proof of Theorem
with the exception, that in this case no singularity can occur as d;; > 0 for all
(i,5) € 17 x 17", See Section B3 for details. To establish 827h), fix U € U."
and define J,,, (V) = J,,(U, V). Minimization of .J,,, (V') is decoupled for each v;,
therefore

.y - 7(4)
g (V) = i, ;‘gﬁéiﬂmdm - V%& W a8

where J\V (V) = max; .. pijpdix, depending only on v;. As the elements of V

are degenerate to each other (decoupled) in the minimization of J (V), the min-

imizer of j,(,f) is obtained as

v; = arg min max max k1 (v, 2k). (A.51)
v; €D kEI]NZ 2, E€Z

Optimization (A5]) can be formulated as a QCs’ constrained minimization prob-

lem. Denote B
v = JWO (V) = max i din, (A.52)
kel

then the solution of (A5T) can be obtained by solving

minimize ~; > 0,
<, Vk elfc, Vz € Zy,

subject to  ul} ’1 v
veD.

Moreover, the constraints of the minimization can be rewritten for each k as (A30a}
b). The same holds for the h-discs induced constraints. From the Schurr-comple-
ment it follows that (A30a) holds iff (8.20) is fulfilled and the h-disc coverage
induced constraints hold iff (8:332) is fulfilled. Then a sufficient but not necessary
condition for (U, V) being a local minimum of J,,, is to satisfy (827a) and (8.27b).

U

A.4 Proofs of Chapter[9

Proof: (Representation of dynamic dependence, Property[9.2) Let S be an asymp-
totically stable SISO LPV system and ®7° C R'H,- (E) be a Hambo basis. For a
ne > 0, consider the Wiener-feedback model Miwr (Q)Zz ,0,Bp). The process model
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of Mywr (P, 0, Bp) has the representation:

Ng )

Ui = ¢;(@)G"(@Q)u— 0;(q)G(q)vij (p)¥ij (A.53a)
y = woo(p)u+ ) Y wij(p)jis, (A.53b)
i=0 j=1

where w;j,v;; € R|n, are meromorphic coefficients with static dependency. S is
asymptotically stable which implies that (A.53alb) has a convergent series expan-
sion in terms of ®7°. By substituting (A.53a) into (A.53D) recursively, this series
expansion reads as:

y = woo(p)u+ Z Z wij (p)6;(9)G" (q)u
i=0 j=1
—30 S v (0)5(0) G @)1 65 ()G () + -

i=0 j=1
From this expression it follows that

wij(p)6;(q)G" (q)wij () = (fij © )b ()G (q), (A.54)

where f;; € R has dynamic dependence. This implies that the resulting expan-
sion coefficients of ¢j(q)Gi, with ¢ > ne, have dynamic dependence. If each v;;
is constant, then in (A.54) fij = wij, which means that the resulting expansion
coefficients of ¢, (q)G*, i > n, have static dependence. This concludes the proof
in the WF-LPV OBF case. With respect to HF-LPV OBF models, the proof follows
similarly.

O
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Summary

he constant need to improve efficiency of plants and processes in terms of

performance or energy consumption challenges the system identification
field to provide simple but more accurate models of physical/chemical phenom-
ena. This leads to the need of system descriptions of nonlinear/time-varying
plants that go beyond the framework of Linear Time-Invariant (LTI) systems. The
model class of Linear Parameter-Varying (LPV) systems provides an attractive can-
didate for this purpose. The philosophy of LPV systems is to represent the physi-
cal reality as a set of LTI systems from which one is selected at every time instance
to describe the continuation of the signal trajectories. This selection is based on
the variation of an external signal of the system called the scheduling variable. The
LPV system class has a wide representation capability of physical processes and
is supported by a well worked-out and industrially reputed control theory.

Despite the advances of the LPV control field, identification /modeling of plants
in an LPV form based on measured data is still not well-developed. The main
problem is that a unified view on LPV system identification is missing as most
methods only focus on the estimation of models in particular model structures.
The question whether the used model structure is an adequate choice for the plant
is commonly left unanswered. Furthermore, it is not well understood how a given
nonlinear system can be efficiently described by a LPV model. Often extensions
of classical LTI identification methods are used for the LPV case, but these ap-
proaches are applied as an optimization tool instead of estimation in a stochastic
sense. Most methods have significant computational load, that makes their prac-
tical use difficult. There is even not a well-accepted definition of the concept of
an LPV system. The question whether different LPV model representations are
equivalent or how they are related is generally left unanswered due to the lack of
a well-founded LPV system theory.

