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Abstract

This thesis considers the problem of nonlinear output regulation in a Koopman operator
framework. The goal of output regulation is to asymptotically track a reference and/or
simultaneously reject a disturbance signal, both generated by some external autonomous
system called the exosystem. The nonlinear output regulation problem is solvable if and only
if a set of partial differential equations (PDE) are satisfied. From the solution, a feedback
law can be obtained that achieves output regulation. However, solving the PDE is difficult.
In this thesis, we instead aim to construct a feedback law by utilizing the Koopman operator
instead.

The Koopman operator associated with a state-space model of a (nonlinear) dynamical system
describes the evolution of functions of the states, called observable functions, by propagating
the state forward in time according to the flow of the system, and evaluating this at each
possible observable function. The space of observables is an infinite-dimensional vector field.
Therefore, the Koopman operator is infinite-dimensional and linear. The Koopman operator
of an autonomous system associated with a nonlinear control system provides a bilinear
description of the control system instead.

The use of the Koopman operator to tackle the output regulation problem has not been done
before in the literature. We identify conditions under which the Koopman operator can be
used to rephrase the nonlinear output regulation problem as a bilinear output regulation
problem. We then show when the bilinear output regulation problem is solved using linear
dynamic error feedback. In particular, a Lyapunov-based approach is used to characterize
a set of initial conditions for which the output is regulated. Finally, to verify the results, a
numerical example is presented.
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Chapter 1

Introduction

This thesis considers the nonlinear output regulation problem in a Koopman operator frame-
work. The output regulation problem is a well-known known problem in control theory. The
goal is to asymptotically track a reference signal and/or simultaneously reject a disturbance
signal. Both signals are generated by an external autonomous dynamical system called the
exosystem. It has been applied to various dynamical systems. For instance, in [18] the output
regulation framework is used for disturbance rejection in formation keeping control of non-
holonomic wheeled robots. In the work [16] the output regulation is considered in the context
of biology and neuroscience.

A special case of the output regulation problem is the linear output regulation problem. It
concerns a linear plant with linear output and a linear exosystem. The linear output regula-
tion problem has been studied by [11, 12], and [10] provides necessary and sufficient conditions
for its solvability. Solving the linear output regulation problem requires a solution to a set of
linear matrix equations called the regulator equations (and internal model principle). From
these equations, a linear dynamic error feedback controller can be derived that solves the
linear output regulation problem. The nonlinear output regulation problem considers a more
general class of systems and exosystems. Namely, one where the system, system output,
and/or exosystem are nonlinear. Necessary and sufficient conditions for its solvability are
given in [17]. They show that a set of partial differential equations must be satisfied. From
the solution, a controller may be synthesized. However, solving the PDE is hard. In this
thesis, we instead take the novel approach of utilizing the Koopman operator to tackle the
nonlinear output regulation problem. The Koopman operator provides an alternative way
to model (nonlinear) dynamical systems. It was originally introduced by Bernard Koopman
in [24, 25| and popularized for the study of dynamical systems by [29, 30]. The Koopman
operator provides a framework to better deal with the complexity of nonlinear systems. Fur-
thermore, it is particularly well suited for data-driven methods. It has already seen numerous
applications in a wide range of topics. A few are mentioned here.

In [28], a relationship between Koopman eigenfunctions and nonlinear observability is estab-
lished. In [26], the Koopman operator is utilized to allow for linear model predictive control
methods to be used on nonlinear systems. In [27], the well-known Extended dynamic mode
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2 Introduction

decomposition algorithm [34] is used to perform linear system identification of nonlinear sys-
tems. The work [4] uses the Koopman operator in the analysis of chaotic systems. On the
more practical side, [1] employed the Koopman operator to generate a model and controller
in real-time to stabilize a faulty quadcopter.

The Koopman operator, associated with a (state-space) description of a nonlinear dynamical
system, is a linear and infinite-dimensional operator that acts on functions of the state of
the system, often called observables or observable functions. The action of the Koopman
operator on such observables amounts to evaluating the observable at the state advanced
in time according to the dynamics (flow) of the system. Since projections to the states of
the underlying nonlinear system are observable functions themselves, full knowledge of the
Koopman operator allows one to compute trajectories of the system through linear dynamics.
Its infinite-dimensional linear nature stems from the space of observables F, which is a linear
vector space consisting of all possible observable functions of the state.

The infinite-dimensional nature of the Koopman operator limits its practical use. However,
for some systems, finite-dimensional subsets of F, that include the projections to the state
exist, such that the action of the Koopman operator on any observable of that set yields
an observable that is also in that set, resulting in a finite-dimensional linear description. In
general, given a set of observables, an observable for which the action of the Koopman oper-
ator yields an observable that is in the given set is called invariant under the action of the
Koopman operator. A set of observables for which each element is invariant under the action
of the Koopman operator is called a Koopman invariant subspace [5]. The dynamics on a
finite-dimensional Koopman invariant subspace that includes the state projections provide
an equivalent, finite-dimensional linear description of a nonlinear system in the state-space
description. A trivial example of such a set is the set of state projections for an LTI system.
The class of nonlinear systems that admit such a description is limited [5]. Hence, to utilize
the Koopman operator description, we often have to find approximate Koopman invariant
subspaces instead. We thus have to find a set of observable functions, often called a dic-
tionary or lifting, that approximately captures the Koopman dynamics. Finding a suitable
dictionary depends on the system of interest and effective ways to find it is an open problem.
For control affine systems, the Koopman operator associated with the related unforced system
will result in an equivalent bilinear dynamical system instead [13]. As such, the nonlinear
output regulation may be tackled by considering the related bilinear output regulation prob-
lem. To solve the latter, we take inspiration from the solution of the linear output regulation
problem and make use of linear dynamic error feedback. A bilinear system under such control
leads to a quadratic system. This thesis presents a stability analysis of the resulting quadratic
system that utilizes quadratic Lyapunov functions and linear matrix inequalities, based on the
work of [21, 22]. The analysis allows for the characterization of a set of initial conditions for
which output regulation is achieved. Finally, a numerical example highlighting the problem
is presented to verify the results.

Thesis structure

In chapter 2, we cover the preliminaries of the thesis. This includes the Koopman operator and
some relevant theoretical background, as well as the nonlinear and linear output regulation
problem. It also provides a description of a Lyapunov-based technique for the analysis of
quadratic systems. Chapter 3 contains the main contributions of this thesis. First, the
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problem is formulated, and the nonlinear output regulation problem is related to the bilinear
output regulation problem. We then consider the bilinear output regulation problem for
linear dynamic error feedback and use this to tackle the output regulation problem for the
special case of matched input disturbance for nonlinear systems and verify the result in a
numerical example. Finally, we suggest future directions for the research on the utilization of
the Koopman operator in nonlinear output regulation. The thesis is concluded in chapter 4.
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Chapter 2

Preliminaries

2-1 Koopman operator theory

In this section, we introduce the Koopman operator. The Koopman operator is an infinite-
dimensional linear operator that describes the dynamics of functions of the state of dynamical
systems. Therefore, it provides an alternative description of the dynamical system. In partic-
ular, it allows a certain class of nonlinear systems to be approximated by finite, albeit higher,
dimensional linear dynamical systems. Nonlinear control systems, on the other hand, at best
admit to descriptions of bilinear in the input.

The following text is based primarly on [2, 5, 6]

2-1-1 Koopman operator

Consider the autonomous continuous-time dynamical system described by the ordinary dif-
ferential equation

i= f(@), (2-1)

where x € X C R", and f: X — X a smooth function assumed to be Lipschitz. Integrating
(2-1) yields the flow F': X + X of the system, that is,

x(t) = F'(xo) with F'(20) = 20 + /Ot f(z(r))dr. (2-2)

Equation (2-2) describes a trajectory starting from the initial condition x(0) = x¢. Note that
in general, we cannot analytically solve equation (2-1), and we have to resort to numerical
integration methods to determine the flow (2-2), e.g., Runge-Kutta method. The Koopman
operator allows us to circumvent this by looking at how functions of the state evolve in time
instead.

Master of Science Thesis Bart Kieboom



6 Preliminaries

We now turn our attention to the definition of the Koopman operator. To this end, we
consider functions of the state v : X — R, which are called observable functions. Denote the
space of all such functions, with possible constraints, as F. The family of Koopman operators
Kt : F s F, parameterized by t, is defined by

K'p(z) = y(x) o F' = ¢(F'(2)). (2-3)

Since K2(Khi(x)) = ¢(F"12(z)), we simply write K and refer to it as the Koopman
operator. The action of the Koopman operator on 1 thus amounts to propagating the state
forward according to the flow F' and then evaluating v at the new state. Since F contains
an infinite number of elements, the Koopman operator is an infinite-dimensional operator.
Furthermore, it is a bounded linear operator. Linearity follows from the fact that F is assumed
to be a linear vector space of functions. Indeed, let 11,12 € F and a € C, then

K(ayi(z) + ho(z)) = a1 (F(2)) + ¢2(F(2)) = aKip1(z) + Kipa(z)). (2-4)

Next, we define the infinitesimal generator £ of the Koopman operator. Suppose ¢ € F, the
action of £ on 9 is defined by

ot K= V@) — i)

t—0 t t—0 t (2_5)

From its definition, we see that £ corresponds to the time derivative of ¢ along the trajectories
of (2-1). Therefore, we write

) = La. (2-6)

This expression is reminiscent of the standard expression of LTI systems. Indeed, from the
linearity of the Koopman operator, it follows that the infinitesimal generator £ is a linear
operator. If ¢1,12 € F and a € C, then

Kt (ahy + b2) — (arh1 + 1a)

L(ay +1b2) = lim

t
i Kipy — 1 Klipy — o
=limg———"— +1lim —=
t—0 t t—0 t
= alyp + Lis, (2-7)

where in the second line, we used the linearity of the Koopman operator and the linearity of
the limit.

