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Preface

Thank you for your interest in the second edition of our book on dissipative
systems. The first version of this book has been improved and augmented in
several directions (mainly by the first author supported by the second and
third authors of the second version). The link between dissipativity and op-
timal control is now treated in more detail, and many proofs which were not
provided in the first edition are now given in their entirety, making the book
more self-contained. One difficulty one encounters when facing the literature
on dissipative systems is that there are many different definitions of dissi-
pativity and positive real transfer functions (one could say a proliferation),
many different versions of the same fundamental mathematical object (like
the Kalman-Yakubovich-Popov Lemma), and it is not always an easy task to
discover the links between them all. One objective of this book is to present
those notions in a single volume and to try, if possible, to present their rela-
tionships in a clear way. Novel sections on descriptor (or singular) systems,
discrete-time linear and nonlinear systems, some types of nonsmooth systems,
viscosity solutions of the KYP Lemma set of equations, time-varying systems,
unbounded differential inclusions, evolution variational inequalities, hyper-
stability, nonlinear H,, input-to-state stability, have been added. Conditions
under which the Kalman-Yakubovich-Popov Lemma can be stated without
assuming the minimality of the realization are provided in a specific section.
Some general results (like well-posedness results for various types of evolution
problems encountered in the book, definitions, matrix algebra tools, etc.) are
presented in the Appendix, and many others are presented in the main text
when they are needed for the first time. We thank J. Collado and S. Hadd
who made us some remarks, and we remain of course open to any comments
that may help us continue to improve our book.

Montbonnot, April 2006 Bernard Brogliato
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Notation

e IR: the set of real numbers; C the set of complex numbers; IN: the set of
nonnegative integers.

e IR" (C"): the set of n—dimensional vectors with real (complex) entries.
e AT: transpose of the matrix A € R"*™ or € C"*"™.

e A: conjugate of the matrix A € C™*"™.

e A*: conjugate transpose matrix of the matrix A € C**"™.

e A >0 (>0): positive definite (semi positive definite) matrix.

e )\(A): an eigenvalue of A € R"*™.

e o(A) the set of eigenvalues of A € IR"*™ (i.e. the spectrum of A).

o nax(4), Amin(A): the largest and smallest eigenvalue of the matrix A,
respectively.

® Omax(A) (omin(A4)): largest (smallest) singular value of A.

e p(A): the spectral radius of A, i.e. max{|\| : A € o(4)}.

o tr(A): the trace of the matrix A.

e AT: the Moore-Penrose inverse of the matrix A.

e ODE: Ordinary Differential Equation; PDE: Partial Differential equation.

e BV, LBV, RCLBV: Bounded Variation, Local BV, Right Continuous LBV.

e AC: Absolutely Continuous.

e [, the n x n identity matrix, O,, the n X n zero matrix.

. %(x) € IR™*™: the jacobian of the function f: IR" — IR™ at x.

e Vf(x) € R™™™: the euclidean gradient of the function f : IR" — IR™ at
2 (Vi) =5 (@),



xiv

Notation

A function is said to be smooth if it is infinitely differentiable; C° denotes
the set of continuous functions; C" denotes the set of r-times differentiable
functions f(-) with f(")(-) continuous.

f(#): right-limit of the function f(-) at ¢; (f(¢t7): left-limit).

|| - ||: Euclidean norm in R™ (||z]| = vVaTx for all z € IR™).

[|fllp: £Ly-norm of a Lebesgue integrable function f(-).

LH(jw): the phase of H(jw) € C.

LTI: Linear Time Invariant (system).

Ker(A): kernel of A € R"*™; Im(A): image of A € R™*™.

dom(f): domain of a function f.

K: closure of a domain K C IR" (K = K if and only if K is closed).

Int(K): interior of a domain K C IR"™ (Int(K) is always open), i.e. the set
of interior points of K (points z of K such that there is a neighborhood
of x inside K).

Re[] denotes the real part and Im[-] denotes the imaginary part.

a.e.: almost everywhere (usually in the Lebesgue measure sense).



1

Introduction

Dissipativity theory gives a framework for the design and analysis of control
systems using an input-output description based on energy-related considera-
tions. Dissipativity is a notion which can be used in many areas of science, and
it allows the control engineer to relate a set of efficient mathematical tools to
well known physical phenomena. The insight gained in this way is very useful
for a wide range of control problems. In particular the input-output descrip-
tion allows for a modular approach to control systems design and analysis.

The main idea behind this is that many important physical systems have
certain input-output properties related to the conservation, dissipation and
transport of energy. Before introducing precise mathematical definitions we
will somewhat loosely refer to such input-output properties as dissipative
properties, and systems with dissipative properties will be termed dissipa-
tive systems. When modeling dissipative systems it may be useful to develop
the state-space or input-output models so that they reflect the dissipativity of
the system, and thereby ensure that the dissipativity of the model is invariant
with respect to model parameters, and to the mathematical representation
used in the model. The aim of this book is to give a comprehensive presenta-
tion of how the energy-based notion of dissipativity can be used to establish
the input-output properties of models for dissipative systems. Also it will be
shown how these results can be used in controller design. Moreover, it will
appear clearly how these results can be generalized to a dissipativity theory
where conservation of other physical properties, and even abstract quantities,
can be handled.

Models for use in controller design and analysis are usually derived from
the basic laws of physics (electrical systems, dynamics, thermodynamics).
Then a controller can be designed based on this model. An important problem
in controller design is the issue of robustness which relates to how the closed
loop system will perform when the physical system differs either in structure
or in parameters from the design model. For a system where the basic laws of
physics imply dissipative properties, it may make sense to define the model so
that it possesses the same dissipative properties regardless of the numerical
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values of the physical parameters. Then if a controller is designed so that sta-
bility relies on the dissipative properties only, the closed-loop system will be
stable whatever the values of the physical parameters. Even a change of the
system order will be tolerated provided it does not destroy the dissipativity.

Parallel interconnections and feedback interconnections of dissipative sys-
tems inherit the dissipative properties of the connected subsystems, and this
simplifies analysis by allowing for manipulation of block diagrams, and pro-
vides guidelines on how to design control systems. A further indication of
the usefulness of dissipativity theory is the fact that the PID controller is
a dissipative system, and a fundamental result that will be presented is the
fact that the stability of a dissipative system with a PID controller can be
established using dissipativity arguments. Note that such arguments rely on
the structural properties of the physical system, and are not sensitive to the
numerical values used in the design model. The technique of controller design
using dissipativity theory can therefore be seen as a powerful generalization
of PID controller design.

There is another aspect of dissipativity which is very useful in practical
applications. It turns out that dissipativity considerations are helpful as a
guide for the choice of a suitable variable for output feedback. This is helpful
for selecting where to place sensors for feedback control.

Throughout the book we will treat dissipativity for state space and input-
output models, but first we will investigate simple examples which illustrate
some of the main ideas to be developed more deeply later.

1.1 Example 1: System with Mass Spring and Damper

Consider a one-dimensional simple mechanical system with a mass, a spring
and a damper. The equation of motion is

mi(t) + Di(t) + Ka(t) = F(t), 2(0) = 0,4(0) = o

where m is the mass, D is the damper constant, K is the spring stiffness, x
is the position of the mass and F' is the force acting on the mass. The energy
of the system is

1 1
V (x,4) = —mi? + - Ka?
2 2
The time derivative of the energy when the system moves is

%v (z(t), () = ma(t)a(t) + K (t)i(t)

Inserting the equation of motion we get

%V@@Aﬂ»:F@ﬂw—Dﬁ@
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Integration of this equation from ¢t = 0 to t = T gives

T T
V[x(T),g'c(T)]:V[x(O),x'(O)]Jr/O F(t):'c(t)dt—/o Di? (t)dt

This means that the energy at time ¢ = T is the initial energy plus the energy
supplied to the system by the control force F minus the energy dissipated
by the damper. Note that if the input force F' is zero, and if there is no
damping, then the energy V(-) of the system is constant. Here D > 0 and
V' [z (0),4(0)] > 0, and it follows that the integral of the force F' and the
velocity v = & satisfies

T
/0 F(t)v(t)dt >~V [z (0,3 (0)] (1.1)

The physical interpretation of this inequality is seen from the equivalent in-
equality

T
_/0 F(t)v(t)dt <V [z (0),i(0)] (1.2)

which shows that the energy — fOT F (t)x (t)dt that can be extracted from
the system is less than or equal to the initial energy stored in the system. We
will show later that (1.1) implies that the system with input ' and output v
is passive. The Laplace transform of the equation of motion is

(ms* + Ds + K) z(s) = F (s)

which leads to the transfer function
v () s
s ) =
F ms?2+ Ds+ K

It is seen that the transfer function is stable, and that for s = jw the phase
of the transfer function has absolute value less or equal to 90°, that is,

‘4%(;@)‘ <90° = Re [%(jw)} >0 (1.3)
for all w € [—o0,+00]. We will see in the following that these properties of

the transfer function are consequences of the condition (1.1), and that they
are important in controller design.

1.2 Example 2: RLC Circuit

Consider a simple electrical system with a resistor R, inductance L and a
capacitor C' with current ¢ and voltage u. The differential equation for the
circuit is
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di .
L () + Rit) + Ca(t) = u(t)

where .
x(t) :/ i(t")dt
0

The energy stored in the system is

1 1

The time derivative of the energy when the system evolves is

d . di, . . .
gV (@(8),i(t) = L ()i(t) + Ca(t)i(t)

Inserting the differential equation of the circuit we get

d ) ) .2
2V (@(0),i(t)) = u()i(t) — Ri*(t)

Integration of this equation from t =0 to ¢t = T gives

T T

Vie(T),i(T) =V]x(0),i(0)] +/ u(t)i(t)dt—/ Ri? (t)dt
0 0
Similarly to the previous example, this means that the energy at time t =T
is the initial energy plus the energy supplied to the system by the voltage u
minus the energy dissipated by the resistor. Note that if the input voltage u
is zero, and if there is no resistance, then the energy V(-) of the system is
constant. Here R > 0 and V [z (0), (0)] > 0, and it follows that the integral
of the voltage u and the current i satisfies

t
[ u@itds = -vie©.i0) (1.4)
0
The physical interpretation of this inequality is seen from the equivalent in-
equality

_/O w(s)i(s)ds <V [z (0),i (0)] (1.5)

which shows that the energy — fg u (s) 1 (s)ds that can be extracted from the
system is less than or equal to the initial energy stored in the system. We will
show later that (1.4) implies that the system with input « and output 4 is
passive. The Laplace transform of the differential equation of the circuit is

(Ls® + Rs+ C) z(s) = u(s)

which leads to the transfer function
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) s

—_\SsS) )= -

u( ) Ls?+ Rs+C

It is seen that the transfer function is stable, and that, for s = jw, the phase
of the transfer function has absolute value less or equal to 90°, that is,

Ry

<90° = Re B(jw)] >0 (1.6)

for all w € [—o00,+00]. We see that in both examples we arrive at transfer
functions that are stable, and that have positive real parts on the jw axis. This
motivates for further investigations on whether there is some fundamental
connection between conditions on the energy flow in equations associated
with the control equations (1.1) and (1.4) and the conditions on the transfer
functions (1.3) and (1.6). This will be made clear in chapter 2.

1.3 Example 3: A Mass with a PD Controller

Consider the mass m with the external control force u. The equation of motion
is

Suppose that a PD controller
u=—Kpxr— Kpzx
is used. Then the closed loop dynamics is
mi(t) + Kpz(t) + Kpx(t) =0

A purely mechanical system with the same dynamics as this system is called
a mechanical analog. The mechanical analog for this system is a mass m with
a spring with stiffness Kp and a damper with damping constant Kp. We see
that the proportional action corresponds to the spring force, and that the
derivative action corresponds to the damper force. Similarly, as in Example
1, we can define an energy function

1 1
Vix,2) = §m¢2 + 5KP$2

which is the total energy of the mechanical analog. In the same way as in
Example 1, the derivative action will dissipate the virtual energy that is ini-
tially stored in the system, and intuitively, we may accept that the system
will converge to the equilibrium = 0, £ = 0. This can also be seen from the
Laplace transform

(ms*+ Kps+ Kp) z(s) =0
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which implies that the poles of the system have negative real parts. The point
we are trying to make is that, for this system, the stability of the closed
loop system with a PD controller can be established using energy arguments.
Moreover, it is seen that stability is ensured for any positive gains Kp and
Kp independently of the physical parameter m. There are many important
results derived from energy considerations in connection with PID control,
and this will be investigated in Chapter 2.

1.4 Example 4: Adaptive Control
We consider a simple first order system given by
z(t) = a*x(t) + u(t)

where the parameter a* is unknown. An adaptive tracking controller can be
designed using the control law

u=—-Ke—arx+14, e=x—uxqg

where x4 is the desired trajectory to be tracked, & is the estimate of the
parameter a*, and K is the feedback gain. The differential equation for the
tracking error e is

&
—~
~
~—
|

a*z(t) +u(t) — 2a(t)

= a*z(t) — Ke(t) — a(t)z(t) + 2q(t) — 24(t)
— —Ke(t) - a(t)a(t)

where a = @ — a* is the estimation error. We now define

P(t) = —a(t)x(t)

which leads to the following description of the tracking error dynamics

de

) + Kelt) = v()

We define a function V, which plays the role of an abstract energy function
related to the tracking error e:

Ve(e) = ze

The time derivative of V. along the solutions of the system is

Ve(e(t) = e(t)v(t) — Ke*(t)

Note that this time derivative has a similar structure to that seen in Examples
1 and 2. In particular, the —Ke? term is a dissipation term, and if we think of
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1 as the input and e as the output, then the et term is the rate of (abstract)
energy supplied from the input. We note that this implies that the following
inequality holds for the dynamics of the tracking error:

T
/O e(t)yp(t)dt > —V, [e (0)]

To proceed, we define one more energy-like function. Suppose that we are
able to select an adaptation law so that there exists an energy-like function
V. (a) > 0 with a time derivative

Va (a(t)) = —e(t)v(t) (1.7)

We note that this implies that the following inequality holds for the adaptation
law:

[ el v o)
Then the sum of the energy functions
Vie,a)=Vel(e)+Val(a)
has a time derivative along the solutions of the system given by
V (e(t),a(t)) = —Ke(t)

This means that the energy function V' (e,a) is decreasing as long as e(-) is
nonzero, and by invoking additional arguments from Barbalat’s Lemma (see
Chapter A), we can show that this implies that e(t) tends to zero as t — +o0.
The required adaptation law for (1.7) to hold can be selected as the simple

gradient update
*d&(t)— (t)e(t)
g () =a(te

and the associated energy-like function is

Vo (a) = ~a?

a

N[ =

Note that the convergence of the adaptive tracking controller was estab-
lished using energy-like arguments, and that other adaptation laws can be
used as long as they satisfy the energy-related requirement (1.7).
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Positive Real Systems

The notion of Positive Real system may be seen as a generalization of the
positive definiteness of a matrix to the case of a dynamical system with in-
puts and outputs. When the input-output relation (or mapping, or operator)
is a constant matrix, testing its positive definiteness can be done by sim-
ply calculating the eigenvalues and checking that they are positive. When
the input-output operator is more complex, testing positive realness becomes
much more involved. This is the object of this chapter which is mainly devoted
to positive real linear time-invariant systems. They are known as PR transfer
functions.

The definition of Positive Real (PR) systems has been motivated by the
study of linear electric circuits composed of resistors, inductors and capaci-
tors. The driving point impedance from any point to any other point of such
electric circuits is always PR. The result holds also in the sense that any PR
transfer function can be realized with an electric circuit using only resistors,
inductors and capacitors. The same result holds for any analogous mechanical
or hydraulic systems. This idea can be extended to study analogous electric
circuits with nonlinear passive components and even magnetic couplings as
done by Arimoto [24] to study dissipative nonlinear systems. This leads us
to the second interpretation of PR systems: they are systems which dissipate
energy. As we shall see later in the book, the notion of dissipative systems,
which applies to nonlinear systems, is closely linked to PR transfer functions.

This chapter reviews the main results available for PR linear systems. It
starts with a short introduction to so-called passive systems. It happens that
there has been a proliferation of notions and definitions of various kinds of
PR or dissipative systems, since the early studies in the 1960s (to name a few:
ISP, OSP, VSP, PR, SPR, WSPR, SSPR, MSPR, ESPR; see the index for
the meaning of these acronyms). The study of their relationships (are they
equivalent, which ones imply which other one?) is not so easy and we bring
some elements of answers in this chapter and the next ones. This is why we
introduce first in this chapter some basic definitions (passive systems, positive
real systems, bounded real transfer functions), their relationships, and then
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we introduce other refined notions of PR systems. The reason why passive
systems are briefly introduced before bounded real and positive real transfer
functions, is that this allows one to make the link between an energy-related
notion and the frequency domain notions, in a progressive way. This, however,
is at the price of postponing a more rigorous and general exposition of passive
systems until later in the book.

2.1 Dynamical System State-space Representation

In this book various kinds of evolution, or dynamical systems will be analyzed:
linear, time invariant, nonlinear, finite-dimensional, infinite-dimensional, dis-
crete time, non-smooth, “standard” differential inclusions, “unbounded” or
“maximal monotone” differential inclusions etc. Whatever the system we shall
be dealing with, it is of utmost importance to clearly define some basic ingre-
dients:

A state vector z(-) and a state space X

A set of admissible inputs U

A set of outputs Y

An input/output mappping (or operator) H : u — y

A state space representation which relates the derivative of z(-) to z()
and u(-)

e An output function which relates the output y(-) to the state z(-) and the
input u(-)

Such tools (or some of them) are necessary to write down the model, or
system, that is under examination. When one works with pure input/output
models, one doesn’t need to define a state space X; however U and ) are
crucial. In this book we will essentially deal with systems for which a state
space representation has been defined. Then the notion of a (state) solution is
central. Given some state space model under the form of an evolution problem
(a differential equation or something looking like this), the first step is to
provide informations on such solutions: the nature of the solutions (as time-
functions, for instance), their uniqueness, their continuity with respect to the
initial data and parameters, etc. This in turn is related to the set of admissible
inputs . For instance, if the model takes the form of an ordinary differential
equation (ODE) %(t) = f(z(t),u(t)), the usual Carathéodory conditions will
be in force to define U as a set of measurable functions, and z(-) will usually
be an absolutely continuous function of time. In certain cases, one may want
to extend U to measures, or even distributions. Then x may also be a measure
or a distribution. Since it is difficult (actually impossible) to provide a general
well-posedness result for all the systems that will be dealt with in the rest
of the book, we will recall the well-posedness conditions progressively as new
models are introduced. This will be the case especially for some classes of
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nonsmooth systems, where solutions may be absolutely continuous, or of local
bounded variation.

From a more abstract point of view, one may define a general state-space
deterministic model as follows [364,510,512]:

There exists a metric space X (the state space), a transition map v :
IRxIRxXxU— X, and a readout map r : X x IR™ — IRP, such that:

e (i) The limit x(t) = lims,——o0o ¥(to,t,0,u) is in X for all ¢ € IR and all
u € U (then z(t) is the state at time ¢)

o (ii) (Causality) 9 (to,t1,x,u1) = ¥ (to,t1,z,uz) for all t1 > o, all z € X,
and all uy,us € U such that uq(t) = uz2(t) in the interval top <t <t

o (iii) (Initial state consistency) ¥ (to,to,zo,u) = xo for all ¢y € R, u € U,
and all xg € X

e (iv) (Semigroup property) 1 (t1,ta, ¥ (to, t1, o, u),u) = ¥(tg,te, xo,u) for
all zg € X, u € U, whenever tg < t; < tg

e (v) (Counsistency with input-output relation) The input-output pairs (u, y)
are precisely those described via y(t) = r (limg,——oo ¥ (to,t,0,u), u(t))
(vi) (Unbiasedness) ¥(to, t,0,0) = 0 whenever ¢t > to and (0,0) =0
(vii) (Time-invariance) (t1 + T,t2 + T, x0,u1) = ¥(t1,t2, To, uz) for all
T € IR, all t5 > t1, and all uy,us € U such that us(t) = ui1(t + 7))

Clearly item (vii) will not apply to some classes of time-varying systems,
and an extension is needed [512, §6]. There may be some items which do not
apply well to differential inclusions where the solution may be replaced by a
solution set (for instance the semigroup property may fail). The basic fact that
X is a metric space will also require much care when dealing with some classes
of systems whose state spaces are not spaces of functions (like descriptor vari-
able systems that involve Schwarz’ distributions). In the infinite-dimensional
case X may be a Hilbert space (i.e. a space of functions) and one may need
other definitions, see e.g. [39,507]. An additional item in the above list could
be the continuity of the transition map (-) with respect to the initial data
. Some nonsmooth systems do not possess such a property, which may be
quite useful in some stability results. A general exposition of the notion of a
system can be found in [467, Chapter 2]. We now stop our investigations of
what a system is since, as we said above, we shall give well-posedness results
each time they are needed all through the book.

