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This paper proposes a nonlinear estimator for the robust reconstruction of process and sensor faults
for a class of uncertain nonlinear systems. The proposed fault estimation method augments the
system dynamics with an ultra-local (in time) internal state-space representation (a finite chain of
integrators) of the fault vector. Next, a nonlinear state observer is designed based on the known parts
of the augmented dynamics. This nonlinear filter (observer) reconstructs the fault signal as well as
the states of the augmented system. We provide sufficient conditions that guarantee stability of the
estimation error dynamics: firstly, asymptotic stability (i.e., exact fault estimation) in the absence of
perturbations induced by the fault model mismatch (mismatch between internal ultra-local model
for the fault and the actual fault dynamics), uncertainty, external disturbances, and measurement
noise and, secondly, Input-to-State Stability (ISS) of the estimation error dynamics is guaranteed in
the presence of these perturbations. In addition, to support performance-based estimator design, we
provide Linear Matrix Inequality (LMI) conditions for £,-gain and £, — £, induced norm and cast
the synthesis of the estimator gains as a semi-definite program where the effect of model mismatch
and external disturbances on the fault estimation error is minimized in the sense of £,-gain, for an
acceptable £, — £, induced norm with respect to measurement noise. The latter result facilitates a
design that explicitly addresses the performance trade-off between noise sensitivity and robustness
against model mismatch and external disturbances. Finally, numerical results for a benchmark system

illustrate the performance of the proposed methodologies.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Process reliability is essential in many engineering systems,
such as high-tech equipment, energy systems, automotive
technology and health applications. Predictive maintenance tech-
nology is a key enabler for improving process reliability. A fun-
damental element for predictive maintenance is fault estimation.
That is, we do not only need to know the presence and source
of the fault (fault detection and isolation, see Chen and Patton
(2012), Ding (2008) and Hwang, Kim, Kim, and Seah (2009), and
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references therein) but also its nature/severity (fault estimation).
As an example, suppose the fault is small and/or slowly increasing
in magnitude (slow compared to the system time scale). In this
case, if accurate estimates of fault-induced signals are available
the fault severity can be quantified and predictive maintenance
can be scheduled accordingly. The latter is only possible if we
estimate fault signals (at least their magnitude) using avail-
able information (inputs, measured outputs, and system models).
Therefore, this paper focuses on the problem of fault estimation
for a class of uncertain nonlinear systems.

Existing Literature: Available methods for fault estimation can
be divided into three categories:

(1) Linear Systems: Numerous fault estimation methods have
been developed for linear dynamical systems (see, e.g., Liu, Cao,
and Shi (2012) and Liu and Shi (2013) for results on linear
stochastic and switching systems). However, most practical sys-
tems, such as those in robotics, transportation systems, power
networks, manufacturing, and water distribution, are nonlinear
in nature.

0005-1098/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(2) Nonlinear Systems/Linear Filters: Methods for nonlinear
systems are still under development, see, e.g.,, De Persis and
Isidori (2001), Ghanipoor, Murguia, Mohajerin Esfahani, and van
de Wouw (2023a), Ossmann (2016) and Zhu, Yang, Wang, and
Wang (2015). For fault estimation in nonlinear systems, linear
or nonlinear filters can be developed. Some of the existing lit-
erature on fault detection for nonlinear systems can be adapted
to address the fault estimation problem (Varga, 2017). For in-
stance, Mohajerin Esfahani and Lygeros (2015) provide a linear
filter for fault detection of nonlinear systems in which the linear
filter is designed by minimizing the nonlinearity effect on the
filter output subject to a bound on the effects of fault on the
filter output. In this result, by constraining the mapping from the
fault to the filter output, the fault signal can be estimated. Similar
results can be found in Pan, Palensky, and Mohajerin Esfahani
(2021) where instead of minimizing the nonlinearity effect, the
output mismatch of the actual and simulation-based system is
minimized to provide robustification against model mismatch.

(3) Nonlinear Systems/Nonlinear Filters: For fault estimation
in nonlinear systems, also nonlinear filters can be used (Guzman,
Lopez-Estrada, Estrada-Manzo, & Valencia-Palomo, 2021; Han,
Liu, Gao, & Wei, 2019; Jiang, Staroswiecki, & Cocquempot, 2006;
Veluvolu, Kim, & Lee, 2011). Most of the existing results construct
nonlinear observers by incorporating nonlinear dynamics of the
system as nonlinear filters for fault estimation. Because these
results consider nonlinear dynamics in the filter structure, they
can capture the behavior of nonlinear systems accurately and as a
consequence provide better fault estimation. However, to provide
such filters, due to nonlinearities, some assumptions on the class
of systems and faults are required. Below we discuss some of
these results.

As discussed in Jiang et al. (2006), the authors address the
fault estimation problem for nonlinear systems with uniformly
Lipschitz nonlinearities, process faults only (i.e., no sensor faults),
and assume the so-called matching condition (the rank of the
fault distribution matrix is invariant under left multiplication by
the output matrix) is satisfied. An adaptive filter is provided that
approximately reconstructs the actuator fault vector in this con-
figuration. Although the matching condition makes the problem
tractable, it significantly reduces the class of systems that can
benefit from the results. In Vo, Dao, Ahn, et al. (2021), a fault
estimation scheme is introduced for both sensor and process
faults using Nonlinear Unknown Input Observers (NUIO), adap-
tive Radial Basis Function Neural Networks (RBFNN), and assum-
ing the matching condition is satisfied. The authors prove that
their scheme provides boundedness of fault estimation errors.

In Zhu et al. (2015), the matching condition does not need to
be satisfied. However, they do not consider model uncertainty,
external disturbances, and measurement noise. The authors con-
sider Lipschitz nonlinearities, simultaneous sensor and process
faults, and adopt a standard fault observability condition (Hou
& Patton, 1998) on the linear part of the dynamics. Therein, the
problem is tackled using the notion of intermediate observers,
consisting of two dedicated observers, one that estimates the
fault and the other the state. Their scheme guarantees bounded
fault estimation errors. In van der Ploeg, Alirezaei, van de Wouw,
and Mohajerin Esfahani (2022), simultaneous additive and mul-
tiplicative process faults are considered in the scope of discrete-
time system models. They address the fault estimation problem
by decoupling process nonlinearities and perturbations from the
estimation filter dynamics and using regression techniques to
approximately estimate fault signals. Decoupling nonlinearities
leads to linear filters for which linear methods can be used to
reconstruct fault signals. However, decoupling conditions impose
strong assumptions on the system dynamics, which significantly
limits the applicability of these results.
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We remark that all the above-mentioned results for uncertain
nonlinear systems guarantee approximate reconstruction of fault
vector only, i.e., they ensure bounded estimation errors, which,
if small enough, still lead to a potentially good estimate of the
true fault. Not having internal state-space representations of fault
vector makes it challenging to enforce zero error fault estimation.
We propose a fault estimation scheme for process and sensor
faults that allows to guarantee zero error in the absence of un-
certainty, external disturbances, and measurement noise for some
classes of faults and ensures robust fault estimate in the presence
of perturbations, all without requiring a matching condition.