For each ¢ € F equation (2-5) holds. If we order all ¢ in an infinite-dimensional column
vector, we can think of £ defining the infinite-dimensional matrix of a linear dynamical
system. That is,

0 U1 air az1 ...] [Y1
L ... Yo| = |az az ...| (P2 . (2-8)
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2-1 Koopman operator theory 7

Koopman eigendecomposition

The infinitesimal generator of the Koopman operator can be used to define Koopman eigen-
functions. A function ¢ € F that satisfies

Lo(x) = po, (2-9)

for some p € C is called a Koopman eigenfunction, and the number p is its eigenvalue.
As the name suggest, if ¢ is an eigenfunction of £ then it is also an eigenfunction of K*
with eigenvalue \! = exp(ut). Furthermore, if ¢; and ¢o are Koopman eigenfunctions with
eigenvalues 111 and pa, then the product ¢1¢s is also a Koopman eigenfunction. In particular,
if the corresponding eigenvalues are pu; and po, then

Ko1(z)pa(x) = ¢1(F(x))d2(F(z))
= exp((p1 + p2)t)p1(z)pa(z). (2-10)

Hence, the eigenvalue of the product is pu1 + pa. The set of eigenfunctions that can be used
to construct all other eigenfunctions is called a principle set of eigenfunctions.

The set of all Koopman eigenfunctions {¢j}§i1 forms a basis on F. Thus, for any ¢; € F we
can write

bi(x) =Y vijpi(w), (2-11)
j=1

with v;; € R. The time evolution of v;(x) is determined by the action of K, and since ¢; are
eigenfunctions with eigenvalue /\2. Thus,

i) = 3 Mooy (@(0)) = 3 explustyvs by (2(0)). (2-12)
s i=1

Given a set of observable functions D = {t1,v9,...,9¥n} C F, often called a dictionary or
lifting, we form the vector-valued observable function ¥ : X - R as

P1()
V)= | : | (2-13)

(@)

Each component of ¥ may be decomposed as in equation (2-11), so that we can write

\I/(l') = Z’l)j@j(l‘), (2—14)
j=1

Master of Science Thesis Bart Kieboom



8 Preliminaries

with v; € RY a vector of coefficients given by v; = [vyj, ... ,ij]T. The vector v, is called
the j-th Koopman mode associated with ¥. We refer to equation (2-14) as the Koopman
eigen decomposition of W. The time evolution of the set of observables {1;}¥, is then fully
characterized by the objects {\;, ¢;,v; };’il and is summarized by the following equation

W(a) = 3 Mgy (a(0)) (2-15)
=0

Of particular interest is the vector-valued observable function Z : X — X, which contains the
projections to each component z; of the state z, i.e.,

X1
IT=1|:]. (2-16)

L,
The Koopman eigendecomposition of Z then allows us to describe the nonlinear in (2-1), using
the linear dynamics given in (2-15).
Koopman invariant subspaces
The clear advantage of the Koopman operator is that it allows one to describe a nonlinear
system linearly. The downside of this description is that it is an infinite-dimensional one. In
practice, one has to resort to finite-dimensional approximations. In some cases, an observable

function ¥ € F admits a finite-dimensional Koopman eigendecompostion, equation (2-15)
then becomes

M
U(x(t) = > Nwjo;(x(0)). (2-17)
j=0

Defining V' = [v1,...,vym|T, At = diag(\}, ..., \y,) and @(z) = [¢1(7), ..., dm ()], equation
(2-17) may be written as

b(a(t) = VA ®(2(0)). (2-18)
A set of observable functions, or dictionary, D, for which the time derivative (along the

trajectory) of each element ¢ € D is a linear combination of the elements in D, is called a
Koopman invariant subspace. Mathematically, D is a Koopman invariant subspace if

D={peF|ipeD = 1) €span(D}. (2-19)
A Koopman invariant subspace of the nonlinear system (2-1) that contains the state pro-

jections Z in its span thus provides an equivalent finite, albeit higher, dimensional linear
description.

Bart Kieboom Master of Science Thesis



2-1 Koopman operator theory 9

If D is a Koopman invariant subspace, we write z = ¥ (z) with ¥ given by (2-13), consisting
of all the elements of D, so that

i = Az (2-20)

We now give an example of a Koopman invariant subspace.

Example 1. Consider the following nonlinear dynamical system [19]

I vx1

=) .
with 4, s € R plant parameters. Let ¢ (x) = x1, ¥2(2) = z2 and ¥3(x) = 3. The time
derivatives of 1 and 15 along trajectories of (2-21) are given by 1 (z) = vy, ¢ (z) = k(zo—
7?) and 3 = 22141 = 2v. Hence, the set D = {11, 12,13} is a Koopman invariant subspace
for (2-21). Define the vector-valued observable function W(x) = [¢1(z),¥2(z), ¥3(z)]T and
the transformation z = ¥(z). Then

0
K —K|z. (2-22)
0

Hence, the 2-dimensional nonlinear dynamical system (2-21) is equivalently described by the
3-dimensional linear dynamical system (2-22) with zgp = ¥(zp). The eigenvalues of the system
(2-22) (not to be confused with Koopman eigenvalues) are v, x and 2v. If v,k < 0 then the
system is stable. If v,k < 0 then the system is unstable. Even so, due to the triangular
structure of the system matrix, we can redefine z = —¥(z) and obtain a stable system.

2-1-2 Koopman operator for control systems

Consider now the control affine system

&= f(z) + g(x)u. (2-23)

with x € X C R"” the state and u € R™ the input. Using Koopman eigenfunctions the work
[13] shows that the control affine system (2-23) can be written as

m
z2=Az+ Z N zu,;. (2-24)
i=1

Inspired by this observation, section 3-1 shows that a control affine plant, experiencing input
disturbance, can be represented by a bilinear dynamical model aswell, which also includes
linear terms.

We now present an example based on example 1, which shows this for a control affine system.

Master of Science Thesis Bart Kieboom



10 Preliminaries

Example 2. Consider again the system studied in Example 1 but now with a scalar input
entering the system through g(z), i.e.,

l"l . 1251
il |k(xg — 2?)

where u € R the input and pu, s, 81, B2 plant parameters. Consider the dictionary D =

{¢1,92, 93} with 1y = x1, ¢2 = 2 and 3 = 21, and define W(z) = [ (2), P2 (x), P3(2)]"
and z = ¥(x). The dynamics of z are given by

| B

ﬁm] u, (2-25)

v 0 0 0 61 0 0
2=10 K —k|z+ [B2lu+ |0 O 0 |zu. (2-26)
00 2u 0 0 0 28

The Koopman operator for autonomous systems thus allows one to describe the nonlinear
system (with linear input) as a dynamical system with linear natural dynamics and bilinear
in the control input. We refer to such a model as a bilinear Koopman model.

2-2 Output Regulation Problem

This section gives an overview of the output regulation problem, sometimes called a ser-
vomechanism problem. In the output regulation problem, the goal is to asymptotically track
a reference on the output of a plant and/or simultaneously reject disturbance signals on the
plant dynamics. The disturbance and reference signals are generated by an autonomous dy-
namical system, referred to as the exosystem. Output regulation of linear systems with linear
output and a linear exosystem is called the linear output regulation problem. Necessary and
sufficient conditions for the solvability of the linear output regulation problem are established
in [10]. The internal model principle, which states that the controller must be able to re-
produce the exogenous disturbance signal in order to regulate the output, is introduced and
discussed in [11, 12]. It is essential in tackling the linear output regulation problem when no
(full) state information is available. For a modern treatment of the linear output regulation
problem, see [15]. See [32] for a concise summary.

Output regulation of systems with nonlinear dynamics is referred to as the nonlinear output
regulation problem. In the nonlinear output regulation problem, the output of the system
and the dynamics of the exosystem may or may not be nonlinear. Necessary and sufficient
conditions were established by [17] for general nonlinear plants and nonlinear exosystems. For
an extensive treatment of the general nonlinear output regulation problem, see [7] and [15].
We briefly mention that for both the linear and nonlinear output regulation, robust variants
have been considered. See for example [9] for the linear case and [8, 7] for the nonlinear case.
Section 2-2-1 discusses the linear output regulation problem and section 2-2-2 describes the
nonlinear output regulation problem. The summary is primarily based on [32, 15] for the
linear case and [7, 17] for the nonlinear case.

Bart Kieboom Master of Science Thesis



2-2 Output Regulation Problem 11

2-2-1 Linear output regulation

We start by considering the special case of linear output regulation. In the linear output
regulation problem, one considers systems of the form

& = Az + Bu + Puw, (2-27a)
W = Sw, (2-27b)
e=Czx+ Qw (2_27C)

Equation (2-27a) is the plant with the state x € R", input u € R™ and exogenous distur-
bance w € R”. Equation (2-27c¢) determines the plant output error with e € R!. Equation
(2-27c¢) is the exosystem that generates the exogenous disturbance w. The exogenous dis-
turbance w may include both a reference signal and a disturbance signal. The matrix @ in
the output error picks out the reference signal, and the matrix P in the plant dynamics the
disturbance signal. The exosystem is assumed to be skew-symmetric. That is, the matrix S is
skew-symmetric, i.e., ST = —S. Such an exosystem can always be constructed from parallel

interconnections of constant and sinusoidal exosystems!.