2.2 Definitions

In this section and the next one, we introduce input-output properties of a
system, or operator H : u — H(u) = y. The system is assumed to be well-
posed as an input-ouput system, i.e. we may assume that H : Lo — Lo,
1

! More details on £, spaces can be found in Chapter 4.
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Definition 2.1. A system with input u(-) and output y(-) where u(t),y(t) €
R™ is passive if there is a constant B such that

téfvmmw26 (2.1)

for all functions u(-) and all t > 0. If, in addition, there are constants 6 > 0
and € > 0 such that

tT’TUTT tUT’TUTT € tT’T T)aT .
Az/<><m 26+5A (r)u(r)d +(Ay<>w>d (2.2)

for all functions u(-), and all t > 0, then the system is input strictly passive
(ISP) if 6 > 0, output strictly passive (OSP) if € > 0, and very strictly passive
(VSP) if 6 >0 and € > 0. [ |

Obviously 8 < 0 as the inequality (2.1) is to be valid for all functions
u(-) and in particular the control u(t) = 0 for all ¢ > 0, which gives 0 =

fg yT(s)u(s)ds > 3. Thus the definition could equivalently be stated with 8 <
0. The importance of the form of 5 in (2.1) will be illustrated in Examples 4.59

and 4.60; see also Section 4.4.2. Notice that [ y7(s)u(s)ds < L [T[yT (s)y(s)+
u” (s)u(s)]ds is well defined since both u(-) and y(+) are in L2 . by assumption.

Theorem 2.2. Assume that there is a continuous function V(-) > 0 such that

ww—wmséy@%mmS (2.3)

for all functions u(-), for all t > 0 and all V(0). Then the system with input
u(-) and output y(-) is passive. Assume, in addition, that there are constants
6 >0 and € > 0 such that

V() - V(0) < /0 o7 (5)u(s)ds — § /0 o (s)u(s)ds — € /0 T (8)y(s)ds (2.4)

for all functions u(-), for all t > 0 and all V(0). Then the system is input
strictly passive if there is a § > 0, it is output strictly passive if there is an
€ > 0, and very strictly passive if there is a > 0 and an € > 0 such that the
inequality holds. |

Proof: It follows from the assumption V(¢) > 0 that

AﬁbM@wz—wm

for all functions u(-) and all s > 0, so that (2.1) is satisfied with 8 := —V(0) <
0. Input strict passivity, output strict passivity and very strict passivity are
shown in the same way. |
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This indicates that the constant (3 is related to the initial conditions of the
system; see also Example 4.59 for more informations on the role played by .
It is also worth looking at Corollary 3.3 to get more informations on the real
nature of the function V'(-): V(-) will usually be a function of the state of the
system. The reader may have guessed such a fact by looking at the examples
of Chapter 1.

Corollary 2.3. Assume that there exists a continuously dzﬁerentiable func-
tion V() > 0 and a measurable function d(-) such that fo s)ds > 0 for all
t>0. Then

1. If .
V() <y (Hu(t) - d(t) (2.5)
for all t > 0 and all functions u(-), the system is passive.
2. If there exists a 6 > 0 such that

V(1) <y (t)u(t) — ou” (Dult) — d(t) (2.6)
for all t > 0 and all functions u(-), the system is input strictly passive
(ISP).

3. If there exists a € > 0 such that

V() < yT(8u(t) — ey (8)y(t) —d(t) (2.7)

for all t > 0 and all functions u(-), the system is output strictly passive
(OSP).
4. If there exists a § > 0 and a € > 0 such that

V() < yT(8u(t) — du (tu(t) —ey™ (8)y(t) — d(t) (2.8)
for all t > 0 and all functions u(-), the system is very strictly passive
(VSP). [

If V(-) is the total energy of the system, then (u,y) fo s)ds can be

seen as the power supplied to the system from the control, whlle d( ) can be
seen as the power dissipated by the system. This means that the condition
fo s)ds >0 for all ¢ > 0 means that the system is dissipating energy. The
term w(u y) = uTy is called the supply rate of the system.

Remark 2.4. All these notions will be examined in much more detail in Chap-
ter 4; see especially Section 4.5.2. Actually the notion of passivity (or dissi-
pativity) has been introduced in various ways in the literature. It is some-
times introduced as a pure input/output property of an operator (i.e. the
constant  in (2.1) is not related to the state of the system) [125,499, 500],
and serves as a tool to prove some bounded input/bounded output stabil-
ity results. Willems has, on the contrary, introduced dissipativity as a notion
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which involves the state space representation of a system, through so-called
storage functions [510,511]. We will come back to this subject in Chapter 4.
Hill and Moylan started from an intermediate definition, where the constant
3 is assumed to depend on some initial state xo [206-209]. Then, under some
controllability assumptions, the link with Willems’ definition is made. In this
chapter and the next one, we will essentially concentrate on linear time in-
variant dissipative systems, whose transfer functions are named positive real
(PR). This is a very important side of passivity theory in Systems and Control
theory.

2.3 Interconnections of Passive Systems

A useful result for passive systems is that parallel and feedback interconnec-
tions of passive systems are passive, and that certain strict passivity properties
are inherited.

U U U
1 hy Y1 1 hy hn Y

Y

U U
2 By Y2 Y2 hy 2

A

Fig. 2.1. Parallel and feedback interconnections.

To explore this we consider two passive systems with scalar inputs and out-
puts. Similar results are found for multivariable systems. System 1 has input
w1 and output y;, and system 2 has input us and output y». We make the
following assumptions:

1. There are continuous differentiable functions V;(¢) > 0 and V2(¢) > 0.

2. There are functions d; () and da(+) such that fot dy(s)ds > 0 and fot da(s)ds
>0 forallt>0.

3. There are constants §; > 0, o > 0, €; > 0 and e > 0 such that

Vi(t) = y1(t)ui (t) — 6145 (t) — e1yf — da(t) (2.9)

Va(t) = ya(t)us(t) — S2u3(t) — €23 — da(t) (2.10)
Assumption 3 implies that both systems are passive, and that system i is
strictly passive in some sense if any of the constants J; or €; are greater than
zero. For the parallel interconnection we have w1 = us = u, y = y1 + y2, and
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yu = (y1 +y2)u = y1u + you = yru1 + yauz (2.11)

By adding (2.9) (2.10) and (2.11), there exists a V(-) = V4(-) + Va(-) > 0 and
a d, =dy +ds + €1y} + e2y3 such that fg d,(t")dt' > 0 for all t > 0, and

V(t) = y(t)u(t) — du?(t) — dy(t) (2.12)

where § = 01 4+ d2 > 0. This means that the parallel interconnection system
having input « and output y is passive and strictly passive if 6; > 0 or d2 > 0.
For the feedback interconnection we have y1 = us =y, u1 = u — yo, and

yu = y1(u1 + y2) = y1u1 + Y1y2 = y1u1 + w2y (2.13)

Again by adding (2.9) (2.10) and (2.11) we find that there is a V(-) = V4 (-) +
Vo(-) > 0and a dfp, = di +do + §1u? such that fot dsp(s)ds > 0 for all t > 0
and

V(t) = y(t)u(t) — ey (t) — dsp(t) (2.14)

where € = €1 + €3 + d2. This means that the feedback interconnection is
passive, and in addition output strictly passive if €1 > 0, €5 > 0, or §5 > 0. By
induction it can be shown that any combination of passive systems in parallel
or feedback interconnection is passive.

2.4 Linear Systems

Let us now deal with linear invariant systems, whose input-output relation-
ships takes the form of a rational transfer function H(s) (also denoted as h(s)),
s € C, and y(s) = H(s)u(s) where u(s) and y(s) are the Laplace transforms
of the time-functions u(-) and y(-). Parseval’s Theorem is very useful in the
study of passive linear systems, as shown next. It is now recalled for the sake
of completeness.

Theorem 2.5 (Parseval’s Theorem). Provided that the integrals exist, the
following relation holds:

| atow it = o [ atiow G (2.15)

—00 27 —00

where y* denotes the complex conjugate of y and x(jw) is the Fourier trans-
form of x(t), where x(t) is a complex function of t, Lebesque integrable. W

Proof: The result is established as follows: the Fourier transform of the time
function x(t) is

z(jw) = /OO x(t)e It dt (2.16)

— 0o
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while the inverse Fourier transform is

x(t) ! /00 z(jw)e?“ dw (2.17)

:% .

Insertion of (2.17) in (2.15) gives

/ oty ()t = / h [% / h x(jw)ej”tdw} y* (t)dt (2.18)

— 0o —0o0 — 0o

By changing the order of integration this becomes

/_Z w(t)y* (t)dt = % /_Z z(jw) U_Z y*(t)ej”tdt] dw (2.19)

Here - - .
/ y*(t)ertdt = {/ y(t)e_j“’tdt} =y*(jw) (2.20)
and the result follows. [ |

u(s) y(s)

e h(S) ————»

Fig. 2.2. Linear time-invariant system

We will now present important properties of a linear time-invariant passive
system, which link the input-output passivity property to frequency-domain
conditions, using Parseval’s Theorem. These notions will be generalized later
in the book, both in the case of LTI and nonlinear systems. Their usefulness
will be illustrated through examples of stabilization.

Theorem 2.6. Given a linear time-invariant linear system with rational
transfer function h(s), i.e.

y(s) = h(s)uls) (2.21)

Assume that all the poles of h(s) have real parts less than zero. Then the
following assertions hold:

1. The system is passive < Re[h(jw)] > 0 for all w € [—o00, +0].

2. The system is input strictly passive (ISP) < There exists a § > 0 such
that Re[h(jw)] > 6 > 0 for all w € [—o0, +00].

3. The system is output strictly passive (OSP) < There exists an € > 0 such
that
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Remark 2.7. A crucial assumption in Theorem 2.6 is that all the poles have
negative real parts. This assures that in Parseval’s Theorem as stated in The-
orem 2.5, the “integrals exist”.

Proof: The proof is based on the use of Parseval’s Theorem. In this Theorem
the time integration is over ¢ € [0,00). In the definition of passivity there is
an integration over ¢ € [0,T]. To be able to use Parseval’s Theorem in this
proof we introduce the truncated function

_ Ju(r) when T <t
ui(r) = {O when 7>t (2.22)

which is equal to u(7) for all 7 less than or equal to ¢, and zero for all T greater
than ¢. The Fourier transform of ur(t), which is denoted ur(jw), will be used
in Parseval’s Theorem. Without loss of generality we will assume that y(t)
and u(t) are equal to zero for all ¢ < 0. Then according to Parseval’s Theorem

| vty = /OQ @i = 2 [y Gede  (2.23)
0

— 00 - % — 00
Insertion of y(jw) = h(jw)ur(jw) gives
t 1 [e'e]
| v = 5= [ hGwurieds, @2)
where

h(jw)ue(jw)ui (jw) = {Refh(jw)] + jIm[h(jw)]}u (jw)|* (2.25)

The left hand side of (2.24) is real, and it follows that the imaginary part on
the right hand side is zero. This implies that

' I . ,
/ u(r)y(r)dr = o / Re[h(jw)][us (jo) 2w (2.26)
0 —00
First, assume that Re[h(jw)] > § > 0 for all w. Then

t 5 o) ) B t
/0 u(r)y(r)dr > %/700 |Ut(]w)|2dw = 5/0 u2(7-)d7' (2.27)

The equality is implied by Parseval’s Theorem. It follows that the system
is passive, and in addition input strictly passive if 6 > 0.



18 2 Positive Real Systems

Then, assume that the system is passive. Thus there exists a § > 0 so that

t t ) _i ) y .w ) y
/0 y(s)u(s)dszzé/o u(s)ds = o 1w| +(jw)|7d (2.28)

for all u(-), where the initial conditions have been selected so that 8 = 0. Here
6 = 0 for a passive system, while § > 0 for a strictly passive system. Then

% /o:o Re[h(jw)]lur(jw)[*dw > % /O:O lur(jw)|?dw (2.29)
and
% jo (Re[h(jw)] — 0)|ur (jw)>dw > 0 (2.30)

If there exists a wy so that Re[h(jwp)] < 4, then inequality will not hold
for all w because the integral on the left hand side can be made arbitrarily
small if the control signal is selected to be u(t) = U coswyt. The results 1 and
2 follow.

To show result 3 we first assume that the system is output strictly passive,
that is, there is an € > 0 such that

/0 y(s)u(s)ds > e / P s)ds = - / [h(jeo) Plue o) P, (2.31)

— 00

This gives the inequality (see (2.26))

Rel[h(jw)] > € |h(jw)|? (2.32)

which is equivalent to

¢ |(Re[h(jw)])” + (Im[h(jw)])*| — Re[h(jw)] < 0 (2.33)

and the second inequality follows by straighforward algebra. The converse
result is shown similarly as the result for input strict passivity. |

Note that according to the theorem a passive system will have a transfer
function which satisfies

[Zh(jw)| <90° forall w € [—o0, 4] (2.34)

In a Nyquist diagram the theorem states that h(jw) is in the closed half
plane Re|[s] > 0 for passive systems, h(jw) is in Re[s] > 6 > 0 for input
strictly passive systems, and for output strictly passive systems h(jw) is inside
the circle with center in s = 1/ (2¢) and radius 1/ (2¢). This is a circle that
crosses the real axis in s =0 and s = 1/e.
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Remark 2.8. A transfer function h(s) is rational if it is the fraction of two
polynomials in the complex variable s, that is if it can be written in the form

Q(s)

") = Rs)

(2.35)

where Q(s) and R(s) are polynomials in s. An example of a transfer function
that is not rational is h(s) = tanh s which appears in connection with systems
described by partial differential equations.

Ezample 2.9. Note the difference between the condition Re[h(jw)] > 0 and
the condition for input strict passivity in that there exists a § > 0 so that
Re[h(jwo)] > 0 > 0 for all w. An example of this is

1
hi(s) = T (2.36)
We find that Re[h;(jw)] > 0 for all w because
. 1 1 wT
hi(jw) (2.37)

T 11l 1+ wl)? J1r(r)?

However there is no 6 > 0 that ensures Re[h(jwg)] > d > 0 for all w €
[—00, +00]. This is seen from the fact that for any § > 0 we have

1 [1-461

This implies that hi(s) is not input strictly passive. We note that for this
system

- ﬁ = Re[hy (jw)] (2.39)

which means that the system is output strictly passive with € = 1.

|ha(jw)

Ezxample 2.10. Consider a system with the transfer function

s+c

BT G aG T

(2.40)

where a, b and ¢ are positive constants. We find that

. _ jw—+c
ha(jw) = GoteiGort)

_ (chjw)(a—jw)(b—jw)
(@?+7) (+4?)

_ abetw?(a+b—c)+jw(ab—ac—be)—w?]
= @ Fo?) (7 4a?) :

From the above it is clear that
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1. If ¢ < a+b, then Re[ha(jw)] > 0 for all w € R. As Re[hz(jw)] — 0 when
w — 00, the system is not input strictly passive.
2. If ¢ > a + b, then ha(s) is not passive because Relhs(jw)] < 0 for w >

vabe/(c —a—b).

Example 2.11. The systems with transfer functions

hs(s)=1+Ts (2.41)
1+Tis
h = T <T 2.42
a(s) 1+ Tys’ 1 <12 (2.42)
are input strictly passive because
Re[hs(jw)] =1 (2.43)
and 2
, 14+ w*TiTs I
Relh = —1 2.44
e[ 4(]‘*’)] 1+(wT2)2 (T27 ] ( )
Moreover |hs(jw)|® < 1, so that
) T T .
Relha(jw)] > 7= > - [ha(je)l’ (2.45)
2 2

which shows that the system is output strictly passive with € = T7/T5. The
reader may verify from a direct calculation of |h4(jw)|* and some algebra that
it is possible to have Re[hy(jw)] > |ha(jw)|?, that is, e = 1. This agrees with
the Nyquist plot of hy(jw).

Example 2.12. A dynamic system describing an electrical one-port with resis-
tors, inductors and capacitors is passive if the voltage over the port is input
and the current into the port is output, or vice versa. In Figure 2.3 different
passive one-ports are shown. We consider the voltage over the port to be the
input and the current into the port as the output. The resulting transfer func-
tions are admittances, which are the inverses of the impedances. Circuit 1 is
a capacitor, circuit 2 is a resistor in parallel with a capacitor, circuit 3 is a
resistor in series with a inductor and a capacitor, while circuit 4 is a resistor
in series with a parallel connection of an inductor, a capacitor and a resistor.
The transfer functions are

hi(s) =Cs (2.46)
ha(s) = ]—1%(1 + RC) (2.47)
ha(s) Cs (2.48)

- 1+ RCs+ LCs?
1 1+ %s+LCs?
B R11+(RL1+%)S—|—LC52

ha(s) (2.49)
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Fig. 2.3. Passive electrical one-ports

Systems 1, 2, 3 and 4 are all passive as the poles have real parts that are
strictly less than zero, and in addition Re[h;(jw)] > 0 for all w € [—o0, +00]
and i € {1,2,3,4} (the fact that all the poles are in Re[s] < 0 is important; see
Theorem 2.14). It follows that the transfer functions have phases that satisfy
[Zh;(jw)] < 90°. In addition system 2 is input strictly passive as Re[hs(jw)] =
1/R > 0 for all w. For system 4 we find that

2
1 1 —w?LO)? + W g7 (1% v 1
Relhy(jw)] = = e > (2.50)
Rl (1 — szC)Q + WQﬁ Rl + R
which means that system 4 is input strictly passive. [ |

So far we have only considered systems where the transfer functions h(s)
have poles with negative real parts. There are however passive systems that
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have transfer functions with poles on the imaginary axis. This is demonstrated
in the following example:

Ezample 2.13. Consider the system ¢(t) = w(t) which is represented in transfer
function description by y(s) = h(s)u(s) where h(s) = L. This means that the
transfer function has a pole at the origin, which is on the imaginary axis. For
this system Re[h(jw)] = 0 for all w. However, we cannot establish passivity
using Theorem 2.6 as this theorem only applies to systems where all the poles
have negative real parts. Instead, consider

¢ t
[ wsutsids = [ yispits)as (2.51)

0 0

A change of variables y(t)dt = dy gives

t u(t)dt' = v t’d—l t)? 0)?] > L 0)2 2.52
/Oy( Ju(t’) —/y(o)y()y—Q[y() —y()]_—§y() (2.52)

and passivity is shown with 5 = —%y(O)Q. [ ]

It turns out to be relatively involved to find necessary and sufficient con-
ditions on h (jw) for the system to be passive when we allow for poles on
the imaginary axis. The conditions are relatively simple and are given in the
following Theorem.

Theorem 2.14. Consider a linear time-invariant system with a rational
transfer function h(s). The system is passive if and only if

1. h(s) has no poles in Re|[s] > 0.

2. Re[h(jw)] > 0 for all w € [—00, +00] such that jw is not a pole of h(s).

3. If jwo is a pole of h(s), then it is a simple pole, and the residual in s =
Jwo 1is real and greater than zero, that is, Ress—ju, h(s) = lims_j, (s —
Jjwo)h(jw) > 0.

The above result is established in Section 2.12. Contrary to Theorem 2.6,
poles on the imaginary axis are considered.

Corollary 2.15. If a system with transfer function h(s) is passive, then h(s)
has no poles in Re[s] > 0. [

Proposition 2.16. Consider a rational transfer function

(st a)(s+2)...
ils) = s(s+p1)(s+p2)...

where Re[p;] > 0 and Relz;] > 0 which means that h(s) has one pole at
the origin and the remaining poles in Re[s] < 0, while all the zeros are in
Re[s] < 0. Then the system with transfer function h (s) is passive if and only
if Re[h(jw)] > 0 for all w € [—00, +00]. [

(2.53)
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Proof: The residual of the pole on the imaginary axis is
2122 ...

Ress—oh(s) = ———— 2.54

’ (s) pip2.- .. ( )

Here the constants z; and p; are either real and positive, or they appear in
complex conjugated pairs where the products z;2] = |2;|? and p;p} = |p;|? are
real and positive. It is seen that the residual at the imaginary axis is real and
positive. As h(s) has no poles in Re[s] > 0 by assumption, it follows that the

system is passive if and only if Re[h(jw)] > 0 for all w € [—o0, +00]. [
Example 2.17. Consider two systems with transfer functions

5?2 +a?

h =5 0 0 2.55

1(8) S(SQ—FWS)’ a# 7"‘)07'é ( )
s

h = =7, 0 2.56

() = g w0 (2.56)

where all the poles are on the imaginary axis. Thus condition 1 in Theo-
rem 2.14 is satisfied. Moreover,

a2—w2

hi(jw) = —jm

(2.57)

) oW
ha(jw) = I = (2.58)
so that condition 2 also holds in view of Re[h;(jw)] = Re[ha(jw)] = 0 for all
w so that jw is not a pole in h (s). We now calculate the residual, and find

that
2

Ress—ohi (s) = — (2.59)
Wo
w2 _ a2
Ress=+juw, h1(s) = 02w2 (2.60)
0
1
Ress—tjw, ha(s) = 5 (2.61)

We see that, according to Theorem 2.14, the system with transfer function
ha(s) is passive, while hq(s) is passive whenever a < wy.