The aim of this thesis is to find solutions for these problems by focusing on
the development of an LPV identification framework that provides reliable LPV
model estimates with low computational load. In order to establish such a frame-
work, it is first necessary to understand how different model structures relate to
each other and what type of dynamical relation they describe. When analyzing
system equivalence between different models and system representations it turns
out that time-shifted versions/derivatives of the scheduling signal (dynamic de-
pendence) need to be taken into account.
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In order to construct a parametrization-free description of LPV systems, a be-
havioral approach is introduced in this thesis that serves as a solid basis for speci-
fying system theoretic properties. This behavioral setting yields a framework that
enables a unified view on the concepts of LPV identification and control. LPV
systems are defined as the collection of valid trajectories of system variables (like
inputs and outputs) and scheduling variables. Kernel, input-output, and state-
space representations are introduced as well as appropriate equivalence trans-
formations between these representations, both in discrete and continuous time.
Using the developed framework it is shown that - similar to LTI systems - asymp-
totically stable LPV systems have a convergent series expansion representation in
terms of Orthonormal Basis Functions (OBFs). This observation supports the use of
such models for identification purposes.

In order to understand how nonlinear first-principle models can be used to
facilitate LPV model structure selection in discrete-time, based on prior informa-
tion, the discretization of LPV systems is investigated in a zero-order-hold set-
ting. Complete and approximative methods are explored together with criteria to
choose adequate sampling times. As a major contribution, an algorithm is devel-
oped to convert nonlinear differential equations into LPV system representations.
The algorithm induces the selection of suitable scheduling signals.

Building on the previously introduced tools and concepts, an identification
framework is introduced in a well-established sense that uses truncated LPV se-
ries expansions in terms of OBFs as model structures. Such models have attrac-
tive properties in identification and they are general approximatiors of nonlinear
systems with fading memory. Identification approaches based on several differ-
ent OBF model structures are developed and analyzed in an LPV prediction-error
framework. The general idea of OBFs based identification results in a two-step
procedure, where first the OBFs are selected, based on measured data or first-
principle information. This basis selection is accomplished by a combination of
fuzzy clustering of estimated pole locations. For the estimation two approaches
are proposed:

® A local method, using locally identified LTI models (constant scheduling)
followed by interpolation of the resulting model coefficients.

e A global approach, based on linear regression using varying scheduling sig-
nals.

The developed framework provides an efficient (in terms of reliability and
complexity) LPV identification approach from model structure selection till de-
livering the model estimate. Issues of variance and bias are investigated, extend-
ing the classical results of the LTI framework. Besides the practical investigation
of the presented results, exploration of the other steps of the identification cycle,
like experiment design and validation is targeted for future research in the LPV
framework.



Samenvatting

e hedendaagse systeem en regeltechniek wordt gekenmerkt door een voort-
D durende vraag naar efficiéntieverhoging van de beschouwde processen en
systemen in termen van prestatie of energieverbruik. Voor het gebied van de sys-
teemidentificatie betekent dit een vraag naar meer accurate, maar tegelijkertijd
eenvoudige, modellen van fysisch/chemische processen. Het klassieke raamw-
erk van Lineaire Tijd-Invariante (LTI) systemen dient daartoe te worden uitgebreid
om ook niet-lineaire en tijdvariérende processen accuraat te kunnen beschrijven.
De klasse van Lineaire Parameter-Varierende (LPV) systemen vormt een aantrekke-
lijke kandidaat voor deze uitbreiding. Het idee achter deze klasse van modellen is
de weergave van de fysische realiteit als een verzameling LTI systemen, waaruit
op elk moment één wordt gekozen voor de beschrijving van de systeemdynamica.
Deze keuze is gebaseerd op een extern systeemsignaal, aangeduid als de schedul-
ing variabele. Met deze klasse van LPV systemen kan een breed spectrum van fy-
sische processen op adequate wijze beschreven worden. Daarbij is van belang dat
er een uitgebreide en goed gefundeerde theorie beschikbaar is voor het regelen
van deze systemen.

Daartegenover staat dat de theorie rond het modelleren en identificeren van
deze systemen nog niet goed ontwikkeld is. De gebruikte methodieken zijn mees-
tal generalisaties van LTI identificatiemethoden en focussen vaak op zeer speci-
fieke modelstructuren, zonder afdoende motivatie en inzicht in de onderliggende
problematiek. Daarnaast wordt nauwelijks aandacht besteed aan de vraag hoe
en in hoeverre een niet-lineair proces op efficiénte wijze gemodelleerd kan wor-
den als een LPV systeem. Diverse methoden vergen een grote rekentechnische
inspanning, wat praktische toepassing belemmert. Een fundamenteel probleem is
dat er geen algemeen aanvaarde definitie van LPV systemen voorhanden is en dat
het onduidelijk is in hoeverre de gebruikte definities en representaties met elkaar
overeenkomen of juist niet. In feite ontbreekt het aan een goede gefundeerde LPV
systeemtheorie.