The goal of linear output regulation is to find a linear dynamic error feedback controller

£ =F¢+ Ge, (2-28a)
w=H¢+ Kz, (2-28b)

with & € RY, such that the matrix

F GC

A = [BH A+ BK (2-29)

is Hurwitz, and the closed loop system
£ = F¢4+ GOz 4+ GQu, (2-30a)
t=(A+ BK)x+ BH¢ + Pw, (2-30Db)
w = Sw, (2-30c¢)
e = O$ + Qw’ (2—30(1)

satisfies

tlgrolo e(t) =0, (2-31)

for every initial condition (&, xg, wp). Figure 2-1 shows a block diagram of the linear output
regulation problem.

! This follows from the fact that the transpose of a matrix S is similar to S, so that the non-zero eigenvalues
of a skew-symmetric matrix always come in pairs, and because the eigenvalues of a real skew-symmetric all lie
on the imaginary axis.

Master of Science Thesis Bart Kieboom



12 Preliminaries

W = Sw

& = Az + Bu + Pw

e=Czr+ Quw
£=F¢+ Ge
uw= H¢

Figure 2-1: Block diagram of the linear output regulation problem.

Note that the Hurwitz requirement on the matrix A, given by equation (2-29), corresponds to
the requirement that the closed loop dynamics in the absence of the exogenous disturbance,
ie., w =0 (or P,@Q = 0), is stable. We refer to the system in the absence of the exogenous
disturbance as the disconnected system. Stability of the disconnected system is achieved
by means of linear state feedback Kz (see equation (2-28)). The plant dynamics of the
disconnected system under this control read

& = (A+ BK)z, (2-32)

which is stable if A + BK is Hurwitz.

Consider now the full system. We are looking for equilibria x = Ilw and £ = Yw, with
IT € R™" and ¥ € R¥*", such that (2-31) is satisfied. These equilibria must satisfy the closed
loop dynamics (2-30), this results in

I1IS = AIl + BR + P, (2-33a)
0=CIl+ Q, (2-33b)
and
XS =F%, (2-34a)
R =HXY + KII. (2-34b)

Equations (2-33) are called the linear regulator equations and (2-34) is called the internal
model principle. It turns out that these equations provide necessary and sufficient conditions
for the solvability of the linear output regulation problem. To see this, consider the trans-
formations # = x — Hw and £ = £ — Yw. We refer to these as the error coordinates. From

Bart Kieboom Master of Science Thesis



2-2 Output Regulation Problem 13

equation (2-30) we find the error dynamics

£ = FE+ GCOT + G(CI + Q)w + (FE — £S)w, (2-35a)
i=(A+BK)#+ BH¢ + (A+ BK)II+ BHY. + P —11S)w, (2-35b)
w = Sw, (2-35c¢)
e=Cz+ (CI+ Q)w, (2-35d)
which, if equations (2-33) and (2-34) are satisfied, reduce to
£ = FE€ + GC1, (2-36a)
i=(A+ BK)Z + BHE, (2-36b)
e = Ci. (2-36¢)

Indeed, the origin is a stable equilibrium if the matrix A. (equation (2-29)) is Hurwitz. As a
result, the condition (2-31) is satisfied, and the linear output regulation problem is solved.

Conversely, suppose that the linear output regulation problem is solved. That is, condition
(2-31) is satisfied for some controller (2-28) with A., given by equation (2-29), Hurwitz.
Therefore, there exist equilibria x = IIw and £ = Yw such that

tlirélo(CH + Q)w = 0. (2-37)

Since w is non-zero, it follows that CII + @ = 0, which is exactly (2-33b). Furthermore,
equation (2-33a), (2-34a) and (2-34b) form a Sylvester equation?. The matrix S is skew-
symmetric and real, therefore the real part of the eigenvalues are all 0. Furthermore, A+ BK
Hurwitz, and thus A+ BK and S have no eigenvalues in common. This implies that equation

(2-33a) has a unique solution.

2-2-2 Nonlinear output regulation

In this section, we recall the nonlinear output regulation problem as discussed in [17, 7]. The
general nonlinear output regulation problem considers nonlinear systems of the form

&= f(z)+ Z gi(x)u; + Zpi(z:)wi, (2-38a)
i=1 i=1

w = s(w), (2-38b)

e = h(z) + q(w). (2-38c¢)

with £ € X C R" the state, u € R" the input, w € W C R" an exogenous disturbance
signal and e € R! the output error. Furthermore, f : X — X, ¢ : X — X, pi : X — X,
s:We—=W,h:X =R, ¢g: W — R are smooth nonlinear functions. For convenience,
assume that f(0) =0, s(0) =0, A(0) = 0 and ¢(0) = 0. Equation (2-38a) is the plant, (2-38b)

2A Sylvester equation is a matrix equation of the form AX + X B = C, which admits a unique solution X
if and only if A and —B have no common eigenvalues [3].
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14 Preliminaries

the exosystem, and (2-38c) the plant output.

Consider a dynamic error feedback controller of the form

£=n(&e), (2-39)
u «

(&), (2-39b)

—
—

with £ €e E C RY, np: Z — =Z and «a : 2 — R smooth nonlinear functions. Assume that
n(0,0) = 0 and a(0) = 0. The goal is to find 7(§,e) and «(§) such that (£, x) = (0,0) is an
exponentially stable equilibrium of the disconnected closed loop system, i.e., when w = 0,
given by

§=n(& h(x)), (2-40a)
&= f(x) + ) gi(x)ai(§), (2-40Db)
=1

and there exists a neighbourhood U C X x = x W of the equilibrium (0,0, 0) such that if
(z0,&0,wp) € U, then the output is regulated. That is, the trajectories of the closed loop
system

£ = (&, h(x) + a(w)) (2-412)
b= o) + igi<x>ai<s> ¥ Z:pxx)wi, (2-41b)
b= s(w), - (2-41c)

satisfy

lim e(t) = lim h(z(t)) + g(w(t) = 0. (2-42)

The following assumptions are made:

(1) the origin is a neutrally stable equilibrium point of the exosystem and there exists a
neighbourhood W C W such that each initial wg € W is Poisson stable®. This property
is referred to as neutral stability of exosystem.

(2) The functions f(x) and g(z) are such that their linearizations at the origin form a stabi-
lizable pair. In other words, the matrices

a-[2] e[ o

are a stabilizable pair.

3Poisson stability of an initial conditions wo means that the flow S* : W — W of s(w) is defined for all
t € R and for each neighbourhood N of wy and real number T > 0, there exists ¢t1 > T and t2 < —T such
that §" and S are in U [17]. In other words, the trajectory of a Poisson stable initial condition wq will
eventually return to a neighbourhood of wg.
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2-3 Quadratic stabilization of bilinear control systems 15

(3) The functions h(x), g(w), p(z) and s(w) are such that the pair

([s 5l @), e

with

is detectable.

Note that the first assumption implies that all the eigenvalues of the Jacobian S of s(w) are
on the imaginary axis. For if this is not the case, then the neutral stability and/or Poisson
property of the initial condition does not hold.

Given these assumptions, the nonlinear output regulation problem is solvable if and only if
there exist smooth mappings z = 7(w) and u = c(w), with 7 : W° — X and ¢ : W° — R™,
that satisfy

or

%S

(w) = f(r(w)) + g(m(w))e(w) + p(r(w))w, (2-46a)
0 = h(m(w)) + q(w). (2-46D)

Equations (2-46) are called the nonlinear regulator equations.

2-3 Quadratic stabilization of bilinear control systems

For the analysis of the bilinear output regulation problem obtained by applying the Koopman
operator to the nonlinear output regulation problem in question, we utilize a technique based
on quadratic Lyapunov functions and linear matrix inequalities introduced in [22]. In this
technique, Petersen’s lemma [31], in combination with ellipsoidal constraints on the state,
is used to characterize a (linear) matrix inequality that, when satisfied, guarantees that the
derivative of the quadratic Lyapunov function is negative. In this section, we briefly describe
the essence of this technique.

2-3-1 Petersen’s lemma

The Lyapunov-based stability argument for quadratic systems presented in this section, relies
on the following lemma.

Lemma 1 (Petersen’s lemma [31]). Suppose G = GT € R, M € R"™P, N € R¥*". The
matriz inequality

G+ MAN + NTATMT 50 (2-47)
holds for all matrices A € RP*Y satisfying
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1A[l2 < 1, (2-48)

if and only if there exists a real number € > 0 such that

N eI (2-49)

T T
G+eMMT N ] -0

For the proof, see the original work [31] and see [21] for one based on the S-procedure. Pe-
tersen’s lemma has been generalized in multiple ways in [21]. Of interest here is a modification
proposed in [22]. In this modification, instead of considering the matrix uncertainty A sat-
isfying (2-48), we consider a vector uncertainty satisfying an ellipsoidal constraint. We now
state the lemma and provide a proof, as it is not provided in the original source.

Lemma 2 ([22]). Suppose G = GT ¢ R™" N € RY>X" M € R™" and0 < P = PT ¢ R™*".
The matriz inequality

G+ MSN + NTsTMT <0 (2-50)

holds for all vectors § € R™ satisfying

sTP~ts <1, (2-51)

if and only if there exists a real number € > 0 such that

G +eMPMT NT
I ) (2-52)

Proof. Let A = P~1/25 [23] the inequality (2-50) may then be written as

G+ MPY2AN + NTATPY2MT < 0. (2-53)

Furthermore, we have that

p~1/25
1Al <1 = sup 120l
z£0  |z]]2
26T P~z
= sup—7— < 1,
x#0 =T
— dPli<. (2-54)

The last line follows from the fact that §7 P71 is a positive scalar, and the property that if
U CRis aset and r > 0 then sup(rU) = rsup(U).