Ezxample 2.18. Consider a system with transfer function

1
h(s) = 3 (2.62)
The transfer function has no poles in Re[s] > 0, and Re[h(jw)] > 0 for all
w # 0. However, Ress—oh(s) = —1, and Theorem 2.14 shows that the system

is not passive This result agrees with the observation

t y(t) 1 ) )
[ wmtoas == [y = w02 -y 6

where the right hand side has no lower bound as y(t) can be arbitrarily large.
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2.5 Passivity of the PID Controllers

Proposition 2.19. Assume that 0 < T; < T; and 0 < « < 1. Then the PID

controller
_ 1+T;s 1+1Tys

h-(s) = K, 2.64
() P Tis 14+ aTys ( )
1S passive. [ |
This follows from Proposition 2.16.
Proposition 2.20. Consider a PID controller with transfer function
14+Tis 14T,
ho(s) = KBt 2% LH1as (2.65)

1+ 8T;s1+ adys

where 0 < Ty <T;, 1 << o0 and 0 < a < 1. Then the controller is passive
and, in addition, the transfer function gain has an upper bound |h,(jw)| < KTM
and the real part of the transfer function is bounded away from zero according
to Re [h,(jw)] > K, for all w. [

It follows from Bode diagram techniques that

, 1 K3
he(j)] < 8 10— = =2

z (2.66)

The result on the Re [h,(jw)] can be established using Nyquist diagram, or
by direct calculation of Re [h,(jw)]. |

2.6 Stability of a Passive Feedback Interconnection

hu(s) o ha(s) yls),

ho(s) <

yo(s

Fig. 2.4. Interconnection of a passive system hi(s) and a strictly passive system

hz(s)

Consider a feedback loop with loop transfer function ho(s) = hi(s)ha(s)
as shown in Figure 2.4. If hy is passive and hso is strictly passive, then the
phases of the transfer functions satisfy

|Lhy(jw)] < 90° and | Zha(jw)| < 90° (2.67)

It follows that the phase of the loop transfer function hg(s) is bounded by
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|£ho(jw)| < 180° (2.68)

As hy and hy are passive, it is clear that hg(s) has no poles in Rels] >
0. Then according to standard Bode-Nyquist stability theory the system is
asymptotically stable and BIBO stable 2. The same result is obtained if instead
h1 is strictly passive and hs is passive.

We note that, in view of Proposition 2.20, a PID controller with limited
integral action is strictly stable. This implies that

e A passive linear system with a PID controller with limited integral action
is BIBO stable.

For an important class of systems passivity or strict passivity is a structural
property which is not dependent on the numerical values of the parameters
of the system. Then passivity considerations may be used to establish sta-
bility even if there are large uncertainties or large variations in the system
parameters. This is often referred to as robust stability. When it comes to
performance it is possible to use any linear design technique to obtain high
performance for the nominal parameters of the system. The resulting system
will have high performance under nominal conditions, and in addition robust
stability under large parameter variations.

2.7 Mechanical Analogs for PD Controllers

In this section we will study how PD controllers for position control can be
represented by mechanical analogs when the input to the system is force and
the output is position. Note that when force is input and position is output,
then the physical system is not passive. We have a passive physical system if
the force is the input and the velocity is the output, and then a PD controller
from position corresponds to PI controller from velocity. For this reason we
might have referred to the controllers in this section as PI controllers for
velocity control.

We consider a mass m with position z(-) and velocity v(-) = @(-). The
dynamics is given by m(t) = u(t) where the force  is the input. The desired
position is x4(+), while the desired velocity is vq(-) = #4(-). A PD controller
u = Kp(1+4 Tys) [xa(s) — z(s)] is used. The control law can be written as

u(t) = Kp(za(t) — z(t)) + D(va(t) — v(t)) (2.69)

where D = K,T;. The mechanical analog appears from the observation that
this control force is the force that results if the mass m with position x is
connected to the position x4 with a parallel interconnection of a spring with
stiffness K, and a damper with coefficient D as shown in Figure 2.5.

2 Bounded Input-Bounded Output.
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Kp
— AV
- 0— —O
— = -
T D o

Fig. 2.5. Mechanical analog of PD controller with feedback from position

If the desired velocity is not available, and the desired position is not
smooth a PD controller of the type

u(s) = Kpza(s) — Kp(1+Tgs)z(s), s€ C
can be used. Then the control law is

u(t) = K (za(t) — 2(t)) — Do(t) (2.70)

This is the force that results if the mass m is connected to the position
xq with a spring of stiffness K, and a damper with coefficient D as shown in
Figure 2.6.

- D —

T Zo

Fig. 2.6. Mechanical analog of a PD controller without desired velocity input

If the velocity is not measured the following PD controller can be used

1+ Tys

u(s) = P14+ aTys

[za(s) — x(s)] (2.71)
where 0 < o < 1 is the filter parameter. We will now demonstrate that this
transfer function appears by connecting the mass m with position z to a
spring with stiffness K7 in series with a parallel interconnection of a spring
with stiffness K and a damper with coefficient D as shown in Figure 2.7.

To find the expression for K; and K we let z; be the position of the
connection point between the spring K7 and the parallel interconnection. Then
the force is w = Kj(x1 — z), which implies that z1(s) = z(s) + u(s)/K;. As
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e O—" WA L0
=

D

T T ZTo

Fig. 2.7. Mechanical analog of a PD controller without velocity measurement

there is no mass in the point x; there must be a force of equal magnitude in
the opposite direction from the parallel interconnection, so that

u(s) = Klza(s) — 21(s)] + D[va(s) — vi(s)] = (K + Ds)[za(s) — z1(s)] (2.72)
Insertion of z1(s) gives
u(s) = (K + Ds)[zq(s) — z(s) — —wu(s)] (2.73)

We solve for u(s) and the result is

u(s) = K15 155 [ta(s) — 2(s)]

KK 1+ L2
= Klﬂ.;gﬁ[xd( s) — z(s)]

We see that this is a PD controller without velocity measurement where

_ KK
Kp_Kll-O-K
Ty =2
a :K1+K [0,1)

2.8 Multivariable Linear Systems

Theorem 2.21. Consider a linear time-invariant system
y(s) = H(s)u(s) (2.74)

with a rational transfer function matriz H(s) € C™*™, input u(t) € R™ and
input y(t) € R™. Assume that all the poles of H(s) are in Re|[s] < 0. Then,

1. The system is passive < Apin[H (Jw)+H* (jw)] > 0 for allw € [—o0, +o0].
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2. The system is input strictly passive < There is a § > 0 so that Apin[H (jw)
+H*(jw)] >0 > 0 for all w € [—00, +x].

Remark 2.22. Similarly to Theorem 2.6, a crucial assumption in Theorem 2.21
is that the poles have negative real parts, i.e. there is no pole on the imaginary
axis.

Proof: Let A € C™*™ be some Hermitian matrix with eigenvalues \;(A).
Let x € €™ be an arbitrary vector with complex entries. It is well-known
from linear algebra that 2*Ax is real, and that x* Az > Apin(A)|z|?. From
Parseval’s Theorem we have

Joy s)ds = 321 [y yils) (wi)i(s)ds

Yo 3 J oo wi (jw0) (ui)e (jw)dw

=5 f_ *(jw)ug(jw)dw

where we recall that u(+) is a truncated function and that s in the integrand is
a dumb integration variable (not to be confused with the Laplace transform!).
This leads to

JEyT (syu(s)ds = [°yT (s)uy(s)ds

1 o0

= 57 ) oo ¥ (jw)ur (jw)dw

2 s (w)y(jw) + v (jw)ue (jw)]dw

o0

= i 70 up Gw)[H (jw) + H* (jo)]ur (jw)dw
Because H(jw) + H*(jw) is Hermitian we find that

[ v @=L [ sl o) + 1 Gl Pde (219
0 T J-

The result can be established along the lines of Theorem 2.6. ]

2.9 The Scattering Formulation

By a change of variables an alternative description can be established where
passivity corresponds to small gain. We will introduce this idea with an ex-
ample from linear circuit theory. Consider a linear time-invariant system de-
scribing an electrical one-port with voltage e, current ¢ and impedance z (s)
so that
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e(s) = z(s)i(s) (2.76)

Define the wave variables
a=ec+z20 and b=e— zpi (2.77)

where zq is a positive constant. The Laplace transform is

a(s) = [2(s) + z0li(s)
b(s) = [2(s) — z0li(s)

Combining the two equations we get

b(s) = g(s)a(s) (2.78)

where .
2(8) — 20 —zzs -1
= p— 2.79
g(S) 20 +Z(S) 1+ z(s) ( )

20

is the scattering function of the system. The terms wave variable and scatter-
ing function originate from the description of transmission lines where a can
be seen as the incident wave and b can be seen as the reflected wave.

If the electrical circuit has only passive elements, that is, if the circuit is an
interconnection of resistors, capacitors and inductors, the passivity inequality
satisfies

/Ot e(m)i(t)dr >0 (2.80)

where it is assumed that the initial energy stored in the circuit is zero. We
note that
a® —b? = (e + 201)? — (e — 201)? = dzpei (2.81)

which implies

/0 "2 (r)dr — /0 "2 (r)dr — 4% /O ' e(ri(rydr (2.82)

From this it is seen that passivity of the system with input ¢ and output e
corresponds to small gain for the system with input ¢ and output b in the
sense that

/Ot b2 (r)dr < /Ot a*(T)dr (2.83)

This small gain condition can be interpreted loosely in the sense that the
energy content b2 of the reflected wave is smaller than the energy a? of the
incident wave. For the general linear time-invariant system

y(s) = h(s)u(s) (2.84)

introduce the wave variables
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a=y+u and b=y—u (2.85)

where, as above, a is the incident wave and b is the reflected wave. As for
electrical circuits it will usually be necessary to include a constant zg so that
a =1y + zou b =y — zou so that the physical units agree. We tacitly suppose
that this is done by letting zg = 1 with the appropriate physical unit. The
scattering function is defined by

h(s) —1

aboy_ YU
N 1+ h(s)

—(s)

a _y—|—u

(s) (2.86)

Theorem 2.23. Consider a system with rational transfer function h(s) with
no poles in Re[s] > 0, and scattering function g(s) given by (2.86). Then

1. The system is passive if and only if |g(jw)| < 1 for all w € [—o0, +00].

2. The system is input strictly passive, and there is a v so that |h (jw)| < v
for allw € [—o00, +00] if and only if there is a ' € (0,1) so that |g(jw)|* <
1—+". [ |

Proof: Consider the following computation
. h(jw)—1|2
l9(jw)? = it
_ |[n(w)|®—2Re[h(jw)]+1 (2.87)

 [h(Gw) P +2Re[h(jw)]+1

1 4Re[h(jw)]
[h(jw)+1]?

It is seen that |g(jw)| < 1 if and only if Re[h(jw)] > 0. Result 1 then
follows as the necessary and sufficient condition for the system to be passive
is that Re[h(jw)] > 0 for all w € [—o0, +0o0]. Concerning the second result,
we show the “if” part. Assume that there is a ¢ so that Re[h(jw)] > > 0
and a v so that |h (jw)| < for all w € [—00, +00]. Then
44

lg(jw)|” > 1 1)

(2.88)
and the result follows with 0 < 4/ < min (1, ﬁ). Next assume that
g(jw)|? <1 -+ for all w. Then

4Re [h(jw)] = 7' (|h(jw)|* + 2Re[h(jw)] + 1) (2.89)

and strict passivity follows from

Re [h(jw)] > >0 (2.90)

Finite gain of h (jw) follows from
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Y [h(G)? = (4 = 29) Re[h(jw)] +1' <0 (2.91)

which in view of the general result |h(jw)| > Re[h(jw)] gives the inequality

. 4-2v)
Ih(jw)|? — (WV) Ih(jw)| +1 <0 (2.92)
This implies that
, 4- 29
|h (jw)| < U-2) i ) (2.93)
||

We shall come back on the relationships between passivity and bounded
realness in the framework of dissipative systems and H., theory; see Sec-
tion 5.9. A comment on the input-output change in (2.85): the association
of the new system with transfer function g(s) merely corresponds to writing
down uy = +(a +b)(a — b) = (a® — b?). Thus if fot u(s)y(s)ds > 0 one gets
fot a?(s)ds > fot b2(s)ds: the Lo-norm of the new output b(¢) is bounded by
the Lo-norm of the new intput a(t).

2.10 Impedance Matching

In this section we will briefly review the concept of impedance matching.
Again an electrical one-port is studied. The one-port has a voltage source e,
serial impedance zp output voltage v and current <. The circuit is coupled to
the load which is a passive one-port with driving point impedance zj,(s) as
shown in Figure 2.8.

20($) S
() e u zr(s)
_ 5 T

Fig. 2.8. Impedance matching

The following problem will be addressed: suppose zg (s) is given and that
e (t) = Esinw,t. Select zy, (s) so that the power dissipated in 2z, is maximized.
The current is given by

i(s) = ———L (2.94)
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while the voltage over zy, is
u(s) = zr(s)i(s) (2.95)
The power dissipated in zj, is therefore
P(we) = sRefur (jw,)i* (jw.)]

= %RG[ZL (jwe)]i(jwe)i* (jwe)

1 Re[z. (jw,)] B2
2 Teo (Gwo) T2 (Gwe ) [0 (jw )2 (e )]

where (-)* denotes the complex conjugate. Denote

Zo(jwe) = Qo +]ﬂ0 or ZL(jwe) =ar +]ﬂL (296)

This gives
1 E?
_t O;L - (2.97)
2 (a0 +ar)?+ (Bo + Br)
We see that if a, = 0, then P = 0, whereas for nonzero ay, then |31 — oo,
gives P — 0. A maximum for P would be expected somewhere between these
extremes. Differentiation with respect to G gives

orP  E? —2ar(Bo + Br)
— = > I (2.98)
B 2 [(ao+ar)*+ (Bo+ BL)?
which implies that the maximum of P appears for 8y = —(y. Differentiation
with respect to oy, with 0, = —fy gives
2 2 _ 2
o°P E ag —ar, (2.99)

da 2 [(ao +ar)?+ (Bo + Br)??

and it is seen that the maximum is found for a; = ag. This means that the
maximum power dissipation in zy, is achieved with

21 (jwe) = 25 (Jwe) (2.100)

This particular selection of zj,(jw,) is called impedance matching. If the
voltage source e(t) is not simply a sinusoid but a signal with a arbitrary spec-
trum, then it is not possible to find a passive impedance zr,(s) which satisfies
the impedance matching condition or a general series impedance z(jw). This
is because the two impedances are required to have the same absolute values,
while the phase have opposite signs. This cannot be achieved for one particular
zr,(s) for all frequencies.

However, if zp(jw) = 20 is a real constant, then impedance matching at
all frequencies is achieved with z; = z5. We now assume that zy is a real
constant, and define the wave variables to be
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a=u+ 2zt or b=u— 2z (2.101)

Then it follows that
a=e (2.102)

for the system in Figure 2.8. A physical interpretation of the incident wave a is
as follows: let u be the input voltage to the one-port and let ¢ be the current
into the port. Consider the extended one-port where a serial impedance zg
is connected in to the one-port as shown in Figure 2.9. Then « is the input
voltage of the extended one-port.

a u zr,(s)

O O

Fig. 2.9. Extended one-port with a serial impedance zo

w(s) ——»;  z(s)
I O . O
= = =
a U b z
5 5 o— 1

Fig. 2.10. Physical interpretation of the reflected wave b where zZ = z1.(s) — 20(s)
The physical interpretation of the reflected wave b is shown in figure 2.10.

We clearly see that if z;, = zg, then
u=zt = b=0 (2.103)

This shows that if impedance matching is used with zg being constant, then
the scattering function is

g(s)=—==0 (2.104)
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Yo € Ut u Y
—_—( ) — hr(S) F——( )——— h(S) >

Fig. 2.11. Feedback interconnection of two passive systems

2.11 Feedback Loop

A feedback interconnection of two passive linear time-invariant systems is
shown in Figure 2.11 where signals are given by

y(s) = h(s)u(s), ut(s) = hr(s)e(s) (2.105)

u(t) = up(t) +ue(t),  e(t) =yolt) —y(t) (2.106)
We can think of h(s) as describing the plant to be controlled, and h,(s)
as describing the feedback controller. Here u; is the feedback control and
uy is the feedforward control. We assume that the plant h(s) and that the
feedback controller h,(s) are strictly passive with finite gain. Then, as shown
in Section 2.6 we have Z|ho(jw)| < 180° where ho(s) := h(s)h,(s) is the loop
transfer function, and the system is BIBO stable.
A change of variables in now introduced to bring the system into a scat-
tering formulation. The new variables are

a2 y+u and b 2 Y—u
for the plant and
A A
a,=us+e and b, =u;—e
for the feedback controller. In addition input variables
A
aoéyo—i—uf and by = yo —uy

are defined. We find that

ar=U+Yo—y=u—ur+yo—y=>bo—>b (2.107)
and
br=uw—yo+y=u—ur—yY+y=a—ap (2.108)
The associated scattering functions are
A h(s)—1 A hp(s)—1
= —— d r =
96) =T M ST
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Now, h(s) and h,(s) are passive by assumption, and as a consequence they
cannot have poles in Re([s] > 0. Then it follows that g(s) and g,(s) cannot
have poles in Re[s] > 0 because 1 + h(s) is the characteristic equations
for h(s) with a unity negative feedback, which obviously is a stable system.
Similar arguments apply for 1+ h(s). The system can then be represented as
in Figure 2.12 where

b(s) = g(s)a(s),  br(s) = gr(s)ar(s) (2.109)
a(t) =b,(t) +ao(t),  ar(t) =bo(t) —b(t) (2.110)
aop = Yo + uy
bo = yo —uy __a, b, a b

Y

— Y908 O 9(s)

_ 9o(s) J

Fig. 2.12. Equivalent system

In the passivity setting, stability was ensured when two passive systems were
interconnected in a feedback structure because the loop transfer function
ho(jw) had a phase limitation so that Zhg (jw) > —180°. We would now
like to check if there is an interpretation for the scattering formulation that is
equally simple. This indeed turns out to be the case. We introduce the loop
transfer function

90(s) = g(5)9r(5) (2.111)

of the scattering formulation. The function go(s) cannot have poles in Re [s] >
0 as g(s) and g, (s) have no poles in Re[s] > 0 by assumption. Then we have
from Theorem 2.23:

1. |g(jw)] <1 for all w € [—o0, +00] because h(s) is passive.
2. |gr(jw)| < 1 for all w € [—o0, +00] because h,(s) is strictly passive with
finite gain.

As a consequence of this,
l90(jw)| <1 (2.112)

for all w € [—o0,+0], and according to the Nyquist stability criterion the
system is BIBO stable.
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2.12 Bounded Real and Positive Real Transfer Functions

Bounded real and positive real are two important properties of transfer func-
tions related to passive systems that are linear and time-invariant. We will in
this section show that a linear time-invariant system is passive if and only if
the transfer function of the system is positive real. To do this we first show
that a linear time-invariant system is passive if and only if the scattering
function, which is the transfer function of the wave variables, is bounded real.
Then we show that the scattering function is bounded real if and only if the
transfer function of the system is positive real. We will also discuss different
aspects of these results for rational and irrational transfer functions.

We consider a linear time-invariant system y(s) = h(s)u(s) with input u
and output y. The incident wave is denoted a 2 y + u, and the reflected wave

is denoted b 2 y — u. The scattering function g(s) is given by

g(s) = % (2.113)

and satisfies b(s) = g(s)a(s). We note that

u(t)y(t) = [a2(0) ~ (1) (2.114)

For linear time-invariant systems the properties of the system do not depend
on the initial conditions, as opposed to nonlinear systems. We therefore as-
sume for simplicity that the initial conditions are selected so that the energy
function V/(t) is zero for initial time, that is V' (0) = 0. The passivity inequality
is then

0<V(t) = /0 u(s)y(s)ds = i/o [a%(s) — b2(s)]ds (2.115)

The properties bounded real and positive real will be defined for functions
that are analytic in the open right half plane Re[s] > 0. We recall that
a function f(s) is analytic in a domain only if it is defined and infinitely
differentiable for all points in the domain. A point where f(s) ceases to be
analytic is called a singular point, and we say that f(s) has a singularity at
this point. If f(s) is rational, then f(s) has a finite number of singularities, and
the singularities are called poles. The poles are the roots of the denominator
polynomial R(s) if f(s) = Q(s)/R(s), and a pole is said to be simple pole if
it is not a multiple root in R(s).
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Definition 2.24. A function g(s) is said to be bounded real if

1. g(s) is analytic in Re[s] > 0.
2. g(s) is real for real and positive s.
3. 19(s)| <1 for all Rels] > 0.

This definition extends to matrix functions G(s) as follows:

Definition 2.25. A transfer matriz G(s) € C™*™ is bounded real if all
elements of G(s) are analytic for Rels] > 0 and the Hoo—norm satisfies
[|G(3)||oc < 1 where we recall that ||G(s)||cc = SUP, ¢ R Tmax(G(jw)). Equiva-
lently the second condition can be replaced by: I, — GT (—jw)G(jw) > 0 for all
w € IR. Strict Bounded Realness holds when the > 0 inequalities are replaced
by > 0 inequalities.

Theorem 2.26. Consider a linear time-invariant system described by y(s) =
h(s)u(s), and the associated scattering function a = y +u, b = y — u and
b(s) = g(s)a(s) where

h(s)—1
= —— 2.11
o) = o (2.116)
which satisfies b(s) = g(s)a(s) a = y+u and b = y — u. Then the system
y(s) = h(s)u(s) is passive if and only if g(s) is bounded real. [ |

Proof: Assume that y(s) = h(s)u(s) is passive. Then (2.115) implies that

ta27'7' t27'7- .
/0 (r)d z/ob()d (2.117)

for all t > 0. It follows that g(s) cannot have any singularities in Re[s] > 0 as
this would result in exponential growth in b(¢) for any small input a(t). Thus,
g(s) must satisfy condition 1 in the definition of bounded real.