Het doel van dit proefschrift is om oplossingen voor deze problematiek aan
te dragen, waarbij de aandacht met name ligt op het ontwikkelen van een goed
gestructureerd LPV identificatie-raamwerk, waarmee betrouwbare LPV modellen
kunnen worden bepaald met een beperkte rekentechnische inspanning. Hiervoor
is het essentieel om inzicht te verkrijgen in the relaties tussen de verschillende
modelstructuren en de dynamica die door deze structuren beschreven wordt. Uit
de analyse van deze problematiek volgt dat equivalentie tussen de verschillende
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model- en systeemrepresentaties alleen mogelijk is indien er wordt uitgegaan van
zogenaamde dynamische afhankelijkheid van het scheduling signaal. Dit betekent
dat niet alleen de instantane waarde van dit signaal van belang is, maar ook
afgeleiden, dan wel in de tijd verschoven waarden een rol spelen.

In dit proefschrift wordt een niet-parametrische beschrijving van LPV syste-
men, de zogenaamde behavioral approach, geintroduceerd en geanalyseerd. Dit
leidt tot een solide raamwerk voor het beschrijven van systeemtheoretische eigen-
schappen en maakt het mogelijk om te komen tot een algemene theorie van iden-
tificatie en regeling van LPV systemen. Deze systemen worden in dit raamwerk
beschreven als een verzameling van alle mogelijk signalen (zoals input-, output-
en scheduling signalen). Er worden diverse representaties geintroduceerd en ge-
analyseerd, zowel in het continue als discrete tijddomein en de transformaties
tussen deze representaties worden beschreven. Met dit raamwerk wordt aange-
toond dat LPV systemen beschreven kunnen worden door middel van een reek-
sontwikkeling in termen van Orthogonale Basis Functies (OBF’s). Dit resultaat maakt
het mogelijk om efficiénte modelstructuren te ontwikkelen die toegepast kunnen
worden bij het identificeren van LPV systemen.

Cruciaal bij de keuze van een LPV modelstructuur is inzicht in de mogelijke
vertaling van niet-lineaire relaties en modelbeschrijvingen, mogelijk in continue
tijd, naar een LPV vorm. In dit kader is de discretisatie van LPV systemen onder-
zocht, waarbij zowel complete als benaderende methoden zijn verkend en criteria
voor adequate sampletijden zijn afgeleid. Een belangrijke bijdrage is een algo-
ritme waarmee niet-lineaire differentiaalvergelijkingen worden getransformeerd
naar een LPV formulering, inclusief de keuze van de scheduling signalen.

Met behulp van de ontwikkelde concepten is een raamwerk ontwikkeld voor
de identificatie van LPV systemen, dat gebruik maakt van modelstructuren ge-
baseerd op reeksontwikkelingen in termen van OBF’s. Deze structuren hebben
aantrekkelijke eigenschappen en zijn tevens geschikt voor het benaderen van een
brede klasse van niet-lineaire systemen. Er zijn meerdere identificatiealgoritmes
op basis van deze modestructuren ontwikkeld en geanalyseerd. Deze methoden
worden gekenmerkt door een aanpak in 2 stappen. Hierbij worden eerst de bas-
isfuncties geselecteerd op basis van meetdata, voorkennis of fysisch inzicht. Deze
selectiestap maakt gebruik van fuzzy clustering technieken. In de tweede stap
worden modellen geschat. Daarbij worden twee aanpakken onderscheiden:

¢ Een locale aanpak, waarbij eerst een aantal LTI modellen geschat wordt voor
contante scheduling signalen. Door middel van interpolatie van de model-
coéfficiénten wordt vervolgens een LPV model bepaald.

e Een globale methode, waarbij de relatie van de modelcoéfficiénten met de
scheduling variabele eerst op lineaire wijze wordt geparametriseerd, en waar-
bij de resulterende parameters worden geschat op basis van globale meet-
data, met een variérend scheduling signaal.

Dit raamwerk resulteert in een efficiénte LPV identificatieprocedure, vanaf de
keuze van modelstructuur tot het schatten van modellen. Toekomstig onderzoek
zal gericht zijn op de praktische toepassing van de ontwikkelde concepten, eve-
nals op andere belangrijke onderdelen van het identificatieproces, zoals experi-
mentontwerp en modelvalidatie.
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