Thus if (2-50) and (2-51) are satisfied, by Petersen’s lemma there exists a real number ¢ > 0
such that inequality (2-52) holds. O
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2-3-2 Quadratic stabilization
We now present the main result of [22], on the stability of quadratic systems. The stability

analysis of the bilinear output regulation problem will be based on this result. Consider the
bilinear control system

& = Az + Bu+ Nzu, (2-55)

with z € X C R” the state and u € R the input. Under linear state feedback u = Kz, with
K € R", the closed loop dynamics of equation (2-55) obey

= A+ NxKuz, (2-56)

where we have defined the closed loop matrix A. = A+ BK. Next, we introduce the quadratic
Lyapunov candidate function

V(z) =z P a, (2-57)
with P a symmetric positive semi-definite matrix. The candidate V() is a Lyapunov function

for the closed loop system (2-56) if the time derivative along trajectories of this system is non-
positive. The derivative is given by

V(z)=i'P o +2TP 1%
= (Aex + NeKx)T P~ la + 2T P71 (Asz + NxKx)
=2l (ATP 4 PA 4+ KT NTP~ 4 P7INzK)z. (2-58)

From equation (2-58) we see that V(z) is a quadratic Lyapunov function of the closed loop
system (2-56) if

ATP=t 4 P1A. + KT2'NTP™ + P7INzK < 0. (2-59)
Pre- and post multiplying this expression with P yields
AP+ PA.+ PKTzTNT + NzKP < 0. (2-60)
By imposing the ellipsoidal constraint = € £, with

E={zeR"|V(z) <1}, (2-61)

we find that by lemma 2 the inequality (2-60) is equivalent to

AP+ PA.+ eNPNT pPKT
KP —er,| ¥ (2-62)
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for some € > 0. Therefore, any trajectory generated by the closed loop system (2-56) for
which the initial state is z¢ € &, will tend towards zero.

We summarize the result in the following lemma

Proposition 1 ([22]). Suppose 0 < P = PT € R™" and let K € R™ be such that A. =
A+ BK is Hurwitz. Then any trajectory of (2-56) for which xog € &, with € given by (2-61),
is stable if and only if there exists € > 0 such that

AP+ PA.+ eNPNT PKT
KP —er, | 50 (2-63)

1s satisfied.
Note that there is a freedom in choosing K, P and ¢ as long as the conditions of the theorem

are satisfied. The matrix inequality (2-63) is a linear matrix inequality in one of these variables
if the others are fixed.
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Chapter 3

Nonlinear output regulation in
Koopman framework

In this chapter, we utilize the Koopman operator to tackle the output regulation problem
for a certain class of nonlinear systems. To this end, we identify a class of nonlinear control
systems that admit a finite-dimensional bilinear Koopman representation. That is, we can
identify a finite dictionary, for which the dynamics of its elements are described by a bilinear
control system. We use this to rephrase the nonlinear output regulation problem as a bilinear
output regulation problem and determine necessary conditions for certain solutions to occur
in the presence of linear dynamic error feedback control. Motivated by this analysis, we tackle
the bilinear output regulation problem with matched input disturbance using linear dynamic
error feedback. Based on the work of [22] we characterize a set of initial conditions of the
system that guarantees output regulation.

3-1 Problem formulation

As discussed in section 2-2-2, the general problem of nonlinear output regulation considers
system given by equations (2-38). In this section, we set s(w) = Sw and ¢(w) = Qw. And
assume the matrix S to be skew-symmetric. This is not a restrictive assumption. A linear
exosystems with a skew-symmetric matrix is able to generate a combination of sinusoidal and
constant signals. From Fourier theory, linear combinations of these signals allow, in prin-
ciple, for the construction of a large class of signals. Moreover, since the exosystem is an
autonomous dynamical system, the Koopman operator associated with the nonlinear exosys-
tem (2-38b) provides an equivalent linear description. If the nonlinear exosystem admits a
finite-dimensional Koopman invariant subspace, with the property that its system matrix is
skew-symmetric, and the components of g(w) are in this set, then the analysis of this chapter
automatically generalizes to include such nonlinear exosystems.
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20 Nonlinear output regulation in Koopman framework

As mentioned in section 2-1-2, the Koopman operator for autonomous dynamical systems pro-
vides a bilinear description of the control affine system associated with the said autonomous
system. The same holds true for a system with an affine term with a disturbance signal, as is
the case in (2-38a). Inspired by [13], we show when the system (2-38a) with output (2-38c)
is described by a finite bilinear dynamical system with a linear output. We restrict our at-
tention to the case where v and w are scalars. The general case will be considered in Lemma 3.

Define a dictionary D of observable functions v, with N = dim(D). Let ¥ : X + R be a
vector valued observable function consisting of all observable functions ¢ € D. Consider the
transformation

z=U(x). (3-1)
Taking the time derivative along the trajectories of z yields

z= g—i (f(x) + g(z)u + p(x)w). (3-2)

If, when u, w = 0, D is a Koopman invariant subspace of (2-38a), it follows that the first term
can be written as Az, with A € RV*N . Moreover, if the components of the vectors %—3 g(x)
and %—i’p(w) are in the span of D, they may be written as Nzu and M zw, respectively, with
N, M € RV*N_ Note that if gf; gi = Njxz is constant, then the entries of the column N, are
zero everywhere except where it multiplies the constant function! ¢ = 1. However, since it
is constant, we can simply write gfi gi = Bi, with 8; € R. Thus the second and third term

J
in equation (3-2) can actually be written as the sum of a linear and bilinear term instead,

we denote these as Bu + Nzu and Pw + M zw, respectively, with B, P € R, Motivated by
the above observation, we redefine ¥ such that it no longer includes the constant function.
Putting everything together, equation (3-2) becomes

2=Az+ Bu+ Pw+ Nzu+ Mzw. (3-3)

Finally, if we assume that the components of the vector valued function A are in D, then the
output error (2-38c) can be written as e = Cz + Quw, with C' € RV,

The function output z € RN of the vector-valued observable function W(z) is interpreted
as the state of the bilinear dynamical system. It is important to note that the state of the
bilinear system is constrained by the transformation (3-1). Since the dynamics are directly
derived from this transformation, it is sufficient to assume that zp = ¥(z), with z( the initial
condition of the nonlinear system (2-38a).

Combining these observations, we see that under certain assumptions on D, we can rewrite
the nonlinear system (2-38a) and its output (2-38c) as a bilinear dynamical system in z, u,

!"'Without loss of generality we assume that the constant function appears only once in the dictionary D
and is equal to 1. Any other constant function is trivially contained in the span of D.
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3-1 Problem formulation 21

w. The set of nonlinear systems that admit to such a bilinear description corresponds to the
set of systems that admit a dictionary D that satisfies these assumptions. While for many
systems we can not find such dictionaries, there may exist dictionaries for which the bilinear
dynamical system provides a good approximation. The more dictionary terms we include,
the more accurate we expect the approximation to be?.

We summarize the result of this section in the following lemma and provide its proof.

Lemma 3. Consider the nonlinear dynamical system

x) + Y gi(z)ui + Y pi(z)w, (3-4a)
i=1 =1
e =h(z) + Quw, (3-4b)

witht € X CR, uec R, we WCR,ecR and f: X = X, g: X=X, p: X = X
and h : X — R! smooth nonlinear functions. Suppose there exists a set D of observable
functions 1 : X — R, with N = dim(D) > n, satisfying the following properties:

(1) If u,w =0 and 1) € D then Ve span(D), i.e., D is a Koopman invariant subspace.

(2) If 1 € D then (%/;gij and g—;ﬁ_pkj are in the span of D for eachi=1,...,m, j=1,...,n
and k=1,...,7

(8) The components h;(x) are in the span of D.

(4) The state projections 1(x) = x; are in the span of D.

The nonlinear system (3-4) is then equivalently described by the following bilinear system

m T
Z:Az—l—Bu+Pw—|—ZNzui—|—ZMzwi, (3-5a)
i=1 i=1
e=Cz+ Qu, (3-5b)

with zg = \I/(m'()) = [1#1(1’0), e wN_l(xQ)]T and 1/JZ eD.

Proof. Choose a set D of functions ¥ : X — R, that satisfies the above properties. Denote
the j-th element of f, g; and p; as fj, g;j and p;j, respectively. For any v; € D the time
derivative along the trajectories satisfying (3-4a) is given by

Z aﬂh rj = Z gfl (fj(x) + quj(x)uq + quj@)wq)' (3-6)
J q=1 q=1

j=1

Property 1 implies that we can write

Z OV i) = 3 ann(a), (-7
J k=1

2Note that in practice, this may not always be the case, see [14].
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Nonlinear output regulation in Koopman framework

with «; the expansion coefficients for or

61/)9
ai (
Oz k=1

where p;k, and v;ji, are the expansion coefficients o
We rewrite these as the sum of a linear and a bilinear terms.