Let 0¢ be an arbitrary real and positive constant, and let a(t) = e?°'1(t)

where 1(t) is the unit step function. Then the Laplace transform of a(t) is
a(s) = S_lqo, while b(s) = % Suppose that the system is not initially

excited so that the inverse Laplace transform for rational g(s) gives

i - g(s) sit g(s) oot
b(t) = Z <Ress_s,i - Uo) e’ + (Ress_g0 p—— %0

=1

where s; are the poles of g(s) that satisfy Re[s;] < 0, and Ress—g, 9(s) _

S§—0o0
g(00). When ¢ — oo the term including e°°* will dominate the terms including
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et and b(t) will tend to g(oo)e?°?. The same limit for b(¢) will also be found
for irrational g(s). As a(t) is real, it follows that g(op) is real, and it follows
that g(s) must satisfy condition 2 in the definition of bounded realness.

Let so = 00 + jw, be an arbitrary point in Re[s] > 0, and let the input
be a(t) = Re[e**'1(t)]. Then b(t) — Reg(so)e**] as t — oo and the power

P(t) = i[aQ(t)-—-b2(t)] (2.118)

will tend to
1
P(t) = 1 [eQ”Ot cos? wot — |g(80)|262‘70t cos? (wot + ®)]
where ¢ = arg[g(so)]. This can be rewritten using cos®> o = % (14 cos2a), and

the result is

8P(t) = (1 + cos 2wot)e?0t — |g(s0)|?[1 + cos(2wot + 2¢)]e270!

= [1 — |g(30)|2]6200t + Re[(l _ 9(80)2) 62301‘,]

In this expression sy and o( are constants, and we can integrate P(t) to get
the energy function V(T):

V(t)= [ P(s)ds

= Ta55 (1 — l9(s0)2]e*" + 5 Re{ 5 [1 — g(s0)?|e**"}

First it is assumed that wy # 0. Then Re{ [l — g(s0)*]e**'} will be a
sinusoidal function which becomes zero for certain values of ¢. For such values
of ¢ the condition V() > 0 implies that

1
1 _ 21 200t >
Tl g0 et 2 0

which implies that
1—g(s0)]* >0

Next it is assumed that wp = 0 such that so = o is real. Then g(sg) will
be real, and the two terms in V' (¢) become equal. This gives

1
0<V({) = %[1 — gQ(SO)]eQ”Ot

and with this it is established that for all sg in Re[s] > 0 we have
1—lg(s0)[* 2 0= |g(s0)] <1

To show the converse we assume that g(s) is bounded real and consider
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g(jw) = hm g(o + jw) (2.119)
0>0

Because g(s) is bounded and analytic for all Re[s] > 0 it follows that this
limit exists for all w, and moreover

lg(jw)l <1

Then it follows from Parseval’s Theorem that with ar being the truncated
version of a we have

0< & 2 Ja(Gw)” (1 g(jw)[?) dw

=1 fo —0%(s)]ds
= fgu(s)y(s)ds
which shows that the system must be passive. |
Im
e
R
Re

Fig. 2.13. Contour in the right half plane.

Define the contour C which encloses the right half plane as shown in Figure
2.13. The maximum modulus theorem is as follows. Let f(s) be a function
that is analytic inside the contour C. Let M be the upper bound on |f(s)|
on C. Then |f(s)| < M inside the contour, and equality is achieved at some
point inside C' if and only if f(s) is a constant. This means that if g(s) is
bounded real, and |g(s)| = 1 for some point in Re[s] > 0, then |g(s)| achieves
its maximum inside the contour C, and it follows that g(s) is a constant in
Rels] > 0. Because ¢(s) is real for real s > 0, this means that g(s) =1 for all
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s in Re[s] > 0. In view of this [1 — g(s)]~! has singularities in Re[s] > 0 if
and only if g(s) = 1 for all s in Re[s] > 0.

If g(s) is assumed to be a rational function the maximum modulus theorem
can be used to reformulate the condition on |g (s)| to be a condition on |g (jw)|.
The reason for this is that a rational transfer function satisfying |g(jw)| < 1
for all w will also satisfy

Jim [g(jw)] = Tim_|o(s) (2.120)

s|—o0

Therefore, for a sufficiently large contour C' we have that |g(jw)| < 1 implies
lg(s)] < 1 for all Re[s] > 0 whenever g(s) is rational. This leads to the
following result:

Theorem 2.27. A rational function g(s) is bounded real if and only if

1. g(s) has no poles in Re[s] > 0.
2. [g(jw)| < 1 for all w € [—o00, +00].

Let us now state a new definition.

Definition 2.28. A transfer function h(s) is said to be positive real

(PR) if

h(s) is analytic in Re[s] > 0
h(s) is real for positive real s

1.
2.
3. Re[h(s)] > 0 for all Re[s] > 0

The last condition above is illustrated in Figure 2.14 where the Nyquist
plot of a PR transfer function H(s) is shown. The notion of positive realness
extends to multivariable systems:

Definition 2.29. The transfer matriz H(s) € C™ ™ is positive real if:

H(s) has no pole in Re[s] > 0
H(s) is real for all positive real s
H(s)+ H*(s) > 0 for all Re[s] >0 [

An interesting characterization of multivariable PR transfer functions is
as follows:

Theorem 2.30. Let the transfer matriz H(s) = C(sI, — A)~' + D € ¢"*™,
where the matrices A, B, C, and D are real, and every eigenvalue of A has
a negative real part. Then H(s) is positive real if and only if y*[H*(jw) +
H(jw)ly = y* I (jw)y >0 for allw € R and ally € C™. [
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Im(H (jw)] |

Re[H (jw)]

Y

Fig. 2.14. Positive real transfer function

This result was proved in [8, p.53]. The rational matrix I1(s) = ¢(sI,, —
A)1B— BT (sI,+ AT)71CT 4+ D + DT is known as the Popov function of the
system. It is a rational spectral function, since it satisfies IT(s) = IT7 (—s). The
introduction of the spectral function I7(s) allows us to state a result on which
we shall come back in Section 3.3. Let A : L3 . — L5 be a rational input-
output operator u(-) — y(-) = A(u(-)). Assume that the kernel of A has a
minimal realization (A4, B, C, D). In other words, the operator is represented in
the Laplace transform space by a transfer matrix H(s) = C(sI,,—A)"*B+D,
where (A, B) is controllable and (A, C) is observable. The rational matrix I7(s)
is the spectral function associated to A.

Proposition 2.31. The rational operator A is non-negative, i.e.

/0 u(r)A(u(r))dr >0

for all w € Lo, if and only if its associated spectral function II(s) is non-
negative. [ |

Proof: We assume that u(t) = 0 for all £ < 0 and that the system is causal.
Let the output y(-) be given as

y(t) = Du(t) + /Ot CeA'"" Bu(r)dr (2.121)
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Let U(s) and Y(s) denote the Laplace transforms of u(-) and y(-), re-
spectively. Let us assume that I7(s) has no pole on the imaginary axis. From
Parseval’s Theorem one has

+oo 1 +oo
/ T (E)u(t) + T (0 () de / V* (j)U (o) + U* (jw)Y ()

—0o0 - % —0o0
(2.122)
One also has Y (s) = (D + C(sI, — A)~*B) U(s). Therefore

+oo +oo
[ W ol = 5 [ UGGV e, (2123)

—00 27 —o0

It follows that:

e II(jw) > 0 for all w € IR implies that fj;o[yT(t)u(t) +uT (t)y(t)dt >0
for all admissible w(-).

e Reciprocally, given a couple (wp, Up) that satisfies UZ IT(jwo)Up < 0, there
exists by continuity an interval {2y such that UIII(jw)Uy < 0 for all
w € £2y. Consequently the inverse Fourier transform vg(-) of the function

Uy if w € 129
U(jw) = (2.124)
0 ifw¢ 2

makes the quadratic form % f!?o UL I (jw)Updw < 0. Therefore positivity
of A and of its spectral function are equivalent properties.

If T1(s) has poles on the imaginary axis, then Parseval’s Theorem can be
used under the form

400 1 +oo
/ e 2y T ()u(t)+u’ (t)y(t)]dt / U*(a+jw)S(a+jw)U (a+jw)dw

oo o oo
(2.125)
which is satisfied for all real a, provided the line a + jw does not contain any
pole of II(s). [ |

Remark 2.82. 1t is implicit in the proof of Proposition 2.31 that the initial
data on y(-) and u(-) and their derivatives, up to the required orders, are
zero. Consequently, the positivity of the operator A(-), when associated to a
state space representation (A4, B, C, D), is characterized with the initial state
2(0) = 0. Later on in Chapter 4, we shall give a definition of dissipativity,
which generalizes that of positivity for a rational operator such as A(-), and
which precisely applies with x(0) = 0; see Definition 4.22.

It is sometimes taken as a definition that a spectral function IT(s) is non-
negative if there exists a PR function H(s) such that I1(s) = H(s)+ HT (—s)
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[145, Definition 6.2]. We shall make use of Proposition 2.31 in Section 5.10
on hyperstability. Notice that Proposition 2.31 does not imply the stability
of the above mentioned operator (provided one has associated a state space
realization to this operator). The stability is in fact obtained if one makes
further assumptions like the observability and controllability. We shall come
back on these points in the next chapters on dissipative systems and their
stability, via the Kalman-Yakubovich-Popov Lemma; see Remark 3.32.
The next theorem links bounded realness with positive realness.

Theorem 2.33. Consider the linear time-invariant system y(s) = h(s)u(s),
and the scattering formulation a = y+u, b =y —u and b(s) = g(s)a(s) where
h(s)—1
= —— 2.12
o) = 1 (2.126)
Assume that g(s) # 1 for all Re[s] > 0. Then h(s) is positive real if and only
if g(s) is bounded real. [ |

Proof: Assume that ¢g(s) is bounded real and that g(s) # 1 for all Re[s] > 0.
Then [1 — g(s)] 7! exists for all s in Re[s] > 0. From (2.126) we find that

_1+g(s)
1—g(s)
where h(s) is analytic in Re[s] > 0 as g(s) is analytic in Re[s] > 0, and [1 —

g(s)]~! is nonsingular by assumption in Re[s] > 0. To show that Re[h(s)] > 0
for all Re[s] > 0 the following computation is used:

h(s) (2.127)

2Relh(s)] = h*(s) + h(s)

_ L4g7(s) | 1+g(s)
o () T T-g(s) (2.128)

o 19" (3)g(s)
[1—g*(s)][1—g(s)]

We see that Re[h(s)] > 0 for all Re[s] > 0 whenever ¢(s) is bounded real.
Next assume that h(s) is positive real. Then h(s) is analytic in Re[s] > 0,

and [1 + h(s)] is nonsingular in Re[s] > 0 as Re[h(s)] > 0 in Re[s] > 0.

It follows that g(s) is analytic in Re[s] > 0. From (2.128) it is seen that

lg(s)| <1in Re[s] > 0; it follows that g(s) is bounded real. [
It is noteworthy that Theorem 2.33 extends to multivariable systems:

Theorem 2.34. Let H(s) € C™*™ be a square transfer function, with
det(H(s) + H(—s)) # 0 for Re[s] > 0, and H(joo) + H(* (joo) > 0. Then
the bounded realness of G(s) = (G(s) — I,)(G(8) + I,) ™' implies that H(s)
is positive real. [ |

From Theorem 2.26 and Theorem 2.33 it follows that:
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Corollary 2.35. A system with transfer function h(s) is passive if
and only if the transfer function h(s) is positive real.

Example 2.36. A fundamental result in electrical circuit theory is that if the
transfer function h(s) is rational and positive real, then there exists an electri-
cal one-port built from resistors, capacitors and inductors so that hA(s) is the
impedance of the one-port [126, p. 815]. If e is the voltage over the one-port
and i is the current entering the one-port, then e(s) = h(s)i(s). The system
with input ¢ and output e must be passive because the total stored energy of
the circuit must satisfy

V(t) = e(t)i(t) — g(t) (2.129)

where ¢(t) is the dissipated energy.

FEzxzample 2.87. The transfer function

1
" tanhs

h(s)

is irrational, and positive realness of this transfer function cannot be es-
tablished from conditions on the frequency response h(jw). We note that
tanh s = sinh s/ cosh s, where sinhs = 1(e® — e™*) and coshs = $(e* + ™).
First we investigate if h(s) is analytic in the right half plane. The singularities

are given by

(2.130)

sinhs=0=¢—e*=0=¢e*(1—e2) =0

Here |e®| > 1 for Re[s] > 0, while

fl—e®)=0=e2=1
Therefore the singularities are found to be

sp = jkm, ke {0,+1,42..} (2.131)
which are on the imaginary axis. This means that h(s) is analytic in Re[s] > 0.
Obviously, h(s) is real for real s > 0. Finally we check if Re [h(s)] is positive
in Re[s] > 0. Let s = 0 + jw. Then

coshs = 1[e?(cosw + jsinw) 4+ e~ (cosw — jsinw)]
= cosho cosw + jsinhosinw

while
sinh s = sinh o cosw + j coshosinw (2.132)

This gives
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cosh o sinh o

Relh(s)] = >0, Rel[s]>0 (2.133)

| sinh 5|2
where it is used that o = Re[s], and the positive realness of h(s) has been
established. u

Consider a linear system represented by a rational function H(s) of the
complex variable s = o + jw:

bins™ 4+ -+ b
H(S) _ m - 0

"+ ap—18"" "+ -+ ao
where a;,b; € IR are the system parameters n is the order of the system and
r =n —m is the relative degree. For rational transfer functions it is possible

to find conditions on the frequency response h(jw) for the transfer function
to be positive real. The result is presented in the following theorem:

(2.134)

Theorem 2.38. A rational function h(s) is positive real if and only if

1. h(s) has no poles in Re[s] > 0.
2. Re[h(jw)] > 0 for all w € [—o0, +00] such that jw is not a pole in h(s).
3. If s = jwo is a pole in h(s), then it is a simple pole, and if wy is finite,
then the residual
Ress—ju,h(s) = lim (s — jwy)h(s)

s—jwq
1s real and positive. If wg is infinite, then the limit

Ry := lim hijw)

w—00 jw

1s real and positive. |

Proof: The proof can be established by showing that conditions 2 and 3 in
this Theorem are equivalent to the condition

Rel[h(s)] >0 (2.135)

for all Re[s] > 0 for h(s) with no poles in Re[s] > 0.

First assume that conditions 2 and 3 hold. We use a contour C' as shown
in Figure 2.15 which goes from —j{2 to j{2 along the jw axis with small
semicircular indentations into the right half plane around points jw, that
are poles of h(s). The contour C' is closed with a semicircle into the right
half plane. On the part of C' that is on the imaginary axis Re[h(s)] > 0 by
assumption. On the small indentations

Resa—jo, h
h(s) ~ DeSsmiweht(s) (2.136)
s — jwg
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Im

Fig. 2.15. Contour C of h(s) in the right half plane.

As Rels] > 0 on the small semi-circles and Res,—j,, h(s) is real and positive
according to condition 3, it follows that Re[h(s)] > 0 on these semi-circles.
On the large semi-circle into the right half plane with radius {2 we also have
Rel[h(s)] > 0 and the value is a constant equal to lim,_.o, Re[h(jw)], unless
h(s) has a pole at infinity at the jw axis, in which case h(s) =~ sRs on the
large semi-circle. Thus we may conclude that Re[h(s)] > 0 on C. Define the

function
f(S) — e—Re[h(s)]

Then |f(s)] < 1on C, and in view of the maximum modulus theorem, |f(s)] <
1 for all s € Re[s] > 0. It follows that Re[h(s)] > 0 in Re[s] > 0, and the
result is shown.
Next assume that Re[h(s)] > 0 for all Re[s] > 0. Then condition 2 follows
because
h(jw) = lirré h(o + jw)
>0
exists for all w such that jw is not a pole in h(s). To show condition 3 we
assume that wp is a pole of multiplicity m for h(s). On the small indentation
with radius 7 into the right half plane we have s — jw, = re/? where —7/2 <
6 < m/2. Then
h(S) ~ ReSS:jWoh(s) _ RQSS:ijh(S) efjmé (2137)

rm ejme rm

Clearly, here it is necessary that m = 1 to achieve Re[h(s)] > 0 because
the term e~™Y gives an angle from —mm/2 to mn/2 in the complex plane.
Moreover, it is necessary that Res,—;.,, h(s) is positive and real because e—Jmo
gives an angle from —7/2 to /2 when m = 1. The result follows. [ |
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The foregoing theorem extends to multivariable systems:

Theorem 2.39. The rational function H(s) € C™*™ is positive real if and
only if:

H(s) has no poles in Re[s] >0
H(jw) 4+ H*(jw) > 0 for all positive real w such that jw is not a pole of
H()

o If iwp, finite or infinite, is a pole of H(-), it is a simple pole and the
corresponding residual Ko is a semi positive definite Hermitian matriz.

2.13 Examples

2.13.1 Mechanical Resonances
Motor and Load with Elastic Transmission

An interesting and important type of system is a motor that is connected to
a load with an elastic transmission. The motor has moment of inertia .J,,,, the
load has moment of inertia Jy,, while the transmission has spring constant K
and damper coefficient D. The dynamics of the motor is given by

Jmém(t) = Tm(t) =Ty (t) (2138)

where 0,,,(+) is the motor angle, Ty, (-) is the motor torque, which is considered
to be the control variable, and T7,(+) is the torque from the transmission. The
dynamics of the load is .

JrOr(t) = TL(t) (2.139)

The transmission torque is given by
T, =-D (éL . o'm) K (01 — 6) (2.140)

The load dynamics can then be written in Laplace transform form as

(Jps* + Ds+ K) 01,(s) = (Ds + K) 0,,(s) (2.141)
which gives
1+27 3
Z—L(s) =0 (2.142)
m 1+ 22(71 + @

where K
2= — (2.143)

Jr,

and
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2Z D
— == 2.144
0" K (2.144)
By adding the dynamics of the motor and the load we get
O () + JLOL(t) = Ty (t) (2.145)
which leads to
14225
T8 0m () + Jps? ———L0,.(s) = T (5) (2.146)
L4278 + 4
and from this ,
14225+ 25
Om () = o (2.147)
T J32(1+2Cw‘—gl+j—%)
where
J = Jm+JL (2.148)

is the total inertia of motor and load, and the resonant frequency wi is given
by
1 J
1- 2 m

while the relative damping is given by

J
¢ = ,/ﬂz (2.150)

We note that the parameters w; and ¢ depend on both motor and load pa-
rameters, while the parameters 2, and Z depend only on the load.

The main observation in this development is the fact that 2; < wy. This
means that the transfer function 6,,(s)/T),.(s) has a complex conjugated pair
of zeros with resonant frequency (21, and a pair of poles at the somewhat
higher resonant frequency w;. The frequency response is shown in Figure 2.16
when K = 20, J,,, = 20, J = 15 and D = 0.5. Note that the elasticity does
not give any negative phase contribution.

By multiplying the transfer functions 6y, (s)/0,,(s) and 6,,(s)/T(s) the
transfer function
1+2Z4-

O o
T2 (L4200 + 5)

0

(2.151)

is found from the motor torque to the load angle.
The resulting frequency response is shown in Figure 2.17. In this case the
elasticity results in a negative phase contribution for frequencies above w; .

Example 2.40. Typically the gear is selected so that J,, = Jr. This gives

1
1 = —w =0.707Tw 2.152
1 /2 1 1 ( )
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Example 2.41. Let Z = 0.1 and J,, = Jr. In this case

0 L+ 5o
- (s) = Db (2.153)
T J32(1+2Cw‘—gl+j—%)
Passivity Inequality
The total energy of motor and load is given by
1 2 1 2 1 2
V(wm,wr,01,0m) = imem + ijLwL + iK[GL — Gm] (2.154)

where wy, (£) = 0, (t) and wr,(t) = 01 (). The rate of change of the total energy
is equal to the power supplied from the control torque T, (¢) minus the power
dissipated in the system. This is written

V(t) = W ()T (t) — D]wr(t) — wm (1)) (2.155)
We see that the power dissipated in the system is D{wr (t) — wm (t)]? which is

the power loss in the damper. Clearly the energy function V(¢) > 0 and the
power loss satisfies D[Aw(t)]? > 0,. It follows that

/t wm (8) T (s)ds =V (t) — V(0) + /t D[Aw(s)]*ds > —V(0) (2.156)
0 0

which implies that the system with input T;,(-) and output w,,(-) is passive.
It follows that

Re[liy(jw)] >0 (2.157)

for all w € [—o0, +00]. From energy arguments we have been able to show
that

O
—1800 S ZT—(]LA}) S OO. (2158)

2.13.2 Systems with Several Resonances
Passivity

Consider a motor driving n inertias in a serial connection with springs and
dampers. Denote the motor torque by 7,, and the angular velocity of the
motor shaft by w,,. The energy in the system is
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V(Wi Om, 01:) = §Jmw?2, + 3Ko1 (0 — 011)2
+iJpw?, + SK12(001 — 0r2)* + ...
+%JL,n—1W%’n,1 + 2K 1,0(00,n—1 — O0rn)?
+3 Ll

Clearly, V() > 0. Here J,, is the motor inertia, wy,; is the velocity of inertia
Jri, while K;_q; is the spring connecting inertia ¢ — 1 and ¢ and D;_;; is
the coefficient of the damper in parallel with K;_; ;. The index runs over
i=1,2,...,n. The system therefore satisfies the equation

V(t) = T ()wm (t) — d(t) (2.159)
where
d(t) = Dig(wr1(t) —wra(t))*+.. .4+ Dy_1n(Wpn1(t) —wra(t)? > 0 (2.160)

represents the power that is dissipated in the dampers, and it follows that the
system with input 7}, and output w,, is passive. If the system is linear, then
the passivity implies that the transfer function

hon(5) = = (5) (2.161)

has the phase constraint
|Zhm (jw)| < 90° (2.162)

for all w € [—o0, +00]. It is quite interesting to note that the only information
that is used to find this phase constraint on the transfer function is that the
system is linear, and that the load is made up from passive mechanical com-
ponents. It is not even necessary to know the order of the system dynamics,
as the result holds for an arbitrary n.