This scheme incorporates an internal representation of the
fault vector, where we use the notion of ultra-local models
(Fliess & Join, 2013; Sira-Ramirez, Luviano-Juarez, Ramirez-Neria,
& Zurita-Bustamante, 2018) phenomenological models valid for
short time intervals. We then extend the system dynamics with
the (internal) ultra-local state-space of the fault vector to con-
struct an augmented dynamics. Based on the known parts of
the augmented dynamics, a nonlinear observer is proposed to
estimate the states of the original system and the ultra-local fault
(internal) system. We derive the error dynamics of the observer
in which the fault model mismatch (mismatch between actual
internal system and its model), uncertainty mismatch (mismatch
between actual uncertainty and its model), external disturbances,
and measurement noise enter as external perturbations. The
fault estimation problem is reformulated as a robust (against the
mentioned perturbations) state estimation problem in the error
dynamics. The main contributions of this paper are as follows:

(a) Comprehensive Problem Setting: Existing research on fault
estimation for Lipschitz nonlinear systems has often
skipped the comprehensive problem setting including
time-varying process and sensor faults, modeling uncer-
tainties, disturbances, and measurement noise (Han et al.,
2019; Jiang et al., 2006; van der Ploeg et al., 2022). Our con-
tribution lies in presenting a fault estimation approach tai-
lored to address all these challenges for Lipschitz nonlinear
systems.

(b) Exact Fault Estimation Guarantee: Existing studies for Lip-
schitz nonlinear systems primarily focus on achieving an
approximate reconstruction of the fault vector (Jiang et al.,
2006; Vo et al, 2021; Zhu et al., 2015). In contrast, our
proposed method stands out by offering a fault estimation
framework that not only guarantees exact fault estimation
for a class of time-varying faults (polynomial in time) when
uncertainty, external disturbances, and measurement noise
are absent. In addition, it ensures robust fault estima-
tion with explicit, computable performance bounds in the
presence of perturbations.

(c) Optimization-Based Fault Estimation Scheme: Our ap-
proach introduces a computationally tractable algorithm to
synthesize the fault estimator’s design parameters. This is
achieved through the solution of semi-definite programs,
where we minimize the £;-gains from perturbations
induced by fault, uncertainty model mismatches, and ex-
ternal disturbances to the fault estimation error. Addition-
ally, we uphold stability conditions while simultaneously
constraining desired upper bounds on the £, — L, in-
duced norms from measurement noise perturbations to the
fault estimation error (Theorem 1). These computationally
tractable design conditions provide a means to perform
performance trade-off analyses in terms of robustness with
respect to different disturbances/perturbations.

This paper is a generalized version of the preliminary result
published in the conference paper (Ghanipoor, Murguia, Moha-
jerin Esfahani, & van de Wouw, 2022). Compared to Ghanipoor
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et al. (2022), here we address a more general problem setting by
considering state-dependent faults, external disturbances, model
uncertainties and measurement noise. Furthermore, the fault es-
timate is robustified against perturbations induced by fault and
uncertainty model mismatches, external disturbances, and mea-
surement noise in the £, sense for a desired worst-case noise
amplification in the £; — £, sense.

The remainder of this paper is organized as follows. In Sec-
tion 2, problem formulation is presented, first in a high level
sense and then with precise mathematical details. The proposed
method for the fault estimator design is described in Section 3.
In Section 4, the method is applied to a benchmark example in
simulation. Section 5 presents the conclusion and final remarks.

Notation. The symbol R™ denotes the set of nonnegative real
numbers. The n x n identity matrix is denoted by I, or simply
by I if n is clear from the context. Similarly, n x m matrices
composed of only zeros are denoted by 0y, or simply by 0 when
their dimensions are clear. For positive definite (semi-definite)
matrices, we use the notation P >~ 0 (P > 0). For negative
definite (semi-definite) matrices, we use the notation P < 0
(P < 0). The ¢, vector norm (Euclidean norm) and the matrix
norm induced by the ¢, vector norm are both denoted as | - ||

and the ¢, vector norm is showed by | - [|.o. We use £5(0,T)
(or simply £,) to denote vector-valued functions z : [0,T] —
R¥ satisfying [|z(t)]%, = fOT lz()]?dt < oo. For a vector-

valued signal f defined for all t > 0, ||fllz,, = sup;sqo If(t)ll
and f) shows the entry-wise rth-time total derivative. For a
differentiable function W : R"™ — R we denote by % the
row-vector of partial derivatives and by W(e) the total derivative
of W(e) with respect to time (i.e., %%) We often omit time
dependencies for notation simplicity. The notation (f, d) stands
for the column vector composed of the (vector or scalar) elements
f and d.

2. Problem formulation

Consider the nonlinear system
X =Ax+ Byu + Sgg(Vex, u, t)
+ Syn(Vyx, u, t) + Bef(x, u, t) + B,w, (1a)
y =+ Dsf(x,u, t)+ Dy,

where t € Rt, x € R,y € R™ and u € R are time,
state, measured output and known input vectors, respectively,
and function g R™ x R' x Rt — R™ is a nonlinear
known vector field. Function n R™ x R x Rt — RM
denotes unknown modeling uncertainty. Signals w : R™ — R
and v : Rt — R™ are unknown bounded disturbances; the
former with unknown frequency range and the latter with high
frequency content (e.g., related to measurement noise). Function
f : R" x Rl x Rt — R denotes the unknown fault vector,
which contains both process and sensor faults. Note that f can
represent any types of additive or multiplicative faults. Matrices
(A, By, Sg, Vg, Sy, Vi, Br, By, C, Dg, D)) are of appropriate dimen-
sions, n, m, I, Myg s Ng, My, Ny, Ny, Ny, My, € N Matrix By denotes
the process fault distribution matrix while matrix Dy represents
the contribution of the fault signal to sensor measurements.
Matrices S; and S, are used to indicate in which equation(s)
the nonlinearity g and the uncertainty n appear explicitly, and
matrices V, and V, to indicate which states play a role in the
nonlinearity and uncertainty, respectively.

The objective of this paper is to estimate the fault vector f
using the real time input, output data and the available known
models. In the system (1a), clearly the uncertainty n(-) is un-
known, which challenges fault estimation. We can either robus-
tify the fault estimate error against the complete uncertainty
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or use an approximated model of it (obtained, e.g., using data-
based methods) and robustify the fault estimate error against the
remaining (smaller) uncertainty model mismatch. Without loss of
generality, we assume that we can write n(-) in (1a) as:

n(Vpx, u, t) = i (Vyx, u, t) + 8, (Vyx, u, t), (1b)

where §n, (Vyx,u,t) = n(Vyx,u,t) — n(Vyx, u, t) and n,(:)
denotes any prior (possibly inaccurate) approximation, we may
have of 7. If we do not have such an approximated model, we
just take 1, = 0 and carry out further designs considering the
complete 7.

Let us state the assumptions on the system (1), which stand
throughout this paper.

Regularity Assumptions: The following assumptions are required
to ensure that the problem is well-posed as is common in the
existing literature (Han et al., 2019; Jiang et al., 2006; Keliris,
Polycarpou, & Parisini, 2016; Sontag, 2008):

e Assumption 1 (State and Input Boundedness). The state vari-
able x and the input u are bounded over any finite time
interval.

e Assumption 2 (C" Fault Vector). The fault vector f(x(t),
u(t), t) in (1) is r times differentiable with respect to time,
ie., the total time derivatives f((x(t), u(t), t), fA(x(t),
u(t), t), ..., fOx(t), u(t), t) exist and are continuous.

e Assumption 3 (Bounded Disturbances). The disturbance vec-
tors w and v in (1) are bounded on any finite time interval,
and v is differentiable, i.e., the derivative v(t) with respect
to time exists, is continuous, and is bounded over any finite
time interval.

We aim to robustify the fault estimate error against unknown
bounded external disturbances (low or high frequency) and (fault
and uncertainty) model mismatches. For fault estimation, we
consider nonlinear filters with the following structure:

z=h(z,u,y;0),
f =¢(z.y:0),

where z € R™ is the internal state of the filter with n, € N.