Z /‘zykqwk )

ij fj(x). Property 2 implies that we can write

0
a¢ qu Z Vz]k:qwk (3_8)

f wz i(x), respectively.

v, 94 (2)
To thls end assume w.l.o.g.

that ¢y = 1 is the only constant function in D. Using equation (3-8) the second term in
equation (3-6) may then be written as

3 (3 9000

g=1

with big = >0 ptijng¥n and nigg =

is written as

(5200

q=1

with Piq = Z?:
equation (3-6) becomes

N
Z azkwk + Z bzquq + szqwq + Z Z nquwkuq + Z Z mquwkwq

1VijNg¥N and mypg =

Z Z (MlJquN + Z /Lukqwk >uq,

q=1j=1

m N—
= Z biquq + Z Z qu¢k: Uqa
q=1 q=1 k=1

(3-9)

>7=1 Mijkg- Similarly, the third term in equation (3-6)

Z Z (Vl]quN + Z VijkqWr (T )uq,

qg=1j=1
m N-—1
- Zp“]wq + Z Z mquwk wq, (3-10)
q=1 k=1

Z;V:_ll Vijkg- Using the equations (3-7), (3-9) and (3-10),

r

Next, define the vector valued observable function ¥ : X +— R" as

the transformation z = ¥(z) and matrices A =
,m. From equations (3-11) and (3-12) we obtain equation
(3-5a). With the dynamics of z known and the initial condition zg = ¥(xg

and M, = (myj;)q for ¢ = 1,...

(3—11)
q=1k=1 q=1k=1
(31
v = | ;| (312)
YN-1
(aij)’ B = (bij)a P = (pij); and Nq = (nij)q

), property 4 allows

the reconstruction of the state z(t) from the state z(t) at each time ¢.

Finally, property 3 implies that we can write

Bart Kieboom
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3-2 Bilinear output regulation 23

N
hi(z) =Y cinti(x). (3-13)
k=1

Define C' = (¢;;), then we can write h(z) = C'z and the output error of the nonlinear dynamical
system given by equation (3-4b) can be written as (3-5b). O

We conclude the section with two remarks:

Remark 1. Property 4 in Lemma 3 is only required if we need to reproduce the original state
x from the lifted state z. If we omit property 4, Lemma 3 remains valid if the only information
we have of the system is the output error e.

Remark 2. The system matrices of the bilinear dynamical model (3-5) have a particular
structure to them. As seen in the proof of Lemma 3 the function ; contributes a constant
control term to the i-th row in the dynamics whenever gf; gij is constant. And a bilinear input

i
term whenever e

]:g,;j is non-constant. In the case that g(x) = B and p(x) = P are constant
columns, and the vector valued observable function VU(x) consists of the state projections
Yi(x) = x; in the first n components and the purely nonlinear observable functions in the

remaining N —n components, the bilinear system has the structure

| _ |An A B
Z9 Ag1 Ag

0

21
22

_|_

3-2 Bilinear output regulation

In the previous section, we have seen that under the assumptions of Lemma 3, the nonlinear
system described by equations (3-4) is equivalently represented by the bilinear system (3-5).
Henceforth, we consider systems that admit to such an equivalent description and aim to solve
the output regulation problem of these systems by tackling the output regulation problem of
the bilinear system. In particular, the goal is to regulate the output using linear dynamic error
feedback. We restrict our attention to the scalar input and exogenous disturbance case. The
discussion below can be generalized to account for multiple input and exogenous disturbances.

From now on, we consider linear exosystems with a linear output, i.e.,

w = Sw, (3-15a)
v = Fw. (3-15Db)
with w € R" and v =€ R. The output v of the exosystem now fulfills the role of disturbance
and reference signal in (3-5), instead of directly w. This allows us to consider (linear com-

binations of) one-dimensional sinusoidal signals. Furthermore, to ease the notation we write
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24 Nonlinear output regulation in Koopman framework

N :=Njyand M =M.

We assume to have full state information of x, which implies full state information of z. The
goal is to find a linear dynamic error feedback controller of the form

£ = F¢ + Ge, (3-16a)
u=H¢+ Kz, (3-16b)

with £ € 2 C RY such the the matrix

(3-17)

L_|F  cc
= |BH A+ BK

is Hurwitz, and there exists a neighbourhood U C Z x = x W such that if zp = ¥(xg) and
(€0, 20, wo) € U then the trajectories generated by the closed loop system

£ =F¢+ GOz + GQu, (3-18a)
2= (A+BK)z+ NzKz+ BH{+ Pv+ NzHE+ Mzv, (3-18b)
w = Sw, (3-18c¢)
v = Fuw, (3-18d)
= Cxt Qv (3-18¢)
satisfy
tllf?o e(t) = tlg(r)lo Cz(t) + Qu(t) = 0. (3-19)

Remark 3. Recall that to solve the nonlinear output regulation problem (of which the bilinear
output requlation problem is a special case), the point (£, z) = 0 must be an exponentially stable
equilibrium of the disconnected closed loop dynamics, i.e. of (3-18a)-(3-18b) with w = 0. The
disconnected closed loop dynamics has an equilibrium point at (€, z) = (0,0). Furthermore, the
Jacobian of the disconnected closed loop dynamics at (0,0) is equal to A.. The assumption that
the matriz A. is Hurwitz thus ensures that (£, z) = (0,0) is an exponentially stable equilibrium
point of the closed loop dynamics [20].

To solve the bilinear output regulation problem, we take inspiration of the linear output
regulation problem and look for equilibrium points of the form ¢ = Yw and z = Ilw, with
¥ € R¥*" and IT € R™*". Equation (3-19) becomes

(CII + QE)w(t) = 0. (3-20)

lim
t—o00

Recall that the signal w(t) is a (nontrivial) neutrally stable trajectory, implying that for all
T € R there exists t > T such that w(t) # 0. Therefore, equation (3-20) holds if and only if

CT + QE = 0. (3-21)
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3-2 Bilinear output regulation 25

Furthermore, £ = Yw and z = Iw are equilibrium points of the closed loop system (3-18a)-
(3-18b) if and only if

YSw = FYXw+ G(CII + QF)w, (3-22a)
[ISw = (A + BK)[w + NIwKTlw + BHSw + PEw + NwHSw + MIwEw.  (3-22b)

Clearly, if w = 0, this is satisfied. If w # 0, the following should be satisfied

%S = F¥, (3-23a)
IS = (A + BK)I1 + PE + BHY, + NIIwKTl + NIIwHY, + MIIwE, (3-23b)

where we have used equation (3-21) to simplify the first line. Summarizing, if there exist
IMTe R ¥ e RV and R € R™*" such that

IIS = AIl + BR + PE + NTIwR + MTIwE, (3-24a)
0=CII + QE, (3-24b)
28 = F¥, (3-24c)
R=HY + KII, (3-24d)

are satisfied, and if A., given in equation (3-17), is Hurwitz, then (3-20) holds, and thus
the bilinear output regulation problem of the system (3-5) with a linear exosystem is locally
solved by the linear dynamic error feedback controller (3-16). We identify equations (3-24c)
and (3-24d) as the linear internal model principle. Furthermore, equations (3-24a) and (3-24b)
are reminiscent of the linear regulator equations (2-33), and we appropriately call these the

bilinear regulator equations?.

Note that equation (3-24a) depends on the exogenous disturbance w(t). At best, we can
solve these equations with prior knowledge of w in the case that w is constant, i.e., S =
0. If, however, w is non-constant, in order to solve these equations, we necessarily require
NIIwR + MTIwE = 0 for each value of w(t). One way for this to hold is if IT = 0. This
means that the equilibrium point of the system at which the output is regulated is z = 0. The
case that the output is regulated for z = 0 coincides with the output regulation problem with
no reference signal, i.e. @ = 0. Given these assumptions, equation (3-24b) is automatically
satisfied and equations (3-24a), (3-24c) and (3-24d) become

0= BR+ PE, (3-25a)
%S = FY, (3-25b)
R=HY, (3-25¢)

which are the linear regulator equations (2-33) and linear internal model principle (2-34) for
the case that @, 11 = 0.

The following proposition concerns the bilinear output regulation problem in the case that
@ = 0. This result makes no reference to the Koopman dynamical model and thus holds for
any bilinear dynamical system that satisfies the assumptions.

3Note that these are the bilinear regulator equations that the linear equilibrium points z = Iw and &€ = Sw
must satisfy in the case of linear dynamic error feedback, and not the general nonlinear regulator equations
(2-46).
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26 Nonlinear output regulation in Koopman framework

Proposition 2. The bilinear output regulation problem of the system

2=Az+ Bu+ Pv+ Nzu+ Mzv, (3-26a)
e=Cxz, (3-26b)

with z € Z CR™, uw € R and v € R generated by the linear exosystem (3-15) and the linear
dynamic error feedback controller (3-16) is locally solved if A., given by equation (3-17), is
Hurwitz and if there exist ¥ € R"*", R € R™*" that satisfy equations (3-25).

Proof. Let € = £ — Yw. In these coordinates, the closed loop dynamics are given by

£ = FE + GCz + (FE — £8), (3-27a)
4= (A+BK)z+ NzKz+ BHE + N2HE + MzFEw + (BHY + PE)w + NzHYw, (3-27b)
w = Sw. (3-27c¢)

Using equations (3-25) the closed loop dynamics reduce to

£ = FE+ GOz, (3-28a)
4 =(A+BK)2+ NzKz+ BHE + NzHE + MzEw + NzHYw. (3-28b)
w = Sw. (3-28¢)

Assume w.l.o.g. that w = 0 is a neutrally stable equilibrium point of the exosystem?. We
see that if w = 0, the point (£, 2) = (0,0) is an equilibrium point, and the Jacobian of the
dynamics at this point is equal to A.. The matrix A, is assumed to be Hurwitz. Hence the
origin is an exponentially stable equilibrium point of the disconnected system [20].