2.13.3 Two Motors Driving an Elastic Load

In this section we will see how passivity considerations can be used as a
guideline for how to control two motors that actuate on the same load through
elastic interconnections consisting of inertias, springs and dampers as shown
in Figure 2.18.

The motors have inertias J,,;, angle ¢; and motor torque 7T;,; where
i € {1,2}. Motor 1 is connected to the inertia Jz; with a spring with stiffness
K;1 and a damper Dy1. Motor 2 is connected to the inertia Jo with a spring
with stiffness K92 and a damper Dsgs. Inertia Jp; has angle gr;. The two
inertias are connected with a spring with stiffness K15 and a damper D1s.

The total energy of the system is
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Motor 1 Tm1 ng Motor 2

Kll’Dll KIZ’DIZ Wy i)
Lo | ]

A qp i .

Fig. 2.18. Two motors actuating on one load

V(gm1s @m2, qi) = 5[Im1dos + Jm2@ie + J1163, + Jr2dis

+K11(gm1 — q11)* + Koo (qma — qr2)? + Kia(qr1 — QL2)2]

and the time derivative of the energy when the system evolves is
V(t) = Trn1Gm1(t) + Trm2dma(t) — D11(Gm1(t) — Gra(t))?
+Da2(Gma(t) — 4r2(t))*  +Dia(dri(t) — dra(t))?

It is seen that the system is passive from (Tml,ng)T to (q'ml,me)T. The
system is multivariable, with controls T;,1 and T},2 and outputs ¢,,1 and ¢,2.
A controller can be designed using multivariable control theory, and passivity
might be a useful tool in this connection. However, here we will close one
control loop at a time to demonstrate that independent control loops can be
constructed using passivity arguments. The desired outputs are assumed to
be ¢gm1 = gm2 = 0. Consider the PD controller

Tm,Q = —fp2gdm2 — K?)Qdm,Q (2163)

for motor 2 which is passive from ¢,,2 to —T;,2. The mechanical analog of this
controller is a spring with stiffness K2 and a damper K, which is connected
between the inertia J,,2 and a fixed point. The total energy of the system
with this mechanical analog is

V(Gm1, Gm2,qL1:qr2) = 3[Im1G21 + Jm2@is + Jr1di, + Jr2qi,
+K11(qm1 — 1) + K22(qma — qr2)?
+K12(qr1 — qr2)? + Kp263]

and the time derivative is
V(t) = Ton1(t)gm1(t) — D11(dm1(t) — 4z1(t))? + Daz(dma(t) — dra(t))?

+Di12(4ra(t) — qra(t))? — Kuad3 (t)
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It follows that the system with input T}, and output ¢, is passive when
the PD controller is used to generate the control T,,5. The following controller
can then be used:

LTS ) = K[l +(B-1)

T1(s) = Kvlﬁmm

1

This is a PI controller with limited integral action if ¢; is considered as the
output of the system. The resulting closed loop system will be BIBO stable
independently from system and controller parameters, although in practice,
unmodelled dynamics and motor torque saturation dictate some limitations
on the controller parameters. As the system is linear, stability is still ensured
even if the phase of the loop transfer function becomes less that —180° for
certain frequency ranges. Integral effect from the position can therefore be
included for one of the motors, say motor 1. The resulting controller is

1+T;s
Tis

In this case the integral time constant T; must be selected e.g. by Bode dia-
gram techniques so that stability is ensured.

Ti(s) = Kp

q1(8) + Kp1sq1 (2.165)

2.14 Strictly Positive Real (SPR) Systems

Consider again the definition of Positive Real transfer function in Definition
2.28. The following is the standard definition of Strictly Positive Real (SPR)
transfer functions.

Definition 2.42 (Strictly Positive Real). A rational transfer func-
tion H(s) € C™*™ that is not identically zero for all s, is strictly
positive real (SPR) if H(s — €) is PR for some € > 0.

Let us now consider two simple examples:

Ezxample 2.43. The transfer function of an asymptotically stable first order
system is given by

1
H(s) = 2.166
()= — (2.166)
where A > 0. Replacing s by o + jw we get
1 A—j
H(s) = I b (2.167)

(c+AN)+jw  (0+ A2+ w?

Note that V Re[s] = 0 > 0 we have Re[H(s)] > 0. Therefore H(s) is PR.
Furthermore H(s — ¢€) for € = 3 is also PR and thus H(s) is also SPR.
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Ezample 2.44. Consider now a simple integrator (i.e. take A = 0 in the previ-
ous example)

1 1 o — jw
(s) s o+jw o024+ w? ( )

It can be seen that H(s) = X is PR but not SPR.

In view of Theorem 2.6, one may wonder whether an SPR transfer function
is ISP, OSP. See Examples 4.62, 4.64, 4.65.

2.14.1 Frequency Domain Conditions for a Transfer Function to
be SPR

The definition of SPR transfer functions given above is in terms of conditions
in the s complex plane. Such conditions become relatively difficult to be ver-
ified as the order of the system increases. The following theorem establishes
conditions in the frequency domain w for a transfer function to be SPR.

Theorem 2.45 (Strictly Positive Real). [226] A rational transfer function
h(s) is SPR if

1. h(s) is analytic in Re[s] > 0, i.e. the system is asymptotically stable
2. Re[h(jw)] > 0, for all w € (—o0,00) and
3. a) lim w?Relh(jw)] > 0 when r =1,

b) lim Re[h(jw)] > 0, ‘ l‘im % >0 when r = —1,

where r is the relative degree of the system. |

Proof: Necessity: If h(s) is SPR, then from Definition 2.42, h(s — ¢€) is PR
for some € > 0. Hence, there exists an €* > 0 such that for each € € [0, €*),
h(s—e) is analytic in Re[s] < 0. Therefore, there exists a real rational function
W (s) such that [§]

hs—e)+h(—s+e)=W(s—e)W(—s+e) (2.169)

where W (s) is analytic and nonzero for all s in Re [s] > —e. Let s = € + jw;
then from (2.169) we have

2 Re [h(jw)] = [W(jw)]> >0, Vw e (—o0,00) (2.170)
Now h(s) can be expressed as
b s™ + bmflsmil +---4+bis+ by
h(S) = n n—1
s" +an—18 +---4+ais+ap

Ifm=n—1,ie,r=1,b,_1#0, then from (2.171) it follows that b,_1; > 0
and ap_1bp—1 — bp—2 — €by,—1 > 0 for h(s — €) to be PR, and

(2.171)
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lim w? Re [h(jw)] = @n_1bn_1 —bp_2 > b1 >0 (2.172)

w?2—o00

Ifm=n+1,ie,r=-1,byt1 #0, then

1
Re [h(jw —€)] = ———— [(by — buy1an-1 — €bypy1) > +---] (2.173)
la(jw — €)]
Since Re [h(jw —€)] > 0V w € (—00,00) and

h(jw —€)

; - bnfl 2 07
|w|—o00 Jw

then b,+1 > 0, by, —bpt1an—1 > €byy1 > 0, and therefore 3.b) follows directly.

Sufficiency; Let (A,b,c,d, f) be a minimal state representation of h(s),
i.€.,

h(s) =c(sI — A)"'b+d+ fs (2.174)

From (2.174) we can write

h(s—€) = c(sI—A) " 'b+d+fs+e[c(s] — A—el) " (sI — A)~'b— f] (2.175)

Hence,

Re [h(jw — €)] = Re[h(jw)] + eRe [g(jw — €)] (2.176)
where g(jw—¢) = c(jwl, —A—el)~ (wan— A)~1b— f. There exists ane* >0
such that for all € € [0,€e*) and w € (—o0,00), (jwl, — A — el)~! is analytic.

Therefore for each € € [0,€*), |Re [g(jw — e)]| <k <ooforallw € (—o0,00)
and some k; > 0. If r = 0, then Re [h(jw)] > k2 > 0 for all w and some
ko > 0. Therefore

Re [h(jw — €)] = Re[h(jw)] + eRe[g(jw — €)] > k2 — €k1 > 0 (2.177)

for all w € (—00,00) and 0 < € < min {€*, ka/k1}. Hence, h(s — €) is PR and
therefore h(s) is SPR.

If 7 = 1, then Re [h(jw)] > k3 > 0 for all |w| < wp and w? Re [h(jw)] >
k4 > 0 for all |w| > wp, where wo, k3, k4 are finite positive constants. Similarly,
|w? Re [g(jw — €)]| < ks and [Re [g(jw — €)]| < k¢ for all w € (—o0,00) and
some finite positive constants ks, ks, Therefore, Re [h(jw — €)] > ks — ekg
for all |w| < wp and w?Re [h(jw —€)] > kg — €ks for all |w| > wp . Then,
for 0 < € < min {k3/ke, €, ka/ks} and Yw € (—o0,0), Re [h(jw — €)] > 0.
Hence, h(s — €) is PR and therefore h(s) is SPR.

If r = —1, then d > 0 and therefore
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Re[h(jw —€)] > d — eky (2.178)

Hence, for each € in the interval [0, min {¢*,d/k1}), Re [h(jw — €)] > 0 for all
w € (—00,00). Since

i "U9) _ p o
w—00 ]w
then
im PU2 =9 _p oy
w—0o0 Jw

and therefore, all the conditions of Definition 2.28 and Theorem 2.38 are
satisfied by h(s —e¢); hence h(s —¢) is PR, i.e., h(s) is SPR and the sufficiency
proof is complete. u

Remark 2.46. It should be noted that when r = 0, conditions 1 and 2 of
the Theorem, or 1 and Re[h(jw)] > § > 0 for all w € [—o0, 40|, are both
necessary and sufficient for h(s) to be SPR.

Notice that H(s) in (2.166) satisfies condition 3.a), but H(s) in (2.168)
does not. Let us now give a multivariable version of Theorem 2.45, whose
proof is given in [256] and is based on [226,508].

Theorem 2.47. Let H(s) € C™*™ be a proper rational transfer matriz, and
suppose that det(H(s) + HT (s)) is not identically zero. Then H(s) is SPR if
and only if

H(s) has all its poles with negative real parts

H(jw)+ HT (—jw) >0 for allw € R

and one of the following three conditions is satisfied:

-~ H(co)+ HT(0) >0

~ H(o0) + HT(00) = 0 and lim,,—,00 w?[H (jw) + HT (—jw)] > 0

— H(oo) + HT(0) > 0 (but not zero mor nonsingular)and there ezist
positive constants o and § such that

w2omin[H(jw) + HT(—jw)] >0, Vwl>4§ (2.179)

2.14.2 Necessary Conditions for H(s) to be PR (SPR)

In general, before checking all the conditions for a specific transfer function
to be PR or SPR, it is useful to check first that it satisfies a set of necessary
conditions. The following are necessary conditions for a system to be PR
(SPR)
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H(s) is (asymptotically) stable.

The Nyquist plot of H(jw) lies entirely in the (closed) right half complex
plane.

The relative degree of H(s) is either r =0 or r = +1.

H(s) is (strictly) minimum-phase, i.e. the zeros of H(s) lie in Re[s] <
0 (Rels] <0).

Remark 2.48. In view of the above necessary conditions it is clear that unsta-
ble systems or nonminimum phase systems are not positive real. Furthermore
proper transfer functions can be PR only if their relative degree is 0 or 1.
This means for instance that a double integrator, i.e. H(s) = 9—12 is not PR.
This remark will turn out to be important when dealing with passivity of
nonlinear systems. In particular for a robot manipulator we will be able to
prove passivity from the torque control input to the velocity of the generalized

coordinates but not to the position of the generalized coordinates.

2.14.3 Tests for SPRness

Stating necessary and sufficient conditions for a transfer function to be PR or
SPR is a first fundamental step. A second step consists in usable criteria which
allow one to determine if a given rational function is SPR or not. Work in this
direction may be found in [31,132,146,177,205,341,396,455,504,528,536]. We
can for instance quote a result from [455].

Theorem 2.49. [455] Consider H(s) = C(sl,,—A)"'B € C. H(s) is SPR if
and only if 1) CAB <0, 2) CA™'B <0, 3) A is stable, 4) A(I, — 25$) A has
no eigenvalue on the open negative real axis (—o00,0). Consider now H(s) =
C(sl, —A)™*B+D e C, D> 0. H(s) is SPR if and only if 1) A is stable,
2) the matriz (A — BE)A has no eigenvalue on the closed negative real azis
(—00, +00]. [

Stability means here that all the eigenvalues are in the open left-half of the
complex plane Re[s] < 0, and may be called strict stability. An interpretation
of SPRuess is that (A4, B,C, D) with D # 0 is SPR if and only if the matrix

pencil A~1 + A(A — 2£) is nonsingular for all A > 0 [455].

2.14.4 Interconnection of Positive Real Systems

One of the important properties of positive real systems is that the inverse
of a PR system is also PR. In addition the interconnection of PR systems
in parallel or in negative feedback (see Figure 2.19) inherit the PR, property.
More specifically we have the following properties (see [226]):

e H(s)is PR (SPR) & ﬁ is PR (SPR).

o If Hi(s) and Hy(s) are SPR so is H(s) = ai1Hi(s) + asHa(s) for a; >
0, ag >0, a1 + g > 0.
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o If Hi(s) and Ha(s) are SPR, so is H(s) = #@{2(5)
Remark 2.50. Note that a transfer function H(s) need not be proper to be
PR or SPR. For instance, the non-proper transfer function s is PR.

Remark 2.51. Let us recall that if (A, B, C, D) is a realization of the transfer
function H(s) € C, i.e. C(sl, — A)"'B + D = H(s), and if D # 0, then
(A—BC B _C 1

- 5 — Db ) is a realization of a system with transfer function %

(see for instance [246, p.76]).

()ul H, Yy

u
Y, H, 2

Fig. 2.19. Negative feedback interconnection of H; and Ha

2.14.5 Special Cases of Positive Real Systems

We will now introduce two additional definitions of classes of systems. Both
of them are PR systems but one of them is weaker than SPR systems and
the other is stronger. Weak SPR (WSPR) are important because they allow
the extension of the KYP Lemma presented in Chapter 3 for systems other
than PR. They are also important because they allow to relax the conditions
for stability of the negative feedback interconnection of a PR system and an
SPR system. We will actually show that the negative feedback interconnection
between a PR system and a WSPR produces an asymptotically stable system.
Both properties will be seen later.

Remark 2.52. Consider again an electric circuit composed of an inductor in
parallel with a capacitor. Such a circuit will exhibit sustained oscillatory be-
havior. If we have instead a lossy capacitor in parallel with a lossy inductor,
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it is clear that the energy stored in the system will be dissipated. However,
it is sufficient that at least one of the two is a lossy element (either a lossy
capacitor or a lossy inductor) to guarantee that the oscillatory behavior will
asymptotically converge to zero. This example motivates the notion of weakly
SPR transfer function.

Definition 2.53. (Weakly SPR) A rational function H(s) € C is weakly
SPR (WSPR) if

1. H(s) is analytic in Re[s] > 0.
2. Re[H (jw)] > 0, for all w € (—o00,0). [

In the multivariable case one replaces the second condition by H(jw) +
HT(—jw) > 0 for all w € IR. Tt is noteworthy that a transfer function may be
WSPR but not be SPR; see an example below. WSPRness may be seen as an
intermediate notion between PR and SPR. See Section 5.3 for more analysis
on WSPR systems, which shows in particular and in view of Examples 4.62
and 4.64 that WSPR is not SPR.

Definition 2.54. (Strong SPR) A rational function H(s) € C is strongly
SPR (SSPR) if

1. H(s) is analytic in Re[s] > 0.
2. Re[H(jw)] > § >0, for all w € [—00,00] and some 6 € IR. [

In the multivariable case the second condition for SSPRness becomes H (jw)+
HT(—jw) > 0 for all w € IR and H(co) + HT(00) > 0, or as H(jw) +
HT(—jw) > 81, for all w € [~o0,00]. From Theorem 2.6, it can be seen
that a SSPR transfer function is ISP. If the system has a minimal state space
realization (A, B, C, D) then H(s) + H?(—s) = C(sl, — A)"'B — BT (sI,, +
AT)71CT + D + DT so that the second condition implies D + DT > 0 =
D > 0. This may also be deduced from the fact that C(sI,, — A)"'B+ D =
S CA=1Bs™" 4+ D. The next result may be useful to characterize SSPR
functions.

Lemma 2.55. [146] A proper reational matriz H(s) € C™*™ is SSPR if and
only if its principal minors H;(s) € C* are proper rational SSPR matrices,
respectively, fori = 1,....m—1, and det(H (jw)+H?T (—jw)) > 0 for allw € IR.

The next lemma is close to Theorem 2.34.

Lemma 2.56. Let G(s) € C™*™ be a proper rational matriz satisfying
det(I, + G(s)) # 0 for Re[s] > 0. Then the proper rational matriz H(s) =
(I, + G(3)) (I, — G(s)) € €™*™ is SSPR if and only if G(s) is strictly
bounded real.
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Let us now illustrate the various definitions of PR, SPR and WSPR func-
tions on examples.

Example 2.57. Consider again an asymptotically stable first order system

1

Let us check the conditions for H(s) to be SPR.

1. H(s) has only poles in Re[s] < 0
2. H(jw) is given by

. 1 A — jw
H(jw) = N e gl (2.181)
Therefore,
Re[H (jw)] = Y to? >0 Yw € (—o0,00) (2.182)

w?2—00

o lim w?Re[H(jw)] = lim )\;Jj_i)‘wz =A>0

Therefore g%\ is SPR. However ﬁ is not SSPR because there does
not exist a & > 0 such that Re[H(jw)] > §, forall w € [—o0,00] since

w?2—oo
Ezample 2.58. Similarly it can be proved that H(s) = 1 and H(s) = 2

are PR but they are not WSPR. H(s) =1 and H(s) = zi‘gj are both SSPR.

The following is an example of a system that is WSPR but is not SPR.
Ezxample 2.59. Consider the second order system

sta+p
(s +a)(s+ )

Let us verify the conditions for H(s) to be WSPR. H(jw) is given by

H(s) = ;a, >0 (2.183)

. _ jwt+a+3
H(jw) = o Gora

sl (159

_ (wtatp)(aB—jw(atf)—w?)
(W2 +a?)(w2+5?)

Thus
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. u}2 (o3 (o3 « —w2
Re[H (jw)] = (a+B)+(a+p) (aB—w")

(W +a?)(w?+57) (2.185)
= % >0, for all w e (—o0,00)
so H(s) is weakly SPR. However H (s) is not SPR since
2
wablath) (2.186)

y
b0 (W2 + 02) (W2 + F2)

Ezample 2.60. [213] The transfer function wi;‘ﬁ is

e PRiIf0<a<3
e WSPRifO<a<3
e SPRifO0O<a<3

Let us point out that other definitions exist for positive real transfer func-
tions, like the following one:

Definition 2.61. [{/30] y-PR] Let 0 < v < 1. The transfer function H(s) €
C™*™ s said to be y-positive real if it is analytic in Rels] > 0 and satisfies

(v = DH*(s)H(s) + (> + D)(H*(s) + H(s)) + (v* = 1)I,, 20 (2.187)
for all s € Re[s] > 0. [
Then the following holds:

Proposition 2.62. [/30] If a system is y—positive real, then it is SSPR.
Conversely, if a system is SSPR, then it is y—positive real for some 0 < v < 1.

|
For single input-single output systems (m = 1) the index v can be used
to measure the maximal phase difference of transfer functions. The transfer

function H(s) € € is y—PR if and only if the Nyquist plot of H(s) is in the

1442 2y
1—~2 1—~2"

circle centered at and radius

Lemma 2.63. [/30] Let m = 1. If the system (A, B,C,D) with transfer
function H(s) = C(sI, — A)"'B + D is yv— PR, then

larg(H (s))| < arctan (13772) for all Re[s] >0 (2.188)
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Other classes of PR systems exist which may slightly differ from the above
ones; see e.g. [149,245]. In particular a system is said to be extended SPR if it
is SPR and if H(joo)+ HT (—joo) > 0. From the series expansion of a rational
transfer matrix one deduces that H(jw) = 3% CA"'B(jw)~* + D which
implies that D + DT > 0. The definition of SSPRness in [245, Definition 3]
and Definition 2.54 are not the same, as they impose that H(co)+H7T (00) > 0
only, with limy, o w?[H (jw) + HT (—jw)] > 0 if H(co) + HT(c0) is singular.
The notion of marginally SPR (MSPR) transfer functions is introduced in
[245]. MSPR functions satisfy inequality 2 of Definition 2.53, however they
are allowed to possess poles on the imaginary axis.