Functions h : R x R/ x R®™ — R™ and ¢ : R x R" — RY

characterize the filter structure, 6 denotes design parameters.
Define the fault estimate error as

ef::f—f.

Later, it will be shown that, for the fault estimator design
proposed in Section 2.3, the fault estimation error dynamics,
explicated in Eq. (11) in Section 2.4, exhibits (81, @, fT), v, V) as
a perturbation input. Now, having that in mind, we can state the
problem we aim to solve at a high abstraction level.

(2)

Problem 1a (Fault Reconstruction — Abstract Level). Consider the
uncertain nonlinear system (1) with known input and output
signals, u(t) and y(t), and the nonlinear fault estimator filter (2).
For given r, design the filter parameters 6 such that:

(1) Stability: The estimation error dynamics is input-to-state
stable with respect to the perturbation input (8n;,, w, f, v, ¥);

(2) Disturbance Attenuation: For v = 0, the £,-gain from
(81, 0, f7)) to e = f — f is bounded by some known ¢; > 0,
fort > 0;

(3) Noise Rejection: For (81, w, f) = 0, the £, — Lo, induced
gain from (v, V) to ef =f — f is bounded by some known ¢, > 0,
for t > 0.



F. Ghanipoor, C. Murguia, P.M. Esfahani et al.

We can further state the above problem as optimal filter
design in the sense of disturbance attenuation or noise rejection.
Now, we want to restate Problem 1a, mathematically precisely.
To this end, in what follows first, we discuss the fault estimator
filter architecture.

2.1. Ultra local fault representation

Let us introduce some preliminaries which are required to
present the fault estimator filter architecture. The fault
fx(t), u(t), t) in (1a) is an implicit function of time, for all x(t)
and u(t). For instance, the fault f = u(t)x(t)?, even though this
f is an explicit function of (x(t), u(t)), it can be considered to be
an implicit function of time, given the fact that x(t) and u(t) are
functions of time. Given this observation, we can write an entry-
wise rth order Taylor time-polynomial approximation at time t
of fasf = ag+ait+---+a,_1t"! with coefficients @; € R, i =

0,...,r — 1. This model can be written in state-space:
Ej = Ej+1» O<j<r,
i —o, (3)
f=a,

where ¢ € R". Clearly, in the above model we have f” = 0,
which might not be the case for actual fault signal f. Under
Assumption 2, the actual internal state-space representation of
the fault f is as follows:

éj=§j+1, O<j<r,
& =f", (4)
f=a,

where ¢; € RY. As you see, the accuracy of the approximated
model (3) increases as f() goes to zero (entry-wise), and it is
exact for f) = 0 (since we have §; = ¢ = f0) = 0, see
(4)). Model (3) is used to construct a fault estimator filter that
ultra-locally (Fliess & Join, 2013; Sira-Ramirez et al., 2018) acts
as a self-updating polynomial spline approximating the actual
value of the fault. To design such a filter, in the following section,
we extend the system state, x(t), with the states of the actual
fault internal state ¢(t),j € {1,...,r}, and augment the sys-
tem dynamics in (1) with (4). We then design a nonlinear filter
(observer) for the augmented system to simultaneously estimate
x and ¢ using model (3). We remark that the number of the
faults derivatives, r, added to the approximated model (3) (and
(4)) is problem-dependent, and an optimal selection of r would
depend on the frequency characteristics of the fault. Increas-
ing r results in higher-dimensional augmented dynamics and
thus high-dimensional observers as well. However, having larger
observers also provides more degrees of freedom for optimal
synthesis.

2.2. Augmented dynamics

Based on the fault model introduced above, define the aug-
mented state vector x, = (X, {1, {2, ..., ;) and write the aug-
mented dynamics using (1) and (4) as

{ka =AgXq + By g + Sguga(vgaxas Ug, t) + B, wq, (5a)

y =CoXq + Dy,
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where
rA B O 0
0 0 Iy 0
. . . By
A= | ol Bu= g |
0 0 0 ... Iy
LO 0O O ... O
_[ s s _[Vv o _[ &0
Sgu — i 0 0 i|y Vgu - |: Vn 0 b ga() - mx(.)
s, B, 0 8, (-)
B,, = 0O 0 O , Wwg = w ,
0 0 Inf fO0)

ca:=[_c Df 0], u=u

(5b)

Note that we have stacked the uncertainty model 1, (-) with
the known nonlinearity g(-); however, if the uncertainty model
is linear (see, e.g., the example in Section 4), it has to be stacked
with the linear part of the augmented system A,. Here we con-
sider a more generic case where the uncertainty model is a
globally Lipschitz nonlinear function.

Assumption 4 (Globally Lipschitz Nonlinearity). The function
8a(Vg,Xq, Ug, t) in (5a) is globally Lipschitz uniformly in u,(t) and
t, i.e,, there exists a known positive constant « satisfying

8a(VeuRa, Ua, t) — 8a(ViguXa, Ua, )l < ||V, (Xa — Xa)Il, (6)
for all X, X, € R™™, u, e R, and t € R™.

Note that in the above assumption, due to structure of Vg, g4(-)
is function x (not x;) and therefore the assumption is equivalent
to g(Vgx, u, t) and i, (V,x, u, t) being globally Lipschitz uniformly
inu(t)and t for all x, X € R", u € R!, and t € Rt.

2.3. Fault estimator

In this section, considering the fault estimator general struc-
ture in (2), inspired from observer-based approaches, we propose
h(-) and ¢(-) as

h(z,u,y; 0) =Nz + Gug + Ly
+ Msgaga(vga;(a +J(y — CaRa), Ua) (7a)

#(z,y: 0) =C(z — Ey)

with X, = z — Ey,

E 1:[ Onfxn Inf Onfxnf(rfl) ]7 (7b)
and matrices {N, G, L, M} are defined as
N := MA, — KC,, G := MB,_,

a a Uq (7C)

L= K(I + C,E) — MA,E,

The algebraic relations in (7c) are critical to nullify the effect of
some signals on the fault estimation error (see (10)). Furthermore,
filter dimension n, equals n + rny and matrices E, K, and J are
filter gains to be designed which can be collected as 6 = {E, K, J}.
In the following section, we analyze the fault estimator error
dynamics.

M =1+ EC,.

2.4. Fault estimator error dynamics

Consider the augmented state estimate X, and define estima-
tion error as

e:=Xqg—Xg=2—X; —Ey=2z— Mxy, —
ef=f—f=fe.

ED,v,
(8)



F. Ghanipoor, C. Murguia, P.M. Esfahani et al.

The related estimation error dynamics can then be written as
follows:

é = Ne + (NM + LC; — MAq)xq + (G — MBy, )ug
+ MS,, (ga(vgu;‘a +J(y — CaXa), Ug) — ga(vguxa’ Ua)) 9)
— MB,,wq + (NE + L)D,v — ED, V.
Given the algebraic relations in (7c), it can be verified that

G — MB,, =0, NM + LC, — MA, = 0, and NE + L = K. Therefore,
(9) can be written as

é =Ne + MSg, 884 — MB,,,@wq + By, vq (10a)
with
08y = ga(vgaf‘a +Jly — Ca;(aL u) — ga(vgﬂxm u),

T 1T (10b)
B,, = [ KD,, —ED, ], Vg = [ v, T ] .

By collecting all perturbations, error dynamics (10a) can be
written as

é = Ne + MSg, 88, + B, @a, (11a)

where

B,, :=[ —MB,, B, ].

= T 77 T T e

a)a:[a)a Vv, :[(Sr;lx o' fO T D ] .
(11b)

Recall from Problem 1a that we require the estimation error
dynamics to have a certain Input-to State Stability (ISS) property.
In the following definition, we define ISS for the estimation error
dynamics (11).