If w # 0, we require (3-19) to hold. Since @) = 0, this is satisfied if 2(t) — 0 as t — oo. The
Jacobian of (3-28) at (£, z,w) = 0 is given by

Ac 0
lO S]. (3-29)

Since A, is Hurwitz, it follows that there exists a set of initial conditions (€0, 20, wp) (close
to the origin) for which z(¢) — 0 and £(¢) — 0 as ¢ — oco. We conclude that the output is
locally regulated. O

We use Proposition 2 in combination with Lemma 3 to arrive at the following corollary.
Corollary 3.1. The nonlinear output requlation problem of the system
z = f(z) + g(z)u + p(x)w, (3-30a)
e = h(z), (3-30Db)

with the linear ezosystem (3-15) and linear dynamic error feedback controller (3-16) is locally
solved provided that the following conditions hold: (1) the assumptions of Lemma 3 and
proposition 2 are satisfied; (2) the initial condition satisfy zg = V(xg).

4The sinusoidal exosystem automatically satisfies this, and for a constant exosystem, we can make the
coordinate transformation W = w — wp.
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3-3 Matched input disturbance 27

Proof. If zy = U(xg), then, by Lemma 3, the nonlinear system (3-4) is equivalently described
by (3-26). It follows that, by Proposition 2, the nonlinear output regulation problem is locally
solved. O

In Proposition 2 we have used a linearization argument to show there exist initial conditions
for which the output is regulated. However, this only tells us something about the existence
of such initial conditions, not which initial conditions achieve this.

3-3 Matched input disturbance

In this section, we consider the special case of matched input disturbance. That is, the dis-
turbance and the input enter the system dynamics identically. This is a natural problem to
consider, as it models uncertainty to the input. Furthermore, in this case, we can use the
Lyapunov-based stability argument for quadratic systems [22] to characterize a set of initial
conditions for which output regulation is guaranteed.

The nonlinear output regulation problem with matched input disturbance considers systems
given by (3-30) with p(z) = g(z) and the linear exosystem (3-15). If the assumptions of
Lemma 3 are satisfied and zg = ¥(x(), the system is equivalently represented by a bilinear
dynamical system (3-26) with P = B and M = N. Under the control (3-16) the closed loop
dynamics of the plant obeys (3-27). Since P = B and M = N, equation (3-27b) becomes

= (A+BK)z+ N2Kz+ BHE + N2HE + B(HY 4+ E)w + N2(HS + E)w.  (3-31)

From this, we see that if HYX + E = 0, then the last two terms are canceled. In other words,
the linear disturbance term is canceled if and only if the bilinear disturbance term is canceled.
This is a feature of the matched input disturbance case. In the general case, the second term
does not cancel and is only zero if z = 0. Note that this condition is equivalent to the linear
regulator equation (3-25a).

If we define the quantities

s—lﬂ, N—lg ]%] K:[o K} PI:[H o}, (3-32)

and assume that the linear regulator equations and internal model principle given in (3-25)
are satisfied, then the closed loop dynamics (3-27) for the matched input disturbance case
may be written as

$=A.s+ NsKs+ NsHs. (3-33)
We see that the closed loop dynamics no longer depend directly on the exogenous disturbance
signal w. This allows us to apply the Lyapunov-based stability analysis proposed by [22],

described in section 2-3. The result is presented in the following proposition.
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28 Nonlinear output regulation in Koopman framework

Proposition 3. The bilinear output regulation problem of the bilinear dynamical system
(3-26), with P = B and M = N and the linear exosystem (3-15), is locally solved by the
linear dynamic error feedback controller (3-16), provided that the following conditions hold:
(1) the linear regulator equations and internal model principle (3-25) are satisfied; (2) the
matriz Ac, given in equation (3-17), is Hurwitz; (3) if xo and & are such that

FO ; “’0] —socf={secExZ|sTWls<1}, (3-34)
0

with € >0 and 0 x W = WT € RIWN+I)XINH) - satisfying

WAT + AW + NWNT w[H K|
¢ < 0. (3-35)
(H KW —el
Proof. The closed loop dynamics of the disconnected plant obeys
£ =F¢+ GOz, (3-36a)
2=(A+BK)z+ BH{+ NzKz + BzHE, (3-36b)

which has an equilibrium point at (£,z) = (0,0). Its Jacobian is equal to A., which is
Hurwitz by assumption. Hence, (£,2) = (0,0) is an exponentially stable equilibrium point
of the system, which is the first requirement to solve the nonlinear output regulation problem.

Next, define the error variable £ = & — Yw. In these coordinates, the closed loop dynamics
are given by equations (3-15), (3-28a) and (3-31). Since the linear internal model principle is
satisfied and HY + E = 0, the closed loop dynamics in the error coordinates reduce to

£ = FE+ GO>, (3-37a)
4= (A+ BK)z+ NzKz+ BHE + NzHE. (3-37h)

We see that (§~ ,2) = (0,0) is an equilibrium point of the system, which, since the Jacobian is
again equal to A, is locally exponentially stable. Using the definitions (3-32), the closed loop
dynamics (3-37) are equivalently described by equation (3-33). Next, define the quadratic
Lyapunov function

V(s) =sTW1ls. (3-38)
The time derivative of (3-38) along the closed loop dynamics (3-33) is given by

Vi(s)=s"(AIW =+ WA + KTsTNTWw ! (3-39)
+WINsK + H'sTNTW= + W' NsH)s. (3-40)

Thus, V(s) is a Lyapunov function for the dynamics (3-37) if
AT 4 WA, + RTSTNTW !+ WL NsK + ATsTNTW=! + WINsH <0 (3-41)
Pre- and post multiplying the inequality (3-41) with W yields the equivalent inequality
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WAL + AW + WKTsTNT 4+ NsKW + WHT s NT + NsHW < 0. (3-42)

Let T = WAL + AW, D = N and V = W(K 4 H), then the inequality (3-42) is written as

T+VTsTDT + DsV <0, (3-43)

with T'= TT. Because sy € £ (see (3-34)) it follows by Lemma 2 that the inequality (3-42)
is satisfied if and only if there exist € > 0 such that

T+ eDWDT WVT
VW —er | SO (3-44)

which is exactly (3-35). The inequality (3-44) is satisfied by assumption, implying V (sg) < 0.
As as result, any trajectory s(¢) for which sg € £ will tend to 0, which means z(¢) tends to
zero and

tliglo e(t) = tlgglo Cz(t) =0, (3-45)
hence the output is regulated and the bilinear output regulation is locally solved. O

The equivalence of the nonlinear dynamical system (3-30) and the bilinear dynamical system
(3-26) leads to the following important corollary.

Corollary 3.2. The nonlinear output regulation problem of the system (3-30), with p(z) =
g(x), and the linear exosystem (3-15), is locally solved by the linear dynamic error feedback
controller (3-16) for the set of initial conditions {&o, xo, wo}, satisfying (3-34), provided that
the following conditions hold: (1) the assumptions of Lemma 3 are satisfied; (2) the initial
condition satisfies zo = ¥(xo); (3) the assumptions of Proposition 3 are satisfied.

Proof. If zg = U(xg), then, by Lemma 3, the nonlinear system (3-30) is equivalently described
by (3-26), with P = B and M = N. The corollary then follows from Proposition 3. O

3-3-1 Numerical example

In this section, we verify the results of Proposition 3 and Corollary 3.2 by means of a numeri-
cal simulation of an example system. We design a controller that satisfies the assumptions of
Corollary 3.2 and simulate the closed loop dynamics of the nonlinear system under the effect
of this controller.

Inspired by [19], we consider an example system that is nonlinear system given by

1 =vay + x1(u+v), (3-46a)
iy = k(29 — 22) +u + v, (3-46D)
e = To + xixre + 2123, (3-46¢)
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30 Nonlinear output regulation in Koopman framework

where u is a scalar input and v € R the output of the sinusoidal exosystem

W = —wwa, (3-47a)
Wy = wwy, (3-47b)
v =wi. (3-47¢c)

Thus v(t) = wig cos(wt) + wag cos(wt). The affine term in the first state highlights the use
of property 2 of Lemma 3, and the nonlinear terms in the output highlights property 3. We
may omit either of these terms and still apply the method.

To start, we choose a dictionary D such that the properties of lemma 3 are satisfied, so that
the system is equivalently represented by a Koopman bilinear dynamical model. The equiv-
alent bilinear dynamical model and the details of its construction are given in appendix A.

We use a linear dynamic error feedback controller as described in proposition 3. We choose
K such that A + BK is Hurwitz, and subsequently G such that A, is Hurwitz. We fix the
number € = 0.01 and determine W such that the matrix inequality (3-35) is satisfied. The ini-
tial conditions wip and wyg are randomly sampled from the interval [—1, 1]. Next, the initial
state of the plant z¢ and controller &, are randomly chosen such that zg = ®(zp) and sg € £.
The trajectory of the system is then determined using Runge-Kutta integration. Figure 3-1
shows quantities of interest for a typical trajectory of the closed loop system that is initiated
as described above. The top left and right plots show the value of the Lyapunov and its time
derivative along the trajectory of the closed loop dynamics z(t) = W(x(t)) as a function of ¢,
respectively. The bottom right plot shows the output error e(t) of the closed loop system as a
function of time. Finally, the bottom right figure shows the residual of the disturbance signal
g(x(t))(HE(t) +v(t)) (consisting of two components). as a function of time. Observe that the
Lyapunov function always satisfies V(2(t)) < 1 and V(2(t)) < 0, as it should. Furthermore,
we see that the disturbances are successfully rejected, and the output error is driven to zero.
Hence, the output of the nonlinear plant is successfully regulated.