2.15 Applications

2.15.1 SPR and Adaptive Control

The concept of SPR transfer functions is very useful in the design of some
type of adaptive control schemes. This will be shown next for the control of
an unknown plant in a state space representation and it is due to Parks [394]
(see also [240]). Consider a linear time-invariant system in the following state
space representation

&(t) = Az(t) + Bu(t)
2.189
Lot~ exte (2159)
with state z(t) € IR", input u(t) € IR and output y(¢) € IR. Let us assume
that there exists a control input

u=—LTz+r(t) (2.190)

where 7(t) is a reference input and L € IR", such that the closed loop system
behaves as the reference model

i.(t) = (A — BLT)x,(t) + Br(t)
(2.191)
yr(t) = Cz, (1)

We also assume that the above reference model has an SPR transfer func-
tion. From the Kalman-Yakubovich-Popov Lemma, which will be presented
in detail in the next chapter, this means that there exists a matrix P > 0, a
matrix L', and a positive constant ¢ such that

A P+ PAy=—-L'L'T —cP
(2.192)
PB =oT

where
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Ay =A—-BLT

Since the system parameters are unknown, let us consider the following
adaptive control law:

w=—LTx+r(t)
) (2.193)
=—-LTzx+r(t)— LTx

where L is the estimate of L and L is the parametric error
L(t)=L(t)— L
Introducing the above control law into the system (2.189) we obtain

#(t) = (A— BLT)a(t) + B(r(t) — LT (H)z(t)) (2.194)

Define the state error £ = z — x, and the output error e = y — y,.. From
the above we obtain

9 (t) = Aai(t) — BLT (t)x(t)

(2.195)
e(t) = Cz(t)
Consider the following Lyapunov function candidate
V(z, L) =3Pz + LTP,L (2.196)
where P > 0 and Pr, > 0. Therefore
iam T ~T AT ~ ~T FT FT dL
V(@ L) = & (AP + PAx)E — 22" PBL & + 2L PL 7
Choosing the following parameter adaptation law
dL
= P la(t)e(t) = P la(t)Ci(t)
we obtain
V(#, L) =27 (AP + PAy)Z — 27 (PB — CT)LTx
Introducing (2.192) in the above we get
V(i) = -2 (L'L'T +eP)z <0 (2.197)

It follows that #,z and L are bounded. Integrating the above we get

/t i (s)(L'L'T + eP)z(s)ds < V(& (0), L (0))
0

Thus # € L. From (2.195) it follows that 2Z(-) is bounded and we conclude
that Z(-) converges to zero.
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2.15.2 Adaptive Output Feedback

In the previous section we presented an adaptive control based on the as-
sumption that there exists a state feedback control law such that the result-
ing closed-loop system is SPR. In this section we present a similar approach
but this time we only require output feedback. In the next section we will
present the conditions under which there exists an output feedback that ren-
ders the closed loop SPR. The material in this section and the next have been
presented in [219]. Consider again the system (2.189) in the MIMO (multiple-
input multiple-output) case, i.e., with state z(t) € IR", input u(t) € R™
and output y(t) € IRP. Assume that there exists a constant output feedback
control law

u(t) = —Ky(t) + r(t) (2.198)
such that the closed loop system
i(t) = Ax(t) + Br(t)
(2.199)
y(t) = Cx(t)
with

A=A—-BKC
is SPR, i.e. there exists a matrix P > 0, a matrix L', and a positive constant

¢ such that 3

A'P+PA=_L'L'T —¢cP
(2.200)
PB =CT

Since the plant parameters are unknown, consider the following adaptive con-
troller for r(t) = 0:

u(t) = —K(t)y(t)

where K (t) is the estimate of K at time ¢. The closed loop system can be
written as

i(t) = Aw(t) — B(K(t) - K)y(t)

y(t) = Cz(?)
Define

K{t)=K(t)-K

3 Similarly to in the foregoing section, this is a consequence of the Kalman-
Yakubovich-Popov Lemma for SPR systems.
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and consider the following Lyapunov function candidate
V(z,K) =27 Pz + tr (RTF_1K>

where I" > 0 is an arbitrary positive definite matrix. The time derivative of
V(-) along the system trajectories is given by

V(z,K) = 2T (ATP + PA)z — 22T PBKy + 2tr (KTrli (K))

Introducing (2.189) and (2.200) we obtain

Ve, K) =27 (ATP + PA)z — 2tr (K’ny — K’TF*I% (K’))

Choosing the parameter adaptation law

9 (&) = rytow o)

and introducing (2.192) we obtain

V(z) = —2T(L'L'T +eP)z2 <0

Therefore V(-) is a Lyapunov function and thus z(-) and K () are both
bounded. Integrating the above equation it follows that x € L. Since #(-)
is also bounded we conclude that z(¢) — 0 as ¢ — 0.

Hence the proposed adaptive control law stabilizes the system as long as
the assumption of the existence of a constant output feedback that makes the
closed-loop transfer matrix SPR is satisfied. The conditions for the existence
of such control law are established in the next section. Further work on this
topic may be found in [42] who relax the symmetry of the Markov parameter

CB.

2.15.3 Design of SPR Systems

The adaptive control scheme presented in the previous section motivates the
study of constant output feedback control designs such that the resulting
closed-loop is SPR. The positive real synthesis problem is important in its own
right and has been investigated by [179,428, 480, 505]. This problem is quite
close to the so-called passification or passivation by output feedback [153,
156,280]. Necessary and sufficient conditions have been obtained in [219] for a
linear system to become SPR under constant output feedback. Furthermore,
they show that if no constant feedback can lead to an SPR closed-loop system,
then no dynamic feedback with proper feedback transfer matrix can do it
neither. Hence, there exists an output feedback such that the closed-loop
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system is SPR if and only if there exists a constant output feedback rendering
the closed-loop system SPR.

Consider again the system (2.189) in the MIMO case, i.e., with state z(t) €
R", input u(t) € IR™ and output y(¢) € IRP and the constant output feedback
in (2.198). The closed loop is represented in Figure 2.20 where G(s) is the
transfer function of the system (2.189). The equation of the closed-loop T'(s)
of Figure 2.20 is given in (2.199).

+ u

(O G(s) y

K%

Fig. 2.20. Closed-loop system T'(s) using constant output feedback

Theorem 2.64. [41] Any strictly proper strictly minimum-phase system
(A, B,C) with the m x m transfer function G(s) = C(sl, — A)~'B and with
CB > 0 and symmetric, can be made SPR via constant output feedback. ™M

The fact that the zeroes of the system have to satisfy Re[s] < 0 is cru-
cial. Consider G(s) = (94'1)(22"1‘% There does not exist any static output
feedback v = ky + w which renders the closed-loop transfer function PR.

Indeed if w? = 2=% then Re[T'(jw)] < 0 for all k < 0. Therefore the strict
minimum phase assumption is necessary. Recall that a static state feedback
does not change the zeroes of a linear time invariant system. We now state
the following result where we assume that B and C are full rank.

Theorem 2.65 (SPR synthesis [219]). There exists a constant matriz K
such that the closed-loop transfer function matriz T'(s) in Figure 2.20 is SPR
if and only if

BTC=C"B>0
and there exists a positive definite matrix X such that

CTherm{B, XBTA}C| <0
When the above conditions hold, K is given by
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K=ctz(r-c cTzc)tcTz)ctt + 5

where Z = herm{PA} and P = C(BTC)=CT + B, XBY, and S is an arbi-
trary positive definite matriz. ]

The notation used above is herm{ X} = (X +X*), and X is defined as
XTX=0and XTX, =1,,X € R"".

In the single-input single-output case, the necessary condition BTC > 0
implies the relative degree of G(s) is one. It is noteworthy that the above two
results apply to systems with no feedthrough term, i.e. D = 0. An answer
is provided in [480, Theorem 4.1], where this time one considers a dynamic
output feedback. The system (4, B,C, D) is partitioned as B = [B; Bs],
C= {Cl ], D= (DH Du). It is assumed that (A, Bs) is stabilizable and
that (A, Cy) is detectable. The closed-loop system is said internally stable if

A+ ByDgCy BoCk
the matrix is stable (has eigenvalues with strictly
B Cy AK
negative real parts), where (Ax, Bx,Ck, D) is the dynamic feedback con-
troller.

Theorem 2.66. [/80] There exists a strictly proper (dynamic) state feedback
such that the closed-loop system is internally stable and extended SPR if and
only if there exists two matrices F and L such that

[ ] Dll + D’{‘l > 0
o The algebraic Riccati inequality

(A+ BoF)TP + P(A+ BoF) + (Cy + D1oF — BT P)T(Dy; + DI)) L.

(Cl + Do F — B{P) <0
(2.201)
has a positive definite solution Py
e The algebraic Riccati inequality

(A+ LCo)TG + G(A+ LCy) + (By + LDy — GCHT(Dyy + DT) L

(Bl + LDy — GCIT) <0
(2.202)
has a positive definite solution Gy,
o The spectral radius p(GyPy) < 1. ]

The conditions such that a system can be rendered SPR via static state
feedback are relaxed when an observer is used in the control loop. However



68 2 Positive Real Systems

this creates additional difficulty in the analysis because the closed-loop system
loses its controllability. See Section 3.4 for more information. Other works
related with the material exposed in this section, may be found in [49, 50,
177,205,330,448, 465,497,515, 516]. Despite there being no close relationship
with the material of this section, let us mention [19] where model reduction
which preserves passivity is considered. Spectral conditions for a single-input
single-output system to be SPR, are provided in [455]. The SPRness is also
used in identification of LTI systems [12]. Robust stabilisation when a PR
uncretainty is considered is studied in [180].



3

Kalman-Yakubovich-Popov Lemma

The Kalman-Yakubovich-Popov Lemma (also called the Yakubovich-Kalman-
Popov Lemma) is considered to be one of the cornerstones of Control and
Systems Theory due to its applications in absolute stability, hyperstability,
dissipativity, passivity, optimal control, adaptive control, stochastic control
and filtering. Despite its broad applications the Lemma has been motivated
by a very specific problem which is called the absolute stability Lur’e problem
[321,408]. The first results on the Kalman-Yakubovich-Popov Lemma are due
to Yakubovich [518,519]. The proof of Kalman [247] was based on factorization
of polynomials, which were very popular among electrical engineers. They later
became the starting point for new developments. Using general factorization of
matrix polynomials, Popov [407,409] obtained the Lemma in the multivariable
case. In the following years the Lemma was further extended to the infinite
dimensional case (Yakubovich [520], Brusin [87], Likhtarnikov and Yakubovich
[300]) and discrete-time case (Szegd and Kalman [483]).

The Kalman-Yakubovich-Popov Lemma (which will be shortly denoted as
the KYP Lemma) establishes an equivalence between the conditions in the
frequency domain for a system to be positive real, an input-output relationship
of the system in the time domain, and conditions on the matrices describing
the state-space representation of the system. A proof of this Lemma in the
multivariable case is also due to Anderson [11]. This result is very useful in
the stability analysis of dynamical systems and is also extensively used in
the analysis of adaptive control schemes. We will use this Lemma to prove
the Passivity Theorem which ensures the stability of a closed loop system
composed of two passive systems connected in negative feedback. Both results
are extensively used in the analysis and synthesis of dynamical systems. The
reader is referred to the survey [36] for more details on the history of the KYP
Lemma.
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3.1 The Positive Real Lemma

3.1.1 PR Transfer Functions

Let us consider a multivariable linear time-invariant system described by the
following state-space representation

&(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t) (3.1)
x(0) = xo

where z(t) € R",u(t),y(t) € IR™ with n > m. The Positive Real Lemma can
be stated as follows [8].

Lemma 3.1 (Positive Real Lemma or KYP Lemma). Let the
system in (3.1) be controllable and observable. The transfer function
H(s) = C(sl, — A)™'B + D, with A € R"",B € R"™,C ¢
R™"™ D € R™™ is PR with H(s) € R™*™, s € C, if and only
if there exists matrices P = PT > 0, P ¢ R"™", L € R"*™and
W e R™™ such that:

PA+ATP=—LLT
PB-CT = —-LW (3.2)
D+ DT =wTw

The proof will be given below.

Example 3.2. Let us point out an important fact. It is assumed in Lemma 3.1
that the representation (A, B,C, D) is minimal. Then PRness of the trans-
fer function C(sl,, — A)~'B + D is equivalent to the solvability of the set of
equations (3.2) with P = PT > 0. Consider now the following scalar exam-
ple, where (A, B,C,D) = (—«,0,0,1), with « > 0. The transfer function is
H(s) = 0 that is PR. The set of equations (3.2) takes the form <—200zp (2)) <0,
which is satisfied for any p > 0. Obviously, however, this system is neither
controllable nor observable. This example shows that the minimality assump-
tion is not necessary for the set of equations (3.2) to possess a positive definite
solution. We shall come back on this topic in Section 3.3.

The first equation above is known as the Lyapunov equation. Note that
LL" is not positive definite but necessarily semi-positive definite as long as
m < n. The third equation above can be interpreted as the factorization
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of D + DT. For the case D = 0, the above set of equations reduces to the
first two equations with W = 0. If one comes back to the frequency domain
(Definitions 2.28 and 2.29) one sees that the stability is taken care of by the
first equation in (3.2) while the other equations rather deal with the positivity.
As recalled in the introduction of this chapter, the first published version of
the KYP Lemma was by Yakubovich [518,519] in 1962, with D = 0. The set
of equations (3.2) can also be written as

~PA-ATPCT -PB] [L
c-BTp D+DT | |WT

From (3.2) it follows that BTPB — BTCT = —BTLW. So if W = 0 one
gets CB = BTPB > 0. If B is full column rank then CB > 0. Thus the
first non-zero Markov parameter of the system is C'B, which means that the
uniform relative degree of the system is equal to 7 = (1, ...,1)T € IR™. Before
presenting the proof of the KYP Lemma, let us state a number of interesting
results, which link the set of equations (3.2), the positive realness, and a new
tool that is named a dissipation equality.

] [LTW] >0 (3.3)

Corollary 3.3. Let the system in (3.1) be controllable and observable, and let
D = 0. Assume that C(sl,, — A)~'B is PR. Then

t 1t
/ " (s)y(s)ds = V(a(t) = V(o) — / 2T()ATP + PAY(s)d (3.4)

0 0
for all t > 0, with V(z) = 32T Pz, P satisfies the LMI in (5.3), and the
equality is computed along state trajectories starting at x(0) = xo and driven
by u(-) on [0,t]. [

Proof: Positive realness and minimality imply that (3.2) is satisfied. By
simple calculation of the integral f; uT (s)y(s)ds and using the KYP Lemma
conditions, premultiplying &(¢t) by P, (3.4) follows. [ ]

The same holds if D # 0, as the reader may check. We shall see in the next
chapter that V() is a storage function for the system (A, B, (), and that the
equality in (3.4) is a dissipation equality. One may rewrite it as follows, with
an obvious “physical” interpretation:

—— —— 2
energy at time ¢  initial energy

V() Vizg) 4+ /0 " ($)(ATP 1 PAyr(s)ds +

dissipated energy

+ /0 ul(s)y(s)ds

—_——
externally supplied energy
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where we recall that AT P+ PA < 0. A dynamical system which satisfies (3.5)
along its trajectories is named dissipative. Notice that the minimality of the
triple (A, B,C) is used in Corollary 3.3, which therefore shows that PRness
implies the dissipation equality (3.4). However the following is also true.

Corollary 3.4. Let the triple (A, B, C) be given, where the matrices have ap-
propriate dimensions. Suppose that the KYP Lemma set of equations (3.2) is
solvable, i.e. there exists a triple (P = PT > 0,L,W) that solves (3.2). Then
the dissipation equality (3.4) holds along the system’s trajectories. |

Proof: One has @(t) = Axz(t) + Bu(t) & Px(t) = PAxz(t) + PBu(t) =
2T (#)Pi(t) = 2T (t)PAx(t) + 2T (t)PBu(t) & 2T (t)Pi(t) — 27 (t)PAz(t) —
2T (t)PBu(t) + uT (t)y(t) = uT(t)y( ). Integrating between 0 and ¢ we de-

duce that 1a7(t)Px(t) — Lo (O)Pa:(O) — 1[4 2T (r)(PA + ATP)x(r)dr +
fg uT(1)(BTP — C)x(r)dr = fo ( Ydr. From the second equation in
(3. 2) we get that Lo (¢)Px(t )—%xT 0)—3 [7 2T (r)(PA+AT P)x(r)dr =
fo 7)dr which is (3.4). [ ]

The mterebt of Corollary 3.4 is that no minimality on (A4, B, C) is required
L. We let the reader treat the case where D # 0, using Proposition A.63.
Corollary 3.3 assumes minimality but shows a stronger result, namely that
H(s) € PR < (3.2) = (3.4). The issues linked to minimality and the KYP
Lemma are examined in Section 3.3.

One notices from (3.4) that if zyp = 0 then f; uT (s)y(s)ds > 0: this in-
equality is always true for positive real transfer functions. This is to be linked
with Definition 2.1 (the “constant” [ is shown to be equal to —V (zg)), and
to Theorem 2.2: the function V(t) in Theorem 2.2 actually is a function of
the state z and is not an explicit function of time! As the reader may have
guessed, it plays the role of a Lyapunov function for the uncontrolled system
z(t) = Ax(t).

Corollary 3.3 proves that a minimal system satisfying (3.2) satisfies (3.4).
It is also of interest to show the converse: suppose that the system (3.1) with
D = 0 satisfies (3.4) for some positive definite quadratic function V' (z). Then
does it satisfy the KYP Lemma conditions? The answer is yes. Indeed notice
first that the dissipation equality (3.4) is equivalent to its infinitesimal form

ut (t)y(t) = 2T (t)Pi(t) — %xT(t)(ATP + PA)x(t) (3.6)

since it holds for all ¢ > 0. Continuing the calculations we get
T T L r T
u' (t)Cx(t) = x" (t)P(Ax(t) + Bu(t)) — 2% (t)(A" P+ PA)x(t) (3.7)

! Let A € IR™*™ be the transition matrix. Minimality of n is equivalent to having
(A, B) controllable and (A, C) observable.
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so that uT (¢)Cx(t) = 2T (t)PBu(t). Since this equality holds for any u(-) one
must have C7 = PB. This shows that the second KYP Lemma condition
is true. Now suppose that more generally the system satisfies a dissipation
equality as

/ T (s)y(s)ds = V(a(t)) — V(wo) — % / T ()0x(s)ds  (3.8)
0 0

with @ <0 and V(z) = 327 Pz, P = PT > 0. Then the uncontrolled system
is stable in the sense of Lyapunov since V(x(t)) < V(x(0)) for all ¢ > 0. Thus
ATP + PA <0 from Lyapunov’s Theorem. Using once again the infinitesimal

version of the dissipation equality we get
1
uT(t)yt) = 2T (t)(PA+ AT P)x(t) — ixT(t)Qx(t)

This must hold for any admissible input. Rewriting this equality with u(-) =0
we obtain that necessarily PA+ATP = —Q = —LL" for some matrix L. Thus
we have proved the following.

Corollary 3.5. Let (3.8) hold along the system’s trajectories with Q@ < 0,
V(z) = 2" Pz, P = PT > 0. Then the KYP Lemma set of equations (3.2)
also hold. ]

Remark 3.6. In the case D # 0, assuming that the dissipation equality (3.8)
holds yields after time-derivation

1 1
u?(C — BT P)x +u” Du — ixT(ATP + PA)x = —ixTQx >0 (3.9)

since @ < 0. In a matrix form this leads to

—ATP - PACT - PB
(z7 uT) (i) >0 (3.10)
C—-BTP D+ DT
Using Proposition A.63, (3.2) follows.

We have seen in the proofs of Theorems 2.6 and 2.21 that Parseval’s Theo-
rem allows us to assert that if H(s) is PR then fg uT (1)y(r)dr > 0, where the
underlying assumption is that x(0) = 0, and conversely (see Corollary 2.35).
Obviously the dissipation equality implies fg’ uT (7)y(T)dT > 0 when z(0) = 0.

Therefore concatenating all these results we get the following.
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KYP Lemma matrix equality (3.2)
¥ ((4, B,C, D) minimal)
PR transfer function < f(; uT (7)y(7)dT > 0 when x(0) = 0

)

Dissipativity with quadratic storage function

These developments and results somewhat shed new light on the relation-
ships between PR, transfers, passivity, dissipation, and the KYP Lemma set
of equations. However we have not yet proved the KYP Lemma, i.e. the fact
that the frequency domain conditions for positive realness, are equivalent to
the LMI in (3.2) when (A, B,C, D) is minimal. Several proofs of the KYP
Lemma appeared in the book [8].

Proof of the KYP Lemma: The proof that is reproduced now is taken
from Anderson’s work [11].

Sufficiency: This is the easy part of the proof. Let the set of equations in
(3.2) be satisfied. Then

H(s)+ HT(5) = DT + D+ BT (51, — AT)~'CT + C(sI,, — A)~'B.
WTW + BT [(s1, — AT)"'P + P(sI,, — A)~'] B+
+BT (31, — AT L\LW + WTLT(sI, — A)~'B
=WTW + BT (s, — AT)"' [P(s +5) — PA— ATP| (sI,, - A)~'+
+BT (31, — AT)"'LW + WTLT(sI, — A)~'B
=WTW + BT (sI,, — AT)'LW + WTLT(sI,, — A)"'B+
+BT(sI,, — AT)"'LLT(sI,, — A)~'B+
+BT (51, — AT)"'P(sI, — A)"'B(s + 5)
= [WT + BT (sI,, — AT)"'L] [W + LT (sI,, — A)"'B] +

+BT (51, — AT)"1P(sI, — A)"1B(s + 35)
(3.11)
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which is nonnegative definite for all Re[s] > 0.