Definition 1 (Input-to-State Stability). The error dynamics (11) is
said to be ISS if there exist a class £ function B(-) and a class K
function w(-) such that for any initial estimation error e(ty) and
any bounded input @,, the solution e(t) of (11) exists for all finite
t > to and satisfies
lle(t)ll < B (lle (to)ll , t — to) + p( sup [lwa(T)l). (12)
tp<t=t

Now, we have all the machinery required to restate Prob-
lem 1a in a mathematically precise manner for the uncertain
nonlinear system in (1).

Problem 1b (Fault Reconstruction). Consider the uncertain nonlin-
ear system (1) with known input and output signals, u(t) and y(t).
Furthermore, consider the internal fault dynamics (4), its Taylor
approximation (3), the augmented dynamics (5), the nonlinear
fault estimator filter (2) with functions defined in (7), and let
Assumption 4 be satisfied. Design the filter gain matrices § =
{E, K, ]} such that we have:

(1) Stability: The estimation error dynamics (11) is ISS with
respect to input @, = (wg, Vq);

(2) Disturbance Attenuation: for v = v = 0, it holds that

J1(0) ;== sup ”ef”ﬂz

VT (13)
@) 18015 @, FO)l 2,

is bounded by some known c¢; > 0;
(3) Noise Rejection: for n;, = w = f(7 = 0, it holds that

}(0) 1= sup 1 LE
P 0 e

is bounded by some known ¢, > 0.

(14)

Under Assumptions 1-4, Problem 1b amounts to find fault
estimator gains that guarantee a bounded estimation error e(t) in
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(11); for w, = 0, e(t) goes to zero asymptotically (internal stabil-
ity); when v = 0 the £,-gain of the mapping from (8, , f") to
er (the fault estimation error) is upper bounded by some ¢; > 0;
and when (81, @, f(7) = 0, the £; — L+, induced gain (or energy
to peak norm (Scherer & Weiland, 2000, pp.)) from (v, V) to e is
upper bounded by some ¢, > 0.

In what follows, we provide the solution to Problem 1b.

3. Fault estimator design

The solution to Problem 1b is given in the following three
subsections with the same order of the problem parts (i.e., 1.
stability, 2. disturbance attenuation, and 3. noise rejection).

3.1. ISS estimation error dynamics

In this section, we derive Linear Matrix Inequality (LMI) con-
ditions for designing the matrices 6 of the filter functions in
(7). As a stepping stone, we present a sufficient condition for
asymptotic stability of the origin of the estimation error dynamics
(11) when the perturbation vector @, = (wq, vq) equals zero
(internal stability). Moreover, we prove the boundedness of the
estimation error in the presence of the perturbation using the
input-to-state stability concept (Sontag, 2008).

We remark that @, is a function of x(t), u(t) and t, so it
is an implicit function of time. Furthermore, note that w, is
bounded over any finite time interval due to Assumptions 1-
3 (see Remark 1 for further details). The boundedness of @,
together with the ISS of the estimation error dynamics in (11),
implies boundedness of the estimation error over any finite time
interval and the asymptotic stability of the origin of (11) when
wq = 0. Moreover, if @, is bounded uniformly in t; ISS guarantees
the existence of an ultimate bound on the estimation error.

Remark 1 (Boundedness Assumptions). We have @, =
(8n1,, , fT), v, ). Note that, by the extreme value theorem (Prot-
ter, Charles Jr, et al., 2012, Thm. 3.12), the uncertainty model mis-
match  8§n,(x(t), u(t),t) and the fault model mismatch
FOx(t), u(t), t) are bounded over any finite time interval due to
continuity and bounded driving terms (Assumptions 1 and 2).
Moreover, the other terms in @, (i.e., w(t), v(t), and v(t)) are
also bounded by Assumption 3. Therefore, @, is bounded over
any bounded time interval under the required assumptions.

The next proposition formalizes an LMI condition that guaran-
tees an ISS estimation error dynamics (11) with respect to input
@g.

Proposition 1 (ISS Estimation Error Dynamics). Consider the error
dynamics (11) and let Assumption 4 hold with Lipschitz constant
a. Suppose there exist matrices P € R"™*" with P = O,R €
R™*M Q € R"™=*™ qand | € R™¢*™ satisfying the matrix inequality

X1 X
|: v — ] <0, (15a)
where, matrices X and X, are defined as
X11 =St + (V) Vg, — Vi JCa — CJ T "Va,)
T T
s ] VRG] (150
Va(JCy)
with
S =AP+A C]R" —C/Q" + PA, (150

+ RGAq — QGq,
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and the remaining matrices in (5b). Then, the estimation error
dynamics in (11) is ISS with respect to input w,. Moreover, when
o = 0 (no nonlinearity) the condition in (15a) transforms to

5]] < 0, (15d)

that is a necessary and sufficient condition for ISS with respect to
input @,.

Proof. The proof can be found in Appendix A. &

Remark 2 (LMI Feasibility). If D in (1a) is full row rank (i.e., there
are as many sensor faults, f,, as sensors), the LMI in (15a) is
always infeasible (observability is lost) Edwards and Spurgeon
(2000), Edwards and Tan (2006) and Frank and Wunnenberg
(1989). The standard practice to circumvent this issue is to as-
sume rank[Dy] < m Edwards and Spurgeon (2000), Edwards and
Tan (2006) and Frank and Wunnenberg (1989). Note that this is
only a necessary condition and it does not guarantee the LMI in
(15a) to be feasible (this has to be checked on a case-by-case
basis).

In what follows, we shift our attention from the error dy-
namics (11) to its equivalent (10), to characterize fault estima-
tion robustness against disturbances with unknown frequency
range (8ny,, o, f) (external disturbances, and fault and uncer-
tainty model mismatches) and disturbances with high frequency
content (v, V) (measurement noise and its derivative). Because
(8m1,, , f) and (v, v) have different frequency characteristics,
robustness strategies for each of these perturbations are different.

3.2, £, Performance criterion

To maximize the performance of the reconstruction scheme,
we seek to minimize the effect of (8n;,, w, f™) (treated as an
arbitrary energy bounded external disturbance) on the fault esti-
mation error e;. We assume v is zero (consequently v, = 0) in the
error dynamics (10) since we apriori know that the measurement
noise has high frequency content and thus we consider the effect
of v, in the next section. To this end, we seek to minimize the £,-
gain from (8ny,, w, f") to the fault estimation error er. We could
use the ISS formulation in Proposition 1 to cast an optimization
problem where we minimize the ISS gain and treat the LMI in
(15a) as an optimization constraint. By doing so, we would be
reducing the effect of (61, o, f1) on the complete vector of es-
timation errors e (state, and fault and fault derivatives estimation
errors). Note, however, that the filter's purpose is to reconstruct
fault vector only, so the performance in state estimation and the
error of higher-order fault derivatives is not relevant.

Definition 2 (£;-gain (van der Schaft, 1992)). We say that the
estimation error dynamics (10), assuming v = 0 with input
wq(t) = (8my,, o, fT) and output es(t) (fault estimation error
as in (8)) has a £;-gain less than or equal to A if the following
inequality is satisfied

T T
e (DI, = f ler(O)de < 32 / a2,
0 0
for all T > 0 and wq(t) € £(0, T).

The following proposition formalizes an LMI-based condi-
tion guaranteeing that (10) has the finite £,-gain property from
(8m1,, , fT)) to the fault estimation error e (see Definition 2).