Figure 3-2 shows the limit of the error® for 100 different trajectories satisfying the initial
conditions and closed loop dynamics described above. The top figure shows the value of
st W~1sy and the bottom figure the corresponding limit of the error. We see that, without
exception, the error is driven to machine precision, and hence we conclude that the output is
regulated in the limit.

Note that in the above simulation we have made no effort to find a W for which the set of
initial conditions is large (in terms of magnitude of the initial states & and xo in the 2-norm.).
And actually, they are quite small. Figure 3-3 shows the relevant quantities for a trajectory
for which the initial condition is chosen to be much larger than those satisfying the constraint
soW~ls < 1 (for W as chosen in the previous simulation). We see that the disturbance is
still successfully rejected and the output is regulated. Furthermore, observe that V' (s) is still
a Lyapunov function for this trajectory, even though max V'(s) ~ 1900. This suggest that the
result may be generalized to V(s) <~ with v > 1. Indeed, [21] provides a generalization of

SWith this we mean the average error over a fixed interval.
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Figure 3-1: Closed loop dynamics of the example system (3-46) initiated such that soWW ~1sy < 1
is satisfied. Top left: Lyapunov function as a function of time. Top right: Time derivative of the
Lyapunov function along the closed loop dynamics as a function of time. Bottom left: Output
error e as a function of time. Bottom right: Residual of the disturbances g(z)(HE + v) as a
function of time.
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Figure 3-2: Distribution of the output error e in the limit for 100 trajectories of (3-46), satisfying
the ellipsoidal constraint soW sy < 1.
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Figure 3-3: Closed loop dynamics of the example system (3-46) initiated with soW ~1sy &~ 1900.
Top left: Lyapunov function as a function of time. Top right: Time derivative of the Lyapunov
function along the closed loop dynamics as a function of time. Bottom left: Output error e as a
function of time. Bottom right: Residual of the disturbance g(z)(HE + v) as a function of time.
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Figure 3-4: Closed loop dynamics of the example system (3-46), initiated such that soWW ~1sy < 1
is satisfied, using a controller based on the linearization (dotted line) and one based on the
Koopman bilinear model (solid line). Left: Output error e as a function of time. Right: Residual
of the disturbance g(z)(HE¢ + v) as a function of time.
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Petersen’s lemma that addresses precisely this, the result may be adapted to lemma 2 and
applied to the problem at hand. More interestingly, we might be able to find a different €
and W (and K for that matter) for which V(sg) < 1 is valid, but for a larger set® of initial
conditions sg. [22] suggests a semi-definite program to achieve this.

Finally, figure 3-4 shows a comparison of the method compared to a controller design based
on the linearization of (3-46). The dynamics of the closed loop system, using the controller
obtained from the linearization, are given by the dotted line, and using the controller obtained
from the Koopman-based method, by the solid line. In both cases, the gain K is obtained
using linear quadratic control, and the same matrix G is used. The system is initiated such
that soWW~lsy < 1 is satisfied. We see that the transient behavior of the output error of
the controller based on the linearization is larger than the Koopman-based method. The
reason for this is that the controller derived from the Koopman-based method is a nonlinear
controller in the state x and utilizes nonlinear terms that appear in the dictionary used to
derive the bilinear dynamical model.

3-4 Future directions

We finalize the chapter by mentioning possible paths for future research for the use of Koop-
man operator for the nonlinear output regulation problem. We mention a few future paths
concerning the bilinear output regulation approach. We conclude with a novel suggestion
for a data-driven approach of the nonlinear output regulation problem, which has not been
considered so far in this thesis.

Partial state information. For most of the results, we have assumed full-state information.
In practice, this is often not the case, and only output data is available. The stabilizing
part of the linear dynamic error feedback controller (3-16) may be incorporated in the con-
troller dynamics instead. For linear plants, this is achieved using the separation principle. A
state-feedback controller and state-observer are designed separately and combined to achieve
stabilization. However, for bilinear plants, the error dynamics of the state-observer depend
on the input, thus the separation principle does not hold. It is therefore of interest to identify
how a linear dynamic error feedback controller, without a state-feedback component, can be
used to solve the bilinear output regulation problem, and thereby the equivalent nonlinear
output regulation problem.

Quadratic stability for general disturbance signals. In the previous section, we focused on
the matched input disturbance case and characterized a set of initial conditions for which
output regulation is guaranteed. Essential in the argument was the fact that the closed loop
dynamics (3-37) did not directly depend on the exogenous disturbance w. The reason for this
was that both linear and bilinear disturbances were canceled by the same control action. In

I & = {s € RY™ | "W, 's} < 1 and s = max{[|s|]|2 | s € &}, then & is larger than & if
ST > sy, Alternatively, one may consider a set larger than the other if the average of the two norm of its

elements is larger.
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34 Nonlinear output regulation in Koopman framework

the general disturbance case, considered in section 3-2, this was not the case, see equation
(3-28). However, since the exogenous disturbance signal w is neutrally stable, it is bounded,
ie. [lw|| <, for some yinR. We therefore expect that a similar result as in proposition 3
can be obtained for the general disturbance case. The stability argument must be modified
to account for the additional bilinear terms in w.

Reference tracking. In tackling the bilinear output regulation problem we have assumed
that no reference signal was present. This is an important part of the output regulation
problem and cannot be ignored. In section 3-2, we have seen that linear error dynamic error
feedback cannot be used to achieve output regulation of the bilinear dynamical system in the
presence of a reference signal. Nonlinear techniques must therefore be explored to tackle this
problem.

Extended Dynamic Mode Decomposition for nonlinear output regulation. One of the
main merits of the Koopman operator framework is that it is particularly well suited for data-
driven methods. The most famous example is the Extended dynamic mode decomposition
(EDMD) algorithm [34]. Given a set of observable functions, the EDMD algorithm provides
a best-fit linear dynamical system, in the least-squares sense, for a (nonlinear) autonomous
dynamical system from data. EDMD uses as data a set of K snapshot pairs {z;, z; } 2,
with 27 = F(z;) and 2;, 27 € X C R"™. Recall that F is the flow of the system autonomous
system (2-1) given by (2-2). The EDMD algorithm is extended to actuated systems in [33].

We now sketch a proposal for the use of EDMD for actuated systems to obtain a linear dy-
namical model of the nonlinear system (2-38) out of data. The resulting linear system will be
of the form (2-27). We subsequently solve the linear output regulation problem as described
in section (2-2-1) and obtain a linear dynamic error feedback controller of the form (2-28).

The method requires one to specify a dictionary of observable functions. Looking at the
system (2-38), we see that, in general, the dictionary must contain observable functions ¢ € F,
¢ €W, and 0 € F x W. Here, F denotes the space of functions of the plant state x and W
the space of functions of the exogenous disturbance state w. For a finite dictionary, we define
the transformations

2y = U(x), (3-48a)
2w = P(w), (3-48b)
Zpw = O(z, W), (3-48c)

where ¥(z), ®(w) and O(x,w) are vector valued observable functions consisting of all the
observable functions in D of the type v : X —» R, ¢ : W — Rand 0 : X xW — R |,
respectively.

The data consists of the snapshot pairs in the plant state {z;, x;r}fil, exogenous disturbance
{wi, wi YK, output error {e;, e}, and input {u;,u; }£,. The linear dynamical model is
then obtained from the data by solving the following optimization problem:
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2

K \I/(l'j+1) AH A12 P1 \I’(ZE]) Bl
AHB}iJI'}S @(xj+1,wj+1) - Agl A22 PQ @(xj,wj) - BQ Uj (3—49)
=0 <I>(wj+1) 0 0 S <I>(wj) 0 9
K
rgicgz llej — CU(x;) — QP(wy)l[3- (3-50)
b j:0

Often, only input-output data is available. The optimization procedure may then be modi-
fied to make use of time-delayed measurements of the input and output, as suggested by [26, 4].

Note that the resulting Koopman model we obtain from data is a linear dynamical model
instead of a bilinear dynamical model. Why this is the case can be seen by looking at the
closed loop dynamics of the bilinear Koopman model under linear state feedback (which is
nonlinear in the original state), given by 2 = (A+ BK)z+ NzKz+ Pw+ Mzw and v = Sw.
The closed loop dynamics are autonomous in the extended state [zT, wT]T. The dynamics of
the Koopman operator can be approximated on an approximate Koopman invariant subspace.
This subspace consists of functions of the extended state and thus functions of z and w.
This observation provides a rationale for the choice of a linear dynamical model on a set of
observable functions in z and w, instead of a bilinear dynamical model on a set of observable
functions in zx.
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Chapter 4

Conclusion

In this thesis, we have demonstrated a novel approach to the nonlinear output regulation
problem that utilizes the Koopman operator. The Koopman operator was used to identify a
class of nonlinear control systems that can be equivalently described by a bilinear dynamical
system. We have subsequently solved the bilinear output regulation problem using linear
dynamic error feedback for the case of disturbance rejection. In particular, for the case of
matched input disturbance, we have used a Lyapunov-based stability argument to charac-
terize a set of initial conditions for which output regulation is guaranteed and validated the
result by presenting a numerical example.