Necessity: Suppose that rank(H (s)+H7T (—s)) = r almost everywhere. From
the PRness it follows that there exists an r x m matrix W (s) such that

H(s)+ HT(—s) = WOT(—S)WO(S) (3.12)
and

e (i) Wp(-) has elements which are analytic in Re[s] > 0, and in Re[s] > 0
if H(s) has elements which are analytic in Re[s] > 0.
(ii) Rank(Wp(s) = r in Re[s] > 0.
(iii) Wo(s) is unique save for multiplication on the left by an arbitrary
orthogonal matrix.

This is a Youla factorization. Suppose that all poles of H(s) are in
Re[s] < 0 (the case when poles may be purely imaginary will be treated
later). Equivalently all the eigenvalues of A have negative real parts,i.e. A is
asymptotically stable. From Lemmas A.66 and A.68 (with a slight adaptation
to allow for the direct feedthrough term) it follows that there exists matrices
L and W = Wy(o0) such that Wy(s) has a minimal realization (A4, B, L, W),
with two minimal realizations for H(s) + HT (—s) = W (—s)Wy(s) being
given by

A0 B cr
(A17B17017WTW) = 5 5 ,WTW (313)
0 —AT cT -B
and
A 0 B PB+ LW
(A3vB37C37WTW) = ) ) 7WTW
0 —AT PB+ LW —-B

where P is the unique symmetric positive definite solution of PA 4+ ATP =
—LL". From Lemma A.69 there exists nonsingular matrices 7 commuting

.. |A 0 B B _ cT
with {O —AT] and such that T' [CT] = [PB—I—LW} and (T-1)T [—B] =

[PB_—FBLW} . By Corollaries A.67, A.17 and A.70 there exists 71 commuting
with A such that T\B = B, and (T} 1)TCT = PB + LW. Now since T}
commutes with A one has

[B,AB,..] = [T\B,AT\B, ..| = [T\B,T\AB,..] = T\[B, AB, ..]  (3.15)
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The matrix [B, AB,...] has rank n because of the minimality of the real-
ization. Thus T = I,, and thus PB + LW = CT. The third equation in (3.2)
follows by setting s = oo in H(s) + HT (—s) = W' (—s)Wy(s).

In a second step let us relax the restriction on the poles of H(s). In this
case H(s) = Hy(s) + Ha(s) where H;(s) has purely imaginary axis poles, and
Hj(s) has all its poles in Re[s] < 0, and both Hi(s) and Hz(s) are positive
real. Now from Lemma A.71 it follows that there exists P, = P{' > 0 such that
P A1+ AT P, = 0and PyB; = CT', where (A1, By, C1) is a minimal realization
of Hy(s). For Hz(s) we may select a minimal realization (Ag, B, Cy, D) and
using the material just proved above we may write

PyAs + ATPy = —L,I7
PyBy = CF — LyW (3.16)

WTW = Dy + DT

It can be verified that the KYP Lemma set of equations (3.2) is satified by
taklngP = P1+P2, A= A1+A2, BT = [B%1 Bg], C = [Cl CQ], LT = [O Lg]
Moreover with (Ay, By, C1) and (As, By, Ca, D2) minimal realization sof Hj (s)
and Hs(s), (A, B,C, D) is a minimal realization of H(s). Indeed the degree
of H(s) is the sum of the degrees of H1(s) and Hs(s) which have no common
poles. It just remains to verify that the equations (3.2) hence constructed are
valid under any (full rank) coordinate transformation, since they have been
established for a particular form A; + As. [ |

The KYP Lemma has been derived in the so-called behavioural framework
in [162].

3.1.2 A Digression to Optimal Control

We will deal at several places in the book with optimal control and its link
with dissipativity. Let us nevertheless point out a first relationship. Provided
D + DT is full-rank (i.e. D + DT > 0 in view of (3.2)), the matrix inequality
in (3.3) is equivalent to the following algebraic Riccati inequation:

—PA-ATP—(Cc-B"P)"(D+D")"Y(C -BTP)>0 (3.17)

Equivalence means that the LMI and the Riccati inequality possess the
same set of solutions P. The KYP Lemma says that if the transfer function
D+C(sl,—A)"'Bis PR and (A, B,C, D) is minimal, then they both possess
at least one solution P = PT > 0. Let us recall that the optimal control
problem

+oo
min J (zo, u) = /0 (T ()Qx(t) + u™ (t)Ru(t))dt (3.18)

ueU
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under the constraints (3.1) and with R > 0, @ > 0, has the solution
u*(x) = —R71BT Pz where P is a solution of the Riccati equation —PA —
ATP 4+ PBR'BTP = @ > 0. When the cost function contains cross terms
227 Su then P is the solution of the Riccati equation —PA — ATP — (S —
BTP)RY(ST —PB) = Q > 0 and the optimal control is u*(z) = —R~1(ST —
BT P)z. The Belmann function for these problems is the quadratic function
V(z) = 2T Pz and V (x¢) = mingey J (o, u). If Q@ > 0 then P > 0 and V(z)
is a Lyapunov function for the closed-loop system @(t) = Az(t) + Bu*(z(t)),
as can be checked by direct calculation of V (z(t)) along the closed-loop tra-
jectories.

Therefore the Riccati inequality in (3.17) corresponds to the Riccati in-
equation of an infinite horizon L(Q problem whose cost matrix is given by

Q or
) (3.19)
CD+D

where D 4+ DT = WTW (= R) is the weighting matrix corresponding to u
in the cost function, S = C and Q = LL” > 0. The equivalence between
(3.3) and the Riccati inequality also holds with strict inequality (> 0) in both
(3.3) and (3.17). To recapitulate, the positive realness of the controllable and
observable LTI system (3.1) is equivalent to the KYP Lemma conditions (3.2),
which are equivalent to the linear matrix inequality (3.3), which is equivalent
to the Riccati inequality (3.17), whose solution provides the optimal feedback
control that corresponds to the optimal control problem in infinite horizon
with cost matrix (3.19). All this is relying on the condition D + DT > 0. The
controllability assumption on the system (3.1) can be interpreted in the light
of the optimal control problem, in the sense that controllability implies the
existence of some u(-) such that J(zo,u) < +o0.
The proof of the equivalence between the Riccati inequality and the linear
matrix inequality follows from Theorem A.61, which is instrumental in char-
acterizing dissipative systems with Riccati and partial differential inequal-
ities. The reader may have a look at Appendix A.5 where several results
of matrix algebra are recalled. We may apply Lemma A.62 to the matrix
D+ DT C—-BTP

M = . Then rank(M) = m is equivalent
CT —-PB —PA-ATP-LL"

to the Riccati equality

PA+ATP4+LLT +(CT — PB)(D+D")"Y(C - BT"P)=0  (3.20)

which is (3.17) with = instead of >. As we shall see further in the book, a
Riccati equation for a PR system corresponds in the nonlinear case to a partial
differential inequation (Hamilton-Jacobi inequalities), whose solutions serve as
Lyapunov functions candidates. The set of solutions is convex and possesses
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two extremal solutions (which will be called the available storage and the
required supply) which satisfy the algebraic Riccati equation, i.e. (3.17) with
equality, see Section 4.4.3, Lemma 4.47 and Proposition 4.48. More details
between the KYP Lemma and optimal control will be given in Section 3.8.
The case when D + DT = 0 and D + DT > 0 will be treated in Section 4.6.
Such cases possess some importance. Indeed PR functions may not have a
realization with a full rank matrix D. Let us end this subsection by recalling
another equivalence: the system (A, B,C, D) with a minimal realization and
D + DT > 0is PR if and only if the Hamiltonian matrix

A—-B(D+ DN~ lC B(D + DT)~1BT
(3.21)
_CT(D + DT)*lC AT ¢ CT(D + DT)leT
has no pure imaginary eigenvalues. This is a way to characterize SSPR transfer
matrices. Indeed notice that

+oo
H(s)=C(sI, —A)'B+D=)» CA™'Bs'+D
=1

so that H(co) = D. The SSPRness thus implies by Definition 2.54 (2) that
D>6>0(or D+ DT >6I, >0ifm> 2). It is noteworthy that D+DT >
0 & D > 0; however D is not necessarily symmetric.

3.1.3 Duality

The linear matrix inequality (3.3) thus defines a set P of matrices P > 0.

Lemma 3.7 (duality). Let (A, B,C, D) be such that the set P is not empty.
The inverse P~1 € P~1 of any element of P is a solution of the dual problem
(AT, 0T, BT D). [ |

Remember that the adjoint system is defined as (—AT,CT, BT, D).
Proof of Lemma 3.7: Clearly if P > 0 then P! > 0. From the following

matrix relation

—ApP~1_ p1AT pB_ p-icT

BT —cp? R
(3.22)
—-pP1o —ATp—-pPA CcT-PB] [-P 10
0 I,| |Cc-BTP R 0 I,

one sees that P~! € P if P € P, because the two matrices
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—AP~t — p7tAT B-piCT

BT —cp~! R

and
—ATp—_pPA CT-PB

C-BTP R

are simultaneously negative definite. The set P is the set that solves the KYP
Lemma linear matrix inequality for the dual system.
|

3.1.4 Positive Real Lemma for SPR Systems

Consider the set of equations in (3.2) and Definition 2.42 of a SPR transfer
function. Assume that a realization of the input-output system is given by the
quadruple (A4, B,C, D), i.e. C(sl, — A)"'B+ D = H(s), and (4, B,C, D) is
minimal. Then H(s — €) = C(sl, — eI, — A)"'B + D, and a realization of
H(s—e¢) is given by (A+e€l,, B,C, D). Saying that H(s—¢) is PR is therefore
equivalent to stating that (A + el,,, B, C, D) satisfies the KYP Lemma set of
equations (3.2), provided (A+el,, B, C, D) is minimal. Therefore (A, B, C, D)
is SPR if and only if (A + el,,)TP + P(A +¢l,,) = —LLT and the last two
equations in (3.2) hold, with P = PT > 0. The first equation can be rewritten
as ATP+ PA = —LLT —2eP. As is well known, this implies that the matrix
A is Hurwitz, i.e. all its eigenvalues have negative real parts. Indeed consider
the Lyapunov function V(z) = 2T Pz. Then along trajectories of the system
i(t) = Ax(t) one obtains V(z(t)) = 2T (t)(=LLT — 2eP)x(t) < —2eV (x(t)).
Consequently the system is exponentially stable. This in particular shows
that SPR transfer functions have poles with negative real parts, and confirms
Theorem 2.45.

The Lefschetz-Kalman-Yakubovich Lemma

We now present the Lefschetz-Kalman-Yakubovich (LKY) Lemma which gives
necessary and sufficient conditions for a system in state space representation
to be SPR.

Lemma 3.8 (Multivariable LKY Lemma). [485] Consider the system in
(3.1), with m > 2. Assume that the rational transfer matriz H(s) = C(sI —
A)T' B+ D has poles which lie in Re[s] < —y where v > 0 and (A, B,C, D) is
a minimal realization of H(s). Then H(s — p) for p > 0is PR if and only if
a matriz P = PT >0, and matrices L and W exist such that
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PA+ATP=—-LLT —2uP
PB-CT =—-LW (3.23)
D+ DT =wTw.

The conditions in (3.23) are more stringent than those in (3.3). Notice
that the first line in (3.23) can be rewritten as

P(ul, + A) + (AT + uI,)P = —LLT (3.24)

which allows one to recover (3.3) with A changed to ul, + A. The transfer
function of the triple (u1,, + A, B, C) precisely is H(s— ). Thus (3.23) exactly
states that (ul, + A, B,C) is PR and satisfies (3.3).

It is assumed in Lemma 3.8 that the system is multivariable, i.e. m > 2.
The LKY Lemma for monovariable systems (m = 1) is as follows.

Lemma 3.9 (Monovariable LKY Lemma). [485] Consider the system in
(3.1), with m = 1. Suppose that A is such that det(sl, — A) has only zeroes
in the open left-half plane. Suppose (A, B) is controllable, and let u > 0,
L = LT > 0 be given. Then a real vector q and a real matriz P = PT > 0
satisfying

PA+ ATP = —qq" — uL (3.25)
PB—CT = \2Dq '
exist if and only if H(s) is SPR and p is sufficiently small.
]

Lemma 3.8 is not an extension of Lemma 3.9 because the matrix L = LT >
0 is arbitrary in Lemma 3.9. We now state a result that concerns Definition
2.61.

Lemma 3.10. [{30] Assume that the triple (A, B, C) is controllable and ob-
servable. The system whose realization is (A, B, C, D) is y—positive real if and
only if there exist matrices L and W such that

PA+ATP = —(1-~2)CTC - LTL
PB=(1+~*)CT = (1-4%)CTD — LW (3.26)

WIW = (% = DI, + (72 = 1)DTD + (4% + 1)(D + D7)
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Time Domain Conditions for Strict Positive Realness

The next result is due to J.T. Wen [508] who established different relationships
between conditions in the frequency domain and the time domain for SPR
systems.

Lemma 3.11 (KYP Lemma for SPR Systems). Consider the LTI, min-
imal (controllable and observable) system (3.1) whose transfer matriz is given
by

H(s)=D+C(sl, — A)™'B (3.27)
where the minimum singular value oy (B) > 0. Assume that the system is
exponentially stable. Consider the following statements:

1. 1) There exist P > 0, P, L € R™", pmm(L) 2 ¢ > 0, Q € R™",
W e R™*™ that satisfy the Lur’e equations

ATP4+ PA=-QTQ-L (3.28)
BTP-Cc=wTQ (3.29)
WTW =D + DT (3.30)

1’) Same as 1) except L is related to P by

L =2uP (3.31)

for some p > 0.
2) There exists 7 > 0 such that for all w € IR

H(juw) + H*(je) = nln (3.32)
3) Forallw e R
H(jw)+ H*(jw) >0 (3.33)
4) For allw € R
H(jw)+ H*(jw) >0 (3.34)
and
lim w? (H(jw) + H*(jw)) > 0 (3.35)

5) The system can be realized as the driving point impedance of a multi-
port dissipative network.

6) The Lur’e equations with L = 0 are satisfied by the internal parameter
set (A + upl,, B, C, D) corresponding to T' (jw — ) for some p > 0.
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7) For all w € IR, there exists p > 0 such that

H(jw—p) + H"(jw—p) 20 (3.36)

8) There exists a positive constant p and a constant & (zo) € IR, £ (0) =0,
such that for all £ > 0

/ uT (s)y(s)ds > € (o) + p / lu(s)|P? ds (3.37)
0 0

9) There exists a positive constant vy and a constant & (x¢), £ (0) = 0, such
that for all ¢t > 0

/0 i (s)y(s)ds > € (x0) (3.38)

10) There exists a positive constant « such that the following kernel is
positive in Lo (R4; R™*™):

K (t—s)=Dj(t—s)+ CeAToNE=IB (1 — ) (3.39)
where § and I denote the Dirac measure and the step function, respec-

tively.
11) The following kernel is coercive in Lo ([0, T ;Bmxm), for all T":

K (t—s)=Dj(t—s)+Cert"*BI(t — s) (3.40)

These statements are related as follows:

— (2) & (8) < (11)
=
(if D > 0)
3
(1) = [1)= )= (5) < (6) = (7) = (9) < (10)
_—
(if D =0)
I
(3)
Proof:
(2) = (1)

Consider the optimization problem of finding u € L9 ((—00,00) ; IR™) to min-
imize

Jj = /_OO {2 (jw) FTZ(jw) + 20" (jw)§(jw) } dw
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where the superscript * denotes complex conjugate transposition and Z, ¥ and
u are the Fourier transforms of the x, x and u, respectively. By writing Z, in
terms of the initial condition and the input, the optimization index can be
expanded as
I = [ A= ((Gwln — A) " wo + (jwly — A) 7' Bu(jw))* FTF((jwl, — A) ™o

+(jwl, — A)~tBu(jw) + @ (jw)[(C(jwln — A)"'B + D)*
+(C(jwl, — A)™'B + D)Ji(jw)
+2U* (jw)C (jwl, — A)"Lagtdw
Consider the problem as an Lo —optimization. Then
Jr = (Ru,u) + (r,u) + k,

where the inner products are in the Lo sense. A unique solutions exists if R
is a coercive L(L3) (the space of bounded operators in £5) operator. Now,

R = H*(jw) + H(jw) — BT (—jwl, — AT)'FTF(jwl, — A)"'B
By condition (2), if

n>||F(jwl, — A) 7 B[}

then the operator R is coercive. By Plancherel’s Theorem, J; can be trans-
formed back to the time domain as

J = /OO [—x()" FTFa(t) + 2u” (t)y(t)] dt

Since a unique solution of the optimal control problem exists, the necessary
conditions from the maximum principle must be satisfied. The Hamiltonian
is given by

H(z,u) = 2" FTFz + 2u™ (Cx + Du) + AT (Az + Bu)
where ) is the costate or the Lagrange multiplier. The feedforward D in u” Du
can be regarded as the symmetrized D. Since condition (2) implies D > 0,
there exists W > 0 such that D+ D7 = WTW. The optimal u is obtained by
minimizing H:

|
u=—gWW=T(2Cz + BT)).

The costate equation is governed by
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A=2FTFz —20Tu— AT\
It can be shown [88] that A depends linearly on z. Let A = —2Px. Then

(PA+A"P+ FTF)z = (C—B"P)"u

=—(C-B™P)Y"W'wT(C-B"P)x
Since the equality holds for all z, we have

PA+ATP = —FTF —QTQ
(3.41)
C=BTP-WTQ

The first equation implies P > 0. By identifying L with F7F and choosing
FTF >0 and

Ur2nin(F) < B U 1 2
[Gwl = A)~'B|l3e

condition (1) is proved.
(1) =(2)
(When D > 0)
Given the Lur’e equations, compute the Hermitian part of the transfer func-
tion as follows :

H(jw) + H*(jw) = D+ DT + C(jwIl — A)"'B + BT (—jwl,, — AT)~1CT
=WTwW + (BT'P - W*Q) (jwl, — A)~'B

+BT (—jwl, — AT)™* (PB — QTW)

=WTW + BT (—jwl, — AT)"Y(—jwl, — AT)~ 1P

+P(jwl, — A)|(jwl, — A)~'B

~WTQ(jwl, — A)~'B — BT (—jwl — AT)~1QTW

=WTW + BT (—jwl,, — AT)"1(QTQ + L) (jwl, — A)~'B)
~WTQ(jwl, — A)~'B — BT (—jwI,, — AT)~1Q™W

= (WT - BT (—jwI, — AT)7'QT) (W — Q(jwl, — A)~'B)

+BT(—jwl, — AT 'L(jwl, — A)™'B>0

Assume condition (2) is false. Then there exist {un}, ||[un] =1, and {wy}
such that

S|

0 < ((H (jwn) + H* (jwn)) tn, un) <

As n — oo, if w, — oo, then

<(H (an) +H* (]wn))unvun> - <Dun7un> > Umin (D) >0
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which is a contradiction since the left-hand side converges to zero. Hence, u,,
and w, are both bounded sequences and therefore contain convergent subse-
quences Uy, and wy, . Let the limits be u, and w,. Then

((H (jwn) + H* (jwn)) un, upn) = 0.
This implies

Wu, — Q (jwolpn — A)f1 Bu, =0

LY2 (jwol, — A) "' Buy =0

Since L > 0, the second equality implies

(jwol, — A) "' Buy =0

Substituting back to the first equality yields Wu, = 0. The positive defi-
niteness of W (by assumption D > 0) implies contradiction. Hence, condition
(2) is satisfied.

(2) = (8)

Since (2) = (1), the Lur’e equation holds. Let
L r
Viz) = 2% Px
Then

V(x(t)) = z(t)PAz(t) + x(t)T PBu(t)
—%xT (#)La(t) — % Q2| + uT (1)Cix (1) + uT (YW T Qux(t)

_ —%xT(t)Lx(t) - % 1Q()?|| — w” (£)Du(t) + u" (W Qu(t) +
+ul (t)y(t)
= SO + T O(e) — & 1Qe(t) — Wu(h)

— @I + " @)

IN

IN

By integrating both sides [421] for all ¢ > 0 we get

/0 T (s)y(s)ds = —V (x0) (3.42)

Since (3.32) remains valid if D is replaced by D — ¢ for € sufficiently small,
(3.42) holds with y replaced by

y1=Cx+ (D —e)u
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Then (3.42) becomes

tUTS S)as € tUSQS— X
/0 ()y()dz/onmnd V(o)

Identifying —V (x,) with £(z,) and e with p in (3.37), condition (8) follows.
8) = (2)
Let ¢t — oo in (3.37), then

o0

[ s = ) +p [ futo)|
0 0

In particular, for z, = 0,

t'U,TS S S = u 2
/0 (s)y(s)d zp/o ()| dt

By Plancherel’s Theorem,

[ wmntadozp [ la)? a,

— 00 — 00

for all w € Lo. Suppose that for each n > 0, there exists w € C and w, € IR
such that
* . 2
w™H (jw)w > 7 ||w]
By the continuity of w*H (jw)w in w, there exists an interval {2 around w,
of length r such that
. 2
w H (jw)w > 7 |wl|
for all w € §2. Let

oy Jw ifwef?
ijw) = {0 otherwise

Clearly, @ € Ly. Then

/ i ()i ) = / T ()T (w)iliw)dw < ryll]?,

— 00 — 00

and

o ~ 2 2
b / w2 dw = rp o] 2.