Proposition 2 (£,-gain LMI). Consider the error dynamics (10) and
let Assumption 4 hold with Lipschitz constant «. Suppose there exist
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matrices P > 0, R, Q, ], and scalar p > 0 satisfying

X1 +aC'C  —(P+RC)B,, Xi2
* —pal 0 | =0, (16a)
* * —I

for some given a > 0, X11, X2 as defined in (15b), C in (7b), and
the remaining matrices in (5b). Then, J;(-) in (13) is upper bounded
by /. i.e., the £5-gain of (10) with v = 0 from (8ny,, w, f) to the
fault estimation error e is upper bounded by ./p. Moreover, when
o = 0 (no nonlinearity) the condition in (16a) transforms to

[ S11+CTC (P +RCy)By, } <0

a
i o (16b)

that is a necessary and sufficient condition for ./p to be the upper
bound for the L,-gain from (81, w,f7) to the fault estimation
error ey.

Proof. The proof can be found in Appendix B. ®
3.3. £3 — L& Induced norm performance criterion

The other terms affecting the fault reconstruction are mea-
surement noise and its derivative with high frequency content
(v, V). Therefore, we assume disturbances with unknown fre-
quency range (87, w,f) = 0 in the error dynamics (10) and
seek to minimize the effect of disturbances with high frequency
content (v, V) on the fault estimate error e;. Here, we should
select an appropriate performance criterion to characterize the
effect of (v, V) on the estimation error dynamics (10). Because
(v, V) consists of disturbances with bounded energy, we consider
Ly-norm for that and since it leads to abrupt changes in fault
estimates e;, we use Lo-norm for fault estimation error e; to
have a filtering effect. In other words, we minimize the effect of
abrupt changes and push the maximum amplitude in the fault
estimate error signal down to have a smooth fault estimate.
Therefore, we seek to minimize the £, — £, induced norm from
(v, ) to fault estimation error e;. Moreover, one can note that the
L3 — Lo induced norm is widely used in the literature for filtering
(see Ahn, 2013; Shen, Wu, & Park, 2015; Shen, Zhu, Zhang, & Park,
2016; Song, Zhang, Park, & Huang, 2016; Zhang et al., 2017).

Definition 3 (£, — L., Induced Norm). We say that the estimation
error dynamics (10) assuming (87, w,f(7) = 0 with input
ve(t) = (v, V) and output e;(t) (fault estimation error as in (8)) has
a L3 — L induced norm less than or equal to y if the following
inequality is satisfied

o0
llefll%., = sup [les(0)]* < yz/ l[va(t) || dt,
t>0 0

for all vu(t) € £2(0, 00).

In the following proposition, we give a Lyapunov-based suffi-
cient LMI condition for having a bounded £, — £, induced norm
of the mapping from (v, 1) to the fault estimation error e;.

Proposition 3 (£, — L, Induced Norm LMI). Consider the error
dynamics (10) and let Assumption 4 hold with Lipschitz constant
o. Suppose there exist matrices P > O, R, Q, J, and scalar o > 0
satisfying

X1 Hp 0 X

x —b T[JT 0
* * —I 0 =0, (17a)
* * * —I
P CT
[ v ol ] >0, (17Db)
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Hp; =[ QD,,
Tv = [ Dv 0 ],

—RD, 1, (17¢)

(17d)

for some given scalar b, X171, X12 as defined in (15b), C in (7b), and
the remaining matrices in (5b). Then, J>(-) in (14) is upper bounded
by Vbo, ie., the £ — Lo induced norm of (10) with w, = 0 from
(v, V) to the fault estimation error e is upper bounded by Vbo.
Moreover, when @« = 0 (no nonlinearity) the condition in (17a)
reduces to

|: S11 Hp ] <0
* —I -
that is a necessary and sufficient condition for \/o to be the upper

bound for the £, — Lo induced gain from (v, v) to the fault
estimation error ey.

(17e)

Proof. The proof can be found in Appendix C. ®

Remark 3 (Extension). Although due to the nature of signals un-
known frequency range (87, @, f”) and high frequency content
(v, v), we have proposed £,-gain and £, — Lo induced gain
results, respectively, we can apply £, — £ induced norm norm
to (6ny,., w, f1), or the other way around. For example, applying
Ly — Lo induced norm to (87, @, f™) can be useful when an
uncertainty with high-frequency content appears in én,. This
case is, however, not considered here.

Remark 4 (Exact Estimation). The developed methodology can
guarantee zero estimation error for zero @, = (8ny,, w, f7), v, V),
i.e., when the rth-time derivative of the fault vector vanishes
(i.e., time polynomial signals with a degree less than r), and the
disturbances (the uncertainty model mismatch 8, the external
disturbance w, and the measurement noise v) are zero. This
follows directly from the ISS property that the origin of the
estimation error dynamics in (11) is asymptotically stable if @, =
0. See simulation results in Ghanipoor et al. (2022).

Remark 5 (Fault Internal Model). It is worth highlighting that
the fault internal model introduced in (3), with r as a design
parameter, allowing the addition of as many terms as needed
from the Taylor series, can be generalized for a wide class of
fault signals. However, if there exists prior knowledge about the
fault signal, such as a specific known frequency, the internal
fault model can be adapted accordingly (Dong, Pan, Pequito, &
Mohajerin Esfahani, 2023). By doing so, the proposed method can
guarantee exact fault estimation for the class of faults for which
the model is exact.

Propositions 1-3 provide sufficient conditions that we exploit
to solve Problem 1b (filter synthesis) in what follows. So far, we
have presented analysis tools to characterize the performance
of a given filter of the form (2) with functions in (7). In the
following section, we provide a tool to design the filter matrices
0 = {E,K,]J} in (7), in an optimal way in the sense of achieving a
desired trade-off between the £,-gain and £; — £, induced-gain
introduced above.

3.4. Optimal fault estimator design

Using Proposition 2, we can formulate a semi-definite program
where we seek to minimize the £,-gain from unknown frequency
range disturbances w, = (ény,, @, ™) to fault estimation error
er. Similarly, using Proposition 3, we can formulate another semi-
definite program where we seek to minimize the £, — £, induced
norm from disturbances with high frequency content v, = (v, V)
to e;. However, in the presence of both unknown perturbations
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(wq and vy), the L£3-gain and £, — L, cannot be minimized
simultaneously due to conflicting objectives. To attenuate the
effect of high-frequency disturbances on the estimation error,
a relatively slow (low-gain) filter is required, which does not
react to every small and fast change in the measured output.
On the other hand, to reduce the effect of w, on the estimation
error, a high-gain filter is preferred, which tries to estimate the
fault as accurately as possible. It follows that there is a trade-off
between estimation performance the noise sensitivity. To address
this trade-off, we can minimize the £,-gain and constrain the
L; — Lo induced gain. The same tools allow minimizing the
Ly — Lo norm for a constrained £;-gain (as a dual problem).
Moreover, we add the ISS LMI in (15a) as a constraint to these
programs to enforce input to state stability of the estimation error
dynamics (as having bounded signal norms does not guarantee
stability Khalil, 2002).