Many interesting problems can be framed as an output regulation problem and the Koopman
operator is a promising modeling paradigm that can help our understanding of nonlinear
systems. With this thesis, I hope to initiate an interest in the marriage of these frameworks
to advance our theoretical understanding of numerous problems and push the boundaries for
new applications.
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Conclusion
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Appendix A

Construction of the bilinear Koopman
model for example system

In this appendix, we show the construction of the dictionary D for the example considered in
section 3-3, that satisfies the properties of Lemma 3. Subsequently, we obtain the Koopman
bilinear model. The plant in consideration is given by

1 =vxy + x1(u+v), (A-1a)
iy = k(2g — 22) +u + v, (A-1b)
e = Ty + 230 + 1175, (A-1c)

with # € X CR? u,v € R and e € R. In the notation of equation (3-30) we have

flz) = < v 2) , g(x) =p(x) = <$11> , h(z)=z1+x2+ a;%afg + a:la?%.

KT — KT

We show the construction of a dictionary D that satisfies the properties of Lemma 3 w.r.t.
to the nonlinear system (A-1).

Consider the dictionary Dy = {11, 12, 3,14, 15} with

Yi(z) = z1,
o(z) = 2,
¥3(x) = a7,
Va(z) = 2wy,
Vs(x) = 123

The functions 11 (z) and ¥9(x) are the state projections, and therefore property 4 of Lemma
3 is satisfied. Furthermore, the output (A-1c) can be written as e = 11 + 12 + ¥4 + 15, thus
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40 Construction of the bilinear Koopman model for example system

property 3 of Lemma 3 is satisfied.

The time derivative of an observable function ¢ = z}x4", along the trajectories of (A-1), is
given by
¥ =nay  aEy + matal s
= vt + me(ata — 2722t

= (nv + mr)zPey — mrat 22l (A-2)

Using (A-2) we find that derivatives of along the trajectories of (A-1) of each i € Dy, in the
case that u,v = 0, are given by

U1 () = vy,

o) = Kz — o),

3(x) = 2w,

Yu(z) = (2v + K)aiey — Kk,

s(x) = (v + 2K)x123 — 2Ka5 1),

The functions a:i’xg and x‘ll are not in Dj, hence D; is not a Koopman invariant subspace.

Motivated by this observation, let Dy = {1, 17, ¥s} with

wﬁ(x) = x%?
w7(1}) = .I'?JIQ,
ps(x) = af.

Again, when u,v = 0, we find using equation (A-2) that
¢6(9€) = 41/1’%7
drlw) = (3w + w)ades — wal,
Yg(z) = bvas.

We see that D; U Dy is a Koopman invariant subspace w.r.t. the autonomous dynamics of
(A-1), which is exactly property 1 of Lemma 3.

The dictionary D1 U D does not satisfy property 2. To see this, write down the partial
derivatives of the observable functions w.r.t. z; and zo and multiply these with components
g1(x) and ga(x), respectively. Using the notation 9; = %i, we find

(O1p1(x))g1(x) = @1, (02901 () g2(2) = 0,
(O11h2(2))g1(x) =0, (O21p2(2))g2(w) = 1,
(O193()) g1 () = 27, (O2t3(x)) g2(x) = 0,
(O1904(2)) g1 () = 2aTs, (Ootpa(x)) ga(x) = a7,
(15(2)) g1 (x) = @13, (0215(2)) g2 (@) = 22122,
(O1p6()) g1 () = daf, (02v6(2))g2(2) = 0,
(O197(2)) g1 () = 3aims, (Dap7(2)) g2() =
(O1s()) g1 () = 5a?, (02ts(2))g2(z) = 0.
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Indeed, 2129 and 3 are not in the span of D; U Ds. To satisfy property 2! of Lemma 3, we
require (linear combinations of)

Pg(x) = T122,
Pro(z) = 3.

Therefore, let D3 = {19, 910}. The time derivatives of 19 and 119 along the trajectories of
(A-1) are given by

11}9(:5) = (v +K)r129 — m:i)’,
1&10(1’) = 3111’?.

Furthermore, the partial derivatives w.r.t. z; and z9 multiplied by ¢;(z) and g2(x), respec-
tively, read

(019 (2)) g1 () = x129, (D2tpg(x)) g2 () = 1,
(O1¢10(2)) g1(z) = 3aF, (O2t10(2)) g2(2) = 0,

and are contained in the span of D; U Dy U D3. Therefore, let D = D; U Dy U D3. The
dictionary D satisfies all four properties of Lemma 3.

A-1 Deriving the Koopman bilinear model

We now determine the bilinear Koopman model associated with the dictionary D. For each
1 € D the time derivative along the trajectories of (A-1) are given by

2
P= W =S () g, (a-3)
i=1 v i:l
Thus we find
P1(x) = vipr (x) + 1 (2) (u+ v)
o () = waa(w) — mas(w) + u+ v
ba(x) = 2v4h3(x) + 2¢3(@) (u + v)
Pa(x) = (2 + K)pa(x) — ks (x) + (P3(x) + 204 (x)) (u + v)
ps(x) = (v + 26)9s(2) — 2647 (x) + (P5(2) + 2¢9(2)) (u + v)
() = 4w () + 4as () (u + v)
dr(x) = (Bv + K)r(x) — kis(x) + (b7 + t10(2)) (u + v)
s (x) = daps(x) + 5ubs (@) (u + v)
() = (v + K)tho(x) — kipro(x) + (Yi(x) + Yo (x))(u +v)
dro(x) = 3vip1o(x) + 3¢b10(z) (u + v)

! Actually, we only need to satisfy property 2 for the non-constant terms 9;g;.
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Next, define the transformation

z=V(x), (A-4)

with U(x) = [¢1(2),...,v¥10]". Then we find

z2=Az+ B(u+v)+ Nz(u+v), (A-5a)
e=Cg, (A-5b)
with
w0 0 0 0 0 0 0 0 07
0 k -k 0 0 0 0 0 0 0
0 0 2w 0 0 0 0 0 0 0
00 0 2u+x 0 —x 0 0 0 0
oo o0 0 wv4+2s 0 -2 0 0 0
A‘ooo 0 0 4y 0 0 0 01’ (A-6)
00 0 0 0 0 3v+tr -k 0 0
00 0 0 0 0 0 50 0 0
00 0 0 0 0 0 0 vir —k
0 0 0 0 0 0 0 0 0 3v
- ] ]
. 1 0000O0O0GO0O 0O
0 0000O0OOTOT 0O
0 0020000000
0 0012000000
B=|,, N=[00001000 20, (A-T)
0 0000040000
0 0000O0O0O300 1
0 1 0000O0O0GO0O 0O
0 0 00O0O00O0O0O OO0 3
C=[000110000 0. (A-8)

Proposition 3 requires the matrix A., given by equation (3-17), to be Hurwitz. To achieve
this, the pair (A, B) must be stabilizable. By inspecting A and B, we see that the only con-
trollable mode (in the linear sense, i.e., ignoring the bilinear term) is the one corresponding to
the second row. Therefore, for the pair (A, B) to be stabilizable, we require all other modes
to be (asymptotically) stable. The triangular structure of A allows us to easily identify the
system’s eigenvalues. They correspond to the elements that appear on the diagonal. We
see that the stability of these modes depends on the values of v and k. For instance, the
eigenvalue corresponding to the observable function 5 is given by ps = v+ 2k. If s is larger
than zero, the corresponding mode is unstable (in the linear sense). However, the eigenvalues
of the matrix A depend on the choice of the transformation (A-4). In this example, we can
redefine the transformation (A-4) such that instead of i5(z), it includes —5(x), i.e., we set
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U(z) = [¢1(x),...,—Y5(z),...,¥10(x)]". Because of the triangular structure, all elements in
the fifth row of A, B, C, and N gain a minus sign. Consequently, the corresponding mode
is stable. Because of the triangular structure, we can do this for all non-zero eigenvalues of
A that correspond to uncontrollable modes. Thus, if all the eigenvalues that correspond to
uncontrollable modes are non-zero, we can make the pair (A, B) stabilizable. This is true
when v is unequal to k£ whenever it is multiplied by the integers 1, 2 and 3.

In the simulation we use the values v = —0.7 and x = 1. The only positive Koopman
eigenvalues are those of ¥;(x), ¥5(x) and 1g(z) (w.r.t. the autonomous system), and are
given by

NQZ’{:L
ps =v+25=0.3
o =v+r=13,

respectively. The modes corresponding to ¥5(x) and g9(x) are uncontrollable, thus we con-
sider the transformation z = ¥(x), with

‘IJ(SU) = le 1/]25 ¢37 ¢4a _1/}57 ¢67 1/}75 ¢87 _¢9) wIO]T' (A—g)

The system matrices of the bilinear Koopman model are then given by

v 0 0 0 0 0 0 0 0 07
0 kK —k 0 0 0 0 0 0 0
0 0 2w 0 0 0 0 0 0 0
00 0 2w+r 0 —K 0 0 0 0
00 O 0 —v—2k 0 2K 0 0 0
A= 00 0 0 0 4y 0 0 0 0]’ (A-10)
00 O 0 0 0 3v+k —k 0 0
00 0 0 0 0 0 5v 0 0
0O 0 O 0 0 0 0 0 —-v—K kK
0 0 0 0 0 0 0 0 0 3v
o ] ]
) 1 000 0O 00O O O
0 0 000 0 00O 0O O
0 0 020 0 000 0 O
0 0 012 0 000 0 O
B:O,N:0000—1000—20, (A-11)
0 0000 0 400 0 0
0 0 000 0 030 0 1
0 -1000 O 00O O O
0 0 000 0 0O0O0 O 3]
C=/1101-1000 0 0, (A-12)

with the pair (A, B) stabilizable.
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Construction of the bilinear Koopman model for example system
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