Theorem 1 (Optimal Fault Estimator). Consider the augmented dy-
namics (5), the fault estimator filter (2) with h(-) and ¢(-) as defined
in (7), and the corresponding estimation error dynamics (10)-(11).
Let Assumption 4 be satisfied. To design the parameters of the fault
estimator, solve the following convex program

min 0
PRQJ.po
o [ X Xo ] <o,
* —I
[ Xi1+aCTC —(P+RC)By, X2
* —pal 0 <0,
* * —I (18)
RSH Hl; TOT X12
*  —=b 1 T)] 0
* * —I 0 =0,
L % * * -1
r T
P C >0,
| * ol -
P>0, p,020, 0 =0y

with given scalars a, oy, > 0 and b, X1, Xy, as defined in (15b),
B, and Cq in (5b), Hyz in (17¢), T, in (17d), and C in (7b). Denote
the optimizers as P*, R*, Q*, J*, p* and o*. Then, the following
parameters of (7), § = 6* = {E* = P* 'R, K* = P* 'Q*,J*)
guarantees the following:

(1) The estimation error dynamics in (11) is ISS with respect to
input @, = (wq, vq). In addition, the ISS property guarantees
the asymptotic stability of the origin of the estimation error
dynamics for w, = 0. Moreover, if @, is bounded uniformly
in t; ISS implies the existence of an ultimate bound on the
estimation error;

(2) J1(+) in (13) is upper bounded by ./ p*, i.e., the £;-gain of (10)
with v = 0 from w, = (811, w, f) to the fault estimation
error e is upper bounded by /p*;

(3) Jo(+) in (14) is upper bounded by +/bo*, ie., the L3 — Ly
induced norm of (10) with w, = 0 from v, = (v, V) to ef is
upper bounded by «/bo*.

Proof. Theorem 1 follows from the above discussion and Propo-
sitions 1-3. W

Note that, for numerical tractability, we replace X;; in the
first strict inequality and P > 0 in the last strict inequality with
X11 + €l (it becomes non-strict inequality) and P — €I > 0, with
a given € > 0, respectively (see Ghanipoor et al.,, 2022 for the
relation of € and ISS-gain). Furthermore, the scalar parameters
a and b in Theorem 1 are tuned for the minimal £,-gain with
respect to disturbances w, for an acceptable £; — L.-gain for
noise v, by a line search. To facilitate the implementation of the
proposed scheme, the steps to implement it are given as follows:
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(1) Reformulate the system dynamics in the form of (1);

(2) Select the number of fault derivative augmentation r in (4);

(3) Construct the known part of augmented dynamics (5)
based on the known model in (1) and (4);

(4) Construct filter (2) with functions in (7) as fault estimator,
given the known matrices in Step 3;

(5) Solve the semi-definite program in Theorem 1 to design the
fault estimator parameters in Step 4.

Remark 6 (Limitations). The limitations of the proposed method
are listed as:

e Same Distribution Matrices for Fault and Disturbance:
If the system in (1) has the same fault and disturbance
distribution matrices (i.e., the same B,, and By in (1a)), we
cannot provide an accurate estimate of the fault (while
exploiting robust control techniques, we cannot induce a
low £,-gain with respect to same entry disturbance). This is
a challenging open problem that is, in general, impossible to
address without assuming known “signal” characteristics of
the fault and disturbance entering the dynamics through the
same channel (e.g., frequency/power content, stochasticity,
and even closed-form expressions for faults). We remark,
however, that our approach allows for the estimation of
combined fault and disturbance signals. Moreover, some
existing work, such as van der Ploeg et al. (2022), explores
this challenge for linear time-varying systems. In van der
Ploeg et al. (2022), regression methods are used to isolate
two same entry faults. It is important to note that this is
different from fault estimation. The assumption made in van
der Ploeg et al. (2022) is that the faults are piece-wise
constant and a similar condition of persistently excitation
exists in one of the fault signals.

e Pre-Defined Fault Estimation Performance: By the pro-
posed scheme, we cannot provide a pre-defined perfor-
mance for fault estimation. We only minimize the effect of
perturbations and find an optimal fault estimate in terms
of the gains from disturbances and noise to fault estimation
error. However, the accuracy of fault estimates might not be
acceptable in some cases, depending on system characteris-
tics and disturbance levels.

In what follows, we discuss the uncertainty model and how
different types of models affect the provided solution of the fault
estimation problem.

3.5. Discussion on uncertainty models

To obtain an uncertainty model of the form 7, in (1b), we can
use results in e.g., Brunton, Proctor, and Kutz (2016), Quaghe-
beur, Nopens, and De Baets (2021) and Yazdani, Lu, Raissi, and
Karniadakis (2020). Available methods allow fitting parametric
static functions, which might be state or output dependent. To use
these results in the context of fault estimation, we have to assume
that there is some time window during the system operation in
which no fault occurs and that data is collected for this healthy
mode. The collected data can be used to learn uncertainty models
to have a more accurate system description (valid at least for
trajectories close to the training data set) for fault estimation.

Based on (1b), we have assumed that we have the state depen-
dent uncertainty model n,,(-) to develop the results of this paper.
In the case of an output dependent uncertainty model n;,(-), (1b)
will change as follows:

n(Vyx, u, t) = n, (Tyy, u, t) + dny, (%, u, t), (19)

where &ny,(x, u, t) = n(Vyx, u, t) — 0, (Tyy, u, t). Matrix T, is a
selection matrix that the user selects to specify what particular
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Fig. 1. Benchmark system schematic.

outputs drive the model. If we use this 5, (-) instead of the state
dependent 7, (-) in (1b), (5b) modifies as follows:

_ | Ba S . u
Bua = |: 0 0 i|7 Ug = [ nly(Tn_Vs u,t) ]’

T T 1"
Wq ::[(Snly o'  f0 ] .

As you can see above (see g(-) in (20)), n;,(-) does not act as
a nonlinearity for the augmented system (as n, does in (5b));
instead, it acts as a known input signal. The latter affects the
required assumption for the application of this uncertainty model
(see Remark 7).

Remark 7 (Uncertainty Model Selection). In Assumption 4, the
state-dependent uncertainty model 7, must be globally Lipschitz
to ensure the boundedness of the fault estimator. On the other
hand, the output-dependent model 7, relaxes this requirement
by only requiring 7, to be continuous. The latter comes at the
price of lower model accuracy when the system uncertainty is not
an explicit function of the system output (i.e., V,x might contain
more states than those measured in the output).

4. Simulation results

In this section, we evaluate the proposed method using a
benchmark example for FDI (Ghanipoor et al., 2022; Keliris et al.,
2016; Reppa, Polycarpou, & Panayiotou, 2013; Zhang, Parisini, &
Polycarpou, 2005). The system dynamics (a single-link robotic
arm with a revolute elastic joint, see Fig. 1 for a schematic) can
be described as follows:

Joli + Fi@y + (ks + Aks) (g1 — qm)
+ mg(c + Ac)sin(q) = w,
Jmtm + Fnlm — (ks + Aks) (@1 — qm) = k.U,

where q; and gqn, are the angular position of the link and the
angular position of the motor, respectively. Constants J, and J,
are the moments of inertia of the link and the motor, and F; and
F,, are the viscous coefficients associated with friction acting at
the link and the motor, respectively. The flexibility in the joint is
modeled by a spring with a spring coefficient ks, the inaccuracy
in the spring coefficient is denoted by Aks, m is the link mass,
g is the gravity constant, c is the height of the link center of
mass, Ac is the inaccuracy in the height of the link center of
mass, k; is the amplifier gain, and u is the torque input delivered
by the motor. Units are in SI, and the parameters values are:
Jb = 45kgm?,J, = 1kgm? F = 05 Nms/rad,F, = 1
N m s/rad, ks = 2 N m/rad, Ak; = —0.25k,m = 4 kg,g = 9.8
m/sz, ¢ = 0.5 m, Ac = 0.25c and k, = 1. The torque input is
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set to u = 2sin(0.25t), and w = 0.03sin(0.1t) is an exogenous
unknown (torque) disturbance affecting the link.

Let X1 := (m,X2 ‘= qm,X3 = qi, X4 = ¢q;, and for the fault
scenario, we consider the actuator fault; then, the system can be
written in the form of (1a)

X = Ax + Byu + Sgg (Vgx) + Syn (V,x)

+ B, + Bff, (21)

¥y =&+ Dff +Dyv,

where x := [X1, X2, X3, X4] " is the state vector,

_En ks 0 ks
F¥ oo b

A= o &k _B _k |
I Ji Ji

0 0 1 0

.
e [To 100
Bu_[EOOO], C—[0001]’
mgc T

Se=[0 0 -5 0], Vv=[0 0 0 1],
s_[1 0007 y_[0 100

"1 0 0 1 0 ’ "1 0 0 0 1 |
B,=[0 0 1 0], D, =1,

B=[1 0 0 0], pp=[0 0]".

The nonlinearity is given by g (Vx) = sin (x4), which is Lips-
chitz with constant « = 1. The uncertainty is 7(V,x) = [%(m -

X2), Aj—;‘s(xz —X4) — %ﬁ“sin(m)]i which is induced by the uncer-

tainty on the stiffness and the location of the center of mass of the
link. We set initial conditions as x(0) = [0.01, 0.01, 0.01, 0.01]".

We have the following linear state- and output-dependent
uncertainty models:

M (VyX; Ox) =0V, x,
m,(Tyy; ©y) =OyT,y,

where T, is the identity matrix (since the uncertainties are de-
pendent on both outputs). Matrices &, and ®, are parame-
ters of state- and output-dependent models with appropriate
dimensions, respectively.

Considering the system in (21) and either of state and output
dependent uncertainty models in (22), we construct augmented
system (5a) with r = 1, using (5b) or its modified version (20)
for state and output dependent uncertainty models, respectively.
Next, we design two actuator fault estimators of the form (7), one
for each of cases considering state- and output-dependent uncer-
tainty models, by solving the semi-definite problem in Theorem 1.
The initial condition of the filters in simulation is taken as the
zero vector. A sinusoidal actuator fault with the same frequency
of input is simulated (i.e., fy = 0.1sin(0.25(t — 25))).

We evaluate two aspects of the proposed methods:

(22)

(1) Effect of the learning models for uncertainty in a noise-free
case.
(2) Effect of robustification of fault estimate against noise.

4.1. Model learning for uncertainty

To indicate the performance of the proposed fault estimation
approaches (two cases considering two uncertainty models) in a
noise-free situation, we compare those approaches with the case
in which we neither use the uncertainty model in the design of
the fault estimator nor robustify the fault estimation error against
perturbations induced by uncertainty (see the fault estimator
given in Ghanipoor et al., 2022). Fig. 2 depicts the actual fault and
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— Actual fault

|- Fault estimate - state-dependent model

- - Fault estimate - output-dependent model
- - Fault estimate - no model for uncertainty|-0.1 L.

-

Actuator fault [N.m]

-05F * i Y 0 N ’ 5 //'

Fig. 2. The actual actuator fault and its estimates.

its estimates for three different approaches (two proposed meth-
ods plus one without any model for uncertainty). It can be seen
that the estimated actuator faults using both proposed estimators
follow the actual fault properly. Note that the fault estimate
accuracy for this system does not change that much using either
of the uncertainty models. However, this observation cannot be
generalized since the fault estimation accuracy depends on the
used uncertainty model (i.e., state- or output-dependent model)
in the fault estimator filter and the gain from the uncertainty
mismatch to fault estimate error. The combination of these two
factors might not result in similar fault estimate accuracy for
every system.

4.2. Robustification against noise

In this section, we aim to show that the fault estimation
performance and the noise attenuation are always a trade-off,
and that the proposed synthesis approach allows us to make
this trade-off in a constructive manner. Therefore, in the sim-
ulation of this section, the measurement noise v is generated
from a uniform distribution with an amplitude of five percent
of the output signals for both sensors. Note that in the result of
this section the modeling uncertainty is available and the state-
dependent uncertainty model is used in the fault estimator. To
show the trade-off between fault estimation performance and
noise attenuation, we consider the filter of the form (7), which
can be designed in three different ways as follows:

(1) Only minimizing the £,-gain from w, to e in (10) (assum-
ing v, = 0), subject to the ISS LMI in (15a).

(2) Only minimizing the £, — L induced gain from v, to ef
in (10) (assuming w, = 0), subject to the ISS LMI in (15a).

(3) Minimizing the £,-gain, subject to an upper bound for
L3 — Lo induced norm and the ISS LMI in (15a) (proposed
method in Theorem 1).

The first case of the above-mentioned scenarios is depicted in
Fig. 3. One can see that the effect of noise is dominant in fault
estimate, and this is due to the fact that by only minimizing
L;-gain, we obtain a high-gain filter, which amplifies the noise
effect. In contrast, by only minimizing £, — £, induced norm,
a low-gain filter is found, which (almost) perfectly filters noise
effect but sacrifices fault estimation performance. Fig. 4 shows
the result for this filter in dashed-black. The method proposed
in this paper can provide a trade-off between the two previous
solutions. Fig. 4 depicts the result using the proposed method
in Theorem 1, see the dashed-red line. It can be observed that
we have a decent trade-off between fault estimate performance
and noise attenuation. Note that by tuning the upper bound for
L; — Lo induced norm from v, to the fault estimate e;, one
can increase noise filtering at the cost of reducing fault estimate
accuracy.
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2 gyl ey |

Actuator fault [N.m]

“[[——Actual fault
- - -Fault estimate - only minimizing £o-norm for disturbances|

0 10 20 30 40 50

Time [s]

60 70 80 100

Fig. 3. The actual actuator fault and its estimates using the optimal £;-gain
with respect to disturbance w, estimator.

0.2 T T

— Actual fault
- - -Fault estimate - proposed method

015 - - -Fault estimate - only minimizing £o — L norm for noise

Actuator fault [N.m]

0415 1 1 1 1 1 1 1 1 1
0 100

Fig. 4. The actual actuator fault and its estimates using different optimal criteria.

5. Conclusion

This paper proposes a method for the estimation of time-
varying actuator and sensor faults in uncertain nonlinear systems.
The fault estimator exploits an internal, ultra-local in time, model
for the fault vector which allows us to guarantee zero fault esti-
mation error for a class of faults in the absence of perturbations.
The fault estimator can be designed by solving a semi-definite
program. Herein, the effect of (fault and uncertainty) model mis-
matches, and external disturbances on the fault estimation error
is minimized in the sense of £;-gain, for an acceptable £; — L
induced norm with respect to measurement noise. This allows
to design fault estimators that exhibit a favorable performance
trade-off in the presence of these different perturbations chal-
lenging fault estimation. Simulations for a benchmark system
illustrate the performance and potential of the proposed ap-
proach. Future work could include experimental validation of the
proposed method.
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Appendix A. Proof of Proposition 1

Let us first introduce the following lemma, which is used to
ensure ISS using an ISS Lyapunov function.

Lemma 1 (ISS Lyapunov Function (Khalil, 2002, Thm. 4.19)). Con-
sider the error dynamics (11) and let W(e) be a continuously differ-
entiable function such that

ai(llell) = W(e) = ax(llell),

W(e) < —Ws(e), V llell = &(llau(Ol),

where a4(-) and ay(-) are class K functions, &(-) is a class K
function, and W3 is a continuous positive definite function. Then,
the estimation error dynamics (11) is ISS with ISS gain u(||wqll) =
oy (2 (@all))).

Let W(e) := e'Pe be an ISS Lyapunov function candidate.
Then, it follows from (10) (equivalent to (11)) and the Lipschitz
conditions for the known nonlinearity in (6) that

W(e) <e' Ae+ @, T"M,Td, + 2e" PB,,dq (A1)
with @, B, as defined in (11b),
A :=NTP + PN + 2aPMS,,S; M'P A2)
+ (Vi —JCa) " (Vg, —JCa),
and
M, =TJ"JT,, T,:==[D, 01, T:=[0 bpn ] (A.3)
W =e' (N"P + PN) e + 2e" PMSg,8g
— 2e"PMB,,w, + 2¢" PB,, v,
<e' (N'P+PN)e
+ 2 ||e" PMSg, || al|(Vg, — JCa)e + JDyv|
— 2e'PMB,,,w, + 2¢" PB,, v,
<e' (N'P+PN)e
+ o (2] eTPMS,,||* + 11(Vy, — JC)ell? Ad)

+ Ty vall*)
— 2e'PMB,,w, + 2¢" PB,, v,
=e' (NP + PN + 20PMS,,S, M'P
+ a(Vg, —JCa) (Vg —JCa) ) €
+ vg (T,7T,)va
— 2e'PMB,,,w, + 2¢" PB,, v,
=e' Ae+ o, T'M, T, + 2e" PB,,dq
See Ghanipoor, Murguia, Mohajerin Esfahani, and van de Wouw
(2023b) for more details of (A.4) derivation. Now, inequality (A.1)

(which is the same as (A.4)) by taking the norm of the right-hand
side of inequality implies the following inequality:

W(e) < — (1 — x)rmin(—A)llel* = x imin(—A)lle]l?
+ IT "M, T @all? + 2llellPBy, Il 1

for any x € (0,1) and Apin(-) the minimum eigenvalue of its
symmetric argument. Now, a class K function £(w,) exists such
that we have

W(e) < — (1= x)Amin(—A)llell*, VY llell > &(l@al).

&(g) exists since the second quadratic term in ||e|| can dominate
the third and fourth terms in (A.5) for large enough |le||. £(@,) can
be found by solving the following second-order inequality for ||e||

XAmin(—A)llell* =TT M, T|l[|ogll* + 2llell|PBy, Il | @l

(A.5)
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Since an explicit expression for the ISS gain is not needed in this
paper, we do not give a closed-form solution for &(.).

Therefore, the conditions in Lemma 1 are satisfied if A is a
negative definite matrix. Hence, under such condition system (11)
is ISS with input @,. Based on the above analysis, the proposition
formalizes an LMI condition (A < 0) that guarantees an ISS
estimation error dynamics (11).

As the final step, we want to prove that A < 0 is equivalent
to (15a)-(15b). Using A defined in (A.2), (7c), and the Schur
complements on A < 0, we can derive (15a) with X;; and Xi,
in terms of the original observer gains {E, K, J} as

X11:=NTP+ PN + a(V, Vg, = V[ JCo — CJ ] "Vy,),
Xz =[ ~V2aPMS,, JaClJT ]

with N and M as defined in (7c). By applying the change of
variables as R := PE,Q := PK on the above expanded X;; and
X132, the linear inequality (15a)-(15b) can be concluded.

When « is zero (no nonlinearity), it holds that A = NTP +
PN and, therefore, we only require N'P + PN to be negative
definite, which by change of variables transforms to S;; < 0
is necessary and sufficient condition for ISS of the linear error
dynamics (Khalil, 2002, Col. 5.2). This concludes the results of the
proposition.

Appendix B. Proof of Proposition 2

Let us first introduce the following Lemma, which is required
to prove the result of Proposition 2. In the following lemma, we
state a Lyapunov-based sufficient condition for having such a
bounded £,-gain property.

Lemma 2 (£;-gain Inequality). Consider (10) with v(t) = 0 and
suppose there exists a continuously differentiable positive semi-
definite function W(e) satisfying

W(e) < a(X’o) o, — €] ¢f), (B.1)

with a, > > 0 and the fault estimation error ef as in (8). Then, the
Ly-gain from wq to e; in (10) is less than or equal to A.

Proof. The proof is similar to the proof of Theorem 5.5 in Khalil
(2002). Clearly, by integrating (B.1) over a finite time (0, ), we
have

wwu»—wwm»savjwm%WM—afrwmwa
0 0

Using W(e) > 0 and neglecting the initial condition, the above
inequality can be written as

/ﬁmwmsﬁ/nmwm
0 0

Considering Definition 2, the above inequality concludes the re-
sult in the lemma. ®

For the purpose of £,-gain analysis, we define W(e) := e Pe
with positive definite matrix P. Then, we can guarantee that the
L-gain inequality in (B.1) holds for the time-derivative W(e)
evaluated along solutions of the error-dynamics (10), by using
(A.4) (and assuming v = 0), as follows:

W(e) <e' Ae— ZeTPMBwua)a

< a(Mw, w, —e' C' Ce).
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The above inequality can be written as
e'(A+aC'C)e— 2e' PMB,,,w, — ar’w, w, < 0,
for which we can give the following sufficient matrix inequality

-
[ A+aC'C —PMB,, ]50_

* —ar?l
If we follow the same procedure in the proof of Proposition 1,
and define a change of variable as p := A2, the equivalent LMI
condition (16a) can be concluded.

When « is zero (linear case), the LMI condition (16a) using the
Schur complement is equivalent to (16b). This LMI is necessary
and sufficient condition for the £,-gain of (10) (with §g = 0 for
this linear case) from w, to the fault estimation error ef to be
upper bounded by ,/p, as given in Scherer and Weiland (2000,
Prop. 3.12).

Appendix C. Proof of Proposition 3

For the purpose of £, — L£,.-gain analysis, we define W(e) :=
e Pe with positive definite matrix P. Then, we can impose the

quadratic performance inequality
Wie) < bzuaTva. (C.1)

Using (A.4) (and assuming w, = 0), (C.1) can be written as
follows:

W(e) < e' Ae + 2e"PB, v, + v, M,v, < b*v, v,.
The above inequality can be written as
e’ Ae+2e'PB, vy + (M, — b*I)v, v, <0,

for which we can give the following sufficient matrix inequality

A PB,, <0
« M,—b | =

Since M, = T.JJTJT, is not linear in the design variable J, we use
the Schur complement again to obtain the following equivalent
inequality:

A PB, O
* —b TIJT | =<o0.
* * —I

If we follow the same procedure in the proof of Proposition 1, the
equivalent LMI condition (17a) can be concluded. This completes
the proof that the condition (17a) in the proposition implies the
satisfaction of (C.1). Besides, by integrating (C.1) over a finite time
(0, 7) and neglecting the initial condition, we have

T
e(t) Pe(t) < b? / v, vadt.
0

If we multiply both sides by y? and impose a lower bound to

enable bounding the error on the fault estimate (e = Ce), we
have
T
e'(7)C'Ce(r) < yzeT(r)Pe(r)f(yb)Z/ v, vadt. (C.2)
0

Then, it follows from the first part of the above inequality that
we need

e ()P — 7)3(5) > 0.
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Using the Schur complement, the following LMI implies the sat-
isfaction of the above inequality:

~T
|:P C }50,

x ol
where o := y2. Now, by imposing the above LMI, (C.2) indeed

holds. Therefore,
o0
/ v;r Vedt
0

o0
=(yb)? / v, vadt
0

which concludes the result in the proposition for nonlinear case.

When « is zero (linear case), the LMI condition (17a) using the
Schur complement is equivalent to (17e). Then, (17b) and (17e)
are necessary and sufficient conditions for the £, — £, induced
norm of (10) (with 8g = O for this linear case) from v, to the
fault estimation error ef to be upper bounded by /o, as given
in Scherer and Weiland (2000, Prop. 3.15).

supe’ (7)C " Ce(r) < sup(yb)?

>0 >0
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