—0o0
If n < p, this is a contradiction. Hence, there exists an interval n > 0 such

that (3.32) holds.
(8) = (11)
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Condition (11) follows directly from condition (8).

(1) — (%)
The implication is obvious if z, = 0. In the proof of (8) = (2), =, is taken
to be zero. Therefore, for z = 0 (11) = (8) = (2). It has already been
shown that (2) = (8). Hence, (11) = (2) = (8).

(1) = (1)

By definition.

(if D = 0)

If D =0, then W = 0. Rewrite (3.28) as

ATP+PA=-QTQ—L+2uP —2uP

For p small enough,

QTQ+L—2uP>0

Hence, there exists Q1 such that

ATP + PA=—-QTQ, — 2uP

Since (3.29) is independent of 1 when D = 0, (1) is proved.

(1) = (6)

By straightforward manipulation

(6) = (7)

Same as in (1) = (2) except L is replaced 2uP.

(7) = (6)

Positive Real (or KYP) Lemma

(4) = (7)

For p1 > 0 sufficiently small, A— pul,, remains strictly stable. Now, by direct
substitution

H(jw—p) + H*(jw — p) = D+ DT + C(jwl,, — A — pul,) ' B+
+ BT (—jwl, — AT — puI,,)~tCOT
= H(juw) + H* (ju)
+u [C(jwl, — A) 7 (jwl, — A— pl,) ' B+
+BT (—jwl, — AT — pl,) " (—jwl, — AT)71CT]
(3.43)
Therefore for any w € C™,

2w*H (jw — p)w > 2w*H (jw)w—

. . 3.44
o [CIBI |Gl — A | Geoln — A= pr)~Y|of? G4

Since

[(Gwln = A)zl| = |(jw] = [[A[]) [l
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it follows [375]

1
jwl, — A < ———
Gt =70 < o=

Then

2
2p [ICI B [lwll
ol = A el = 1A = ]|

2w H (jw — p)w > 2w* H (jw)w —

By (3.34), for allw € £2, 2 is compact in R, there exists k > 0, k dependent
on (2, such that

2w* H (jw)w > k ||lwl||? (3.45)
By (2.7b), for all w sufficiently large, there exists g > 0 such that
* . g 2
2w H (jwyw > 2 o (3.46)

Hence, there exists wy € R large enough so that (3.45) and (3.46) hold
with some g and &k dependent on w;. Then, for |w| < wy,

2
2p ||CI B [|w]l
ol = A ] = 1A = pIn]l

2(|C]IIBIl|wl?
> kwl|* = g sup
jwi<wn [0l = A llw = 1A = L]l

2w H (jw — p)w > k||w|)® — (3.47)

and for |w| > wy,

2 ||CJ| 1B [Jw]®
[ (3.48)
ol = 1Al flwl = l[A = pa ]|

[ 2]l IB] )
> | 9—n{ sup
w? wiman [ = AN [lw] = [A = w1

The terms in curly brackets in (3.47) and (3.48) are finite. Hence, there
exists p small enough such that (3.47) and (3.48) are both non-negative,
proving condition (7).

(7) = (4)

From (7) = (6), the minimal realization (A, B, C, D) associated T'(jw)
satisfies the Lur’e equation with L = 2uP. Following the same derivation as
in (1) = (2), for all w € C™, we have

2w H (jw — p)w >
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w (H(joo — )+ H*(joo — p))w =

=w* (W + BT (—jwl, — AT)71QT)(W + Q(—jwI, — AT)"'B)w
+2pw* BT (—jwl, — AT) 1 P(—jwl, — A7) Bw (3.49)
> 2uw* BT (—jwl, — AT) "1 P(—jwl, — AT)"'Bw

2 B ol

Since P is positive definite and, by assumption, oyin(B) > 0, T(jw) is
positive for all w € IR.

It remains to show (3.35). Multiply both side of the inequality above by
w?, then

w22/J/Jmin (P) Jr211in (B)

w2w* (H (jw) + H* (jw))w
(H(jw) + H*(jw))w > o] — 1Al

2
[[]

As w? — o0, the lower bound converges to w22 pimin(P)o?; (B) which is
positive.

(7) = (5)

If (3.36) is satisfied, H(jw — u) corresponds to the driving point impedance
of a miltiport passive network [8]. Hence, H(jw) corresponds to the impedance
of the same network, with all C' replaced by C' in parallel with resistor of
conductance pC' and L replaced by L in series with a resistor of resistance
L. Since all C, L elements are now lossy, or dissipative, H(jw) is the driving
point impedance of a dissipative network.

(7) = (5)

Reversing the above argument, if H(jw) is the driving point impedance
of a dissipative network, all L and C elements a lossy. Hence, by removing
sufficiently small series resistance in L and parallel conductance in C, the
network will remain passive. Hence, again by [8], condition (7) is satisfied.

(6) = (9)
Let
1 p
V(t,z(t)) = 567 x* Pz
Then
V(t,a(t) =
- %e%T (t)Px(t) + %eV‘xT (t)(PA+ ATP)a(t) + " 27 (t) PBu(t)
S Vi) - 5%@ — " Qu(t) = Wu®)|* + ¢ u” (Dy()

B x PRy
< (5777~ 1) Vital) + a0

Choose 0 < v < €/2||P||. Then by comparison principle, for all T' > 0,
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t
/ e uT (s)y(s)ds > —al Pz,
0

(9) = (6)

Define
ur(t) = e’ u(t)
(1) = e y(t) (3.50)
1(t) = e a(t)

where v > 0 is as given in (3.38). then

{tl(t) = (A + % . I) xl(t) + B’U,l(t)
(3.51)
Y1 (t) = C’a:l(t) + Dul(t)

The corresponding transfer function is

-1
Hi(jw)=D+C (ijn _A- %In) B

= H (- 3)

By setting ¢t = oo and z, = 0 in (3.38),

/ uT () (s)ds > 0
0

By Plancherel’s Theorem,
| ) @) + 15 Geintie) 2 0

— 0o

Since this holds true for all 4; (jw) € Lo

Hy(jw) + Hy (jw) = 0
Equivalently
. v o f 2
— )= — ) >
H (jw 2) H (]w ) >0
proving (7)

(9) = (10)

Use the transformation in (3.50), then condition (10) follows directly from

condition (9) with o = ~/2.

(10) = (9)
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If x, = 0, (10) = (9) is obvious. Since in the proof of (9) = (6), only the
z, = 0 case is considered, it follows, for the z, = 0 case, (10) = (9) = (6).
It has already been shown that (6) = (9). Hence, (10) = (6) = (9).

(2) = (4) = (3)

The implications are obvious. [ |

Remark 3.12. Stating H(jw) + H*(jw) > I, for all w € IR = (—o00,+00),
is equivalent to stating H(jw) + H*(jw) > 0 for all w € R U {—o00, +o0} =
[—00, +00]. This is different from H(jw) + H*(jw) > 0 for all w € IR because
such a condition does not imply the existence of a 6 > 0 such that H(jw) +
H*(jw) > 01, for all w € IR.

Ezample 3.13. 1f H(s) = {5, then H(jw) + H*(jw) = 1+w2, so H(s) is not
SPR despite Re[H (c0)] = 2. But H(0) + H*(0) = 0. If H(s) = 2, then
H(jw) + H*(jw) = 4t > ] for all w € [—00, +00].

This tranfer function
is SSPR. If H(s) = 8+1’ then H(jw) + H*(jw) = 1+2w2 > 0 for all w €
(—00, +00). Moreover lim,,_, 4 o 72 1+7 > 0, so H(s) is SPR.

1+w2

Further works on the characterization of PR or SPR transfer functions can
be found in [10,49,50,132,177,205, 339, 340, 396,448, 455,479,504, 530].

3.1.5 Descriptor Variable Systems

The KYP Lemma can be extended to a class of linear systems larger than
(3.1). Let us consider the following class of linear time invariant systems

Ex(t) = Az(t) + Bu(t)
y(t) = Cx(t) + Du(t) (3.52)

z(07) ==

with A, E € R"™", B,C € R"™, and D € IR™*™. When the matrix F is
singular (i.e., its rank is < m) then the system in (3.52) is called singular or
descriptor system. Throughout this section we shall assume that rank(E) < n
since otherwise we are back to the classical regular case. Descriptor systems
arise in various fields of applications, like for instance constrained mechanical
systems, or electrical circuits, since Kirschoff’s laws directly yield algebraic
equality constraints on the state. The next assumption will be supposed to
hold throughout the whole of this section.

Assumption 1 The pair (E, A) is regular, i.e. det(sE — A) is not identically
zero, s € C.

Let us recall some facts about (3.52). If the pair (E, A) is regular, then
there exists two square invertible matrices U and V such that the system can
be transformed into its Weierstrass canonical form
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Ei(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Dult) (3.53)
z(07) =9
_ Al 0 B Iq 0 B Bl
with A = UAV = ,E=UEV = ,B=UB = ,
0 I, 0N B,

C =0V = (C; C3). The (n—q)x (n—q) matrix N is nilpotent, i.e. N' = 0 for
some integer [ > 1. Generally speaking, solutions of (3.52) are not functions
of time but distributions (i.e. the general solutions may contain Dirac and
derivatives of Dirac measures). The system is called impulse free if N = 0. To

better visualize this, let us notice that the transformed system can be written
as [106]

T (t) = A1 (t) + Blu(t)

(3.54)
NfCQ (t) = X2 (t) + Bgu(t)
and the solution of (3.52) is = 1 + z2. One has
x1(t) = exp(tA1)zs(0) + exp(tAr) x Byu(t)
(3.55)

a(t) = — 3021 68T N (07) — Y2120 N Bould)(#)

When N = 0 the variable z3(-) is just equal to —Bsu(t) at all times.
Otherwise an initial state jump may occur, and this is the reason why we
wrote the left-limit 2(07) in (3.52). The exponential modes of the regular pair
(E, A) are the finite eigenvalues of sE — A, s € C, such that det(sE — A) = 0.

Definition 3.14. The descriptor system (3.52) is said to be admissible if the
pair (E, A) is regular, impulse-free and has no unstable exponential modes.

Proposition 3.15. [348] The descriptor system (3.52) is admissible and
SSPR (Strongly SPR) if and only if there exists matrices P € IR™*"™ and
W e R™™ satisfying

ETP=PTE>0, ETW =0

ATP 4+ PTA ATW + PTB — CT (3.56)
<0
(ATW + PTB-CTT WTB+ BT™W — D — DT
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When E = I,, then W = 0, P = PT and we are back to the classical KYP
Lemma conditions. In the next theorem PRness is understood as in Definition
2.29.

Theorem 3.16. [157] If the LMI
ETP = PTE >0

ATp4+pPTA PTB—CT (3.57)
<0

(PTB—-CT)T —D - D7

has a solution P € IR"™™", then the transfer matriz H(s) is PR. Conversely,
let H(s) =>"___ M;s' be the expansion of H(s) about s = co, and assume

that D+DT > Mo+MZ. Let also the realization of H(s) in (3.52) be minimal.
Then if H(s) is PR there exists a solution P € IR"™" to the LMI in (3.57).

|

Minimality means that the dimension n of E and A is as small as possible.

The main difference between Proposition 3.15 and Theorem 3.16 is that it

is not supposed that the system is impulsive-free in the latter. When the

system is impulse-free, one gets My = H(co) = D — C3Bsg, and the condition
D + DT > My + M is not satisfied unless Cy By + (C2B2)T > 0.

Proof: Let us prove the sufficient part of Theorem 3.16. Let s with Re[s] > 0
be any point such that s is not a pole of H(s). The matrix sE— A is nonsingular

for such a s. From Proposition A.63 it follows that we can write equivalently
the LMI in (3.57) as

ATP 4+ PTA=—LLT
PTB—C=—LW

(3.58)
D+DT >wTw

ETP=PTE >0

for some matrices L and W. From the first and last equations of (3.58) it
follows that

(sE— A)*P+ PT(sE — A) = —ATP — PTA+ 5ETP + sPTE
= LLT + Re[s|(e” P + PTE)—
(3.59)
— jIm[s](ETP — PTE)

— LL” + 2Re[s|ETP
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Notice that (sE — A)F(s) = B where F(s) = (sE — A)~"'B. Thus since
H(s) = C(sE — A)~'B + D and the second relation in (3.58) one has

H(s) =D+ CTF(s)
=D+ WTLTF(s) + BT PF(s) (3.60)

=D+ WTLTF(s) + F*(s)(sE — A)*PF(s)
Using now (3.60) and (3.59) and the third relation in (3.58) we obtain

H(s)+ H*(s) =D+ DT + WILTF(s) + F*LW+
+F*(s)[(sE — A)*P + PT(sE — A)]
>WTW + WTLTF(s) + F*(s) LW+
+ F*(s)(LLT + 2Re[s]ET P)F(s)

= (W + LTF(s))*(W + LTF(s)) + 2Re[s|F*(s)(ET P)F(s)
(3.61)
Since (W + LTF(s))*(W + LT F(s) > 0 and since Re[s] > 0 and ETP > 0,
we have Re[s]F*(s)(ET P)F(s) > 0. Thus from (3.61) we obtain

H(s)+H*(s) >0 (3.62)

Recall here that s has been assumed to be any complex with Re[s] > 0
and such that it is not a pole of H(s). Now suppose H(s) has a pole sg with
Re[sp] > 0. Then there exists a pointed neighborhood of sq that is free of any
pole of H(s) and thus H(s) satisfies (3.62) in this domain. However this is
impossible if sy were a pole of H(s). Therefore H(s) does not have any pole
in Re[s] > 0, and (3.62) is true for any s € C with Re[s] > 0. Thus H(s) is
PR.

|

In the proof we used the fact that the pair (E, A) is regular (see Assump-
tion 1) which equivalently means that the matrix sE' — A is singular for only
finitely many s € C.

Ezample 3.17. [541] Consider

100 ~100 1
E=|010|, A=]|0 —20|, B=|1
000 0 01 b (3.63)

C=[111], D=1
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where b is a constant. The pair (E, A) is regular, impulse-free and stable. One

° 1 1 1
— + b+ - 3.64
s+1 ( )

Hs) = st2 T3

and from

4
Tl Wt
it follows that H(s) is SSPR when b = 0 and is not SSPR when b = 1.

H(jw)+ H(—jw) —-2b+1 (3.65)

Another example is treated in Example 4.63. Further results on positive
realness of descriptor systems and applications to control synthesis, can be
found in [157,260, 348, 541]. The discrete-time case is analyzed in [287,517].

3.2 Weakly SPR Systems and the KYP Lemma

A dissipative network is composed of resistors, lossy inductors and lossy capac-
itors (see Example 3.90 for the case of nonsmooth circuits with ideal diodes).
Consider the circuit depicted in Figure 3.1 of an ideal capacitor in parallel
with a lossy inductor. Even though this circuit is not only composed of dis-
sipative elements, the energy stored in the network always decreases. This
suggests that the concept of SPR may be unnecessarily restrictive for some
control applications. This motivates the study of weakly SPR systems and its
relationship with the Kalman-Yakubovich-Popov Lemma. The transfer func-
tion of the depicted circuit is %. It can be checked from Theorem
2.45 that this is not SPR, since r = 1 and lim,, . 4 oo w?Re[H (jw)] = 0. Lozano
and Joshi [310] proposed the following Lemma which establishes equivalent
conditions in the frequency and time domain for a system to be weakly SPR
(WSPR).

Lemma 3.18. [310] [Weakly SPR] Consider the minimal (controllable and
observable) LTI system (3.1) whose transfer function is given by

H(s)=D+C(sl, — A)™'B (3.66)

Assume that the system is exponentially stable and minimum-phase. Under
such conditions the following statements are equivalent:

1.3 P>0,Pc RV, WecR™™, LecR"™

PA+ATP =—-LL"

PB-CT =_LW (3.67)

D+D"  =w'w
and such that the quadruplet (A4, B, L, W) is a minimal realization whose
transfer function: H(s) = W + LT (sI,, — A)~'B has no zeros in the jw
axis (i.e. rank H(jw) =m, V w < o).



96 3 Kalman-Yakubovich-Popov Lemma

T

Fig. 3.1. An ideal capacitor in parallel with a lossy inductor.

2. H(jw)+ H*(jw) >0, V w e R.
3. The following input-output relationship holds

/Ot u'(s)y(s)ds + 3 > /Ot g7 (8)g(s)ds, ,¥t >0
with 8 = 2(0)T Pz(0), P > 0 and 3(s) = H(s)u(s).
Proof: (1) = (2)
Using (3.66) and (3.67) we obtain
H(jw) + H*(jw)
=D+ DT + C(jwl, — A)~'B + BT (—jwI, — AT)~1CT
=WTW + (BTP+WTLT)(jwl, — A)~'B
+BT (—jwl, — AT)"Y(PB + LW)
= WTW + BT (—jwl, — AT)"Y(—jwl, — AT)P
+P(jwl, — Al(jwl, — A)"' B+ WL (jwl, — A)"'B

+ BT (—jwI, — AT)"'LW

and so
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H(jw) + H* (jw)
= WTW + BT (—jwl, — AT)"'LLT (jwl, — A)~'B
+WTLT(jwI, — A~ B+ BT (—jwl, — AT)"' LW
= (W + LT (—jwI, — A)'BYT(W + LT (jwl, — A)~'B)
It then follows
H(jw) + H*(jw) = H (jw)H (jw) > 0 (3.68)

Since H (s) has no zeros on the jw-axis, H (jw) has full rank and, therefore,
the right-hand-side of (3.68) is strictly positive.

(2) = (1)
In view of statement 2, there exists an asymptotically stable transfer func-
tion H(s) such that (see [406] or [145])

H(jw) + H*(jw) = H (jw)H(jw) >0 (3.69)
Without loss of generality let us assume that
H(s) =W+ J(sI, — F)"'G (3.70)

with (F, J) observable and the eigenvalues of I satisfying A\;(F) <01 <i < n.
Therefore, there exists P > 0 (see [272]) such that

PF+FT'p=—jJ" (3.71)
Using (3.70) and (3.71) we have

' (—j)H(jw) = [W + J(—gwl, — F)"'G|T

<[W + J(jwl, — F)~'G]

(3.72)
=WTWw + WTJ(ijn — F)*lG
+GT (—jwl, — FT)"'JTW + X
where
X = GT(—ijn — FT)*lJTJ(ijn — F)*lG
= —G"(—jwl, — FT)7'[P(F — jwl,)
(3.73)

+(FT + jwl,)P)(jwl, — F)~'G

= GT(—jwl, — FT)"'PG + GTP(jwl, — F)~1G
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Introducing (3.73) into (3.72) and using (3.69):

T (—jw)H(jw) = WIW + (WTJ + GTP)(jwl, — F)~'G
+GT (—jwl, — FOY"Y(JTW 4 PG)
— H(jw) + HT (—jw) (3.74)
= D+ DT + C(jwl, — A)~'B
+BT (—jwl, — AT)~1CT

From (3.74) it follows that WTW = D + DT Since the eigenvalues of A
and F satisfy A\;(A4) < 0 and \;(F') < 0, then

C(jwl, — A)™'B=WTJ+GTP)(jwl, — F)'G (3.75)

Therefore the various matrices above can be related through a state space
transformation, i.e.

TAT-'=F
TB=G i (3.76)
CT='=WTJ+GTP

Defining P = TTPT and LT = JT and using ( 3.71) and ( 3.76)
—LL" = -TTJTJT
=TT(PF+FTP)T
=T"PTT'FT+T"F'T-"T"PT
=PA+ATP
which is the first equation of (3.67). From (3.76) we get
C=wTJT +G"PT
= WTLT + GTT-TTTPT (3.77)
=WTLT + BTP
which is the second equation of (3.67). H(s) was defined by the quadruplet
(F,G,J,W) in (3.70) which is equivalent, through a state-space transforma-

tion, to the quadruplet (T=YFT, T~'G, JT, W). In view of (3.76) and since
LT = JT, H(s) can also be represented by the quadruplet (A, B, LT, W) i.e.
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H(s) =W + LT (sI,, — A)~!

(3.78)

We finally note from (3.69) that H(jw) has no zeros on the jw-axis.

(1) =@3)

Consider the following positive definite function: V(z) = 227 Pz. Then

using (3.67) we obtain
Viz) = 12T (PA+ ATP)z + 2" PBu
= —%xTLLTa: +uTBT Pz

—1aTLL 2z + T (C — WTLT)z

=—12TLLT2 + uTy — 20T (D + DT)u —uTWT LTz
= 1 2T LL Tz +uTy — 1 uWITWITWu —u™WTLT x

=uly— 3 (LTz+ Wu)T (LTz + Wu)
=uly— 377y

where ¥ is given by
) + Bu(t)

t) + Wu(t)

Therefore, in view of (3.6
g(s) = H(s)u(s),

with H(s) = W + LT (sI,, — A)~1B. Integrating (3.79) gives

t t

[ eweas 525 [ @
0 0

with 3 = V (x(0)).
(3)=(2)

Without loss of generality, consider an input w such that fg U
+o00, V t > 0. Dividing (3.82) by fg u”T (s)u(s)ds, we obtain

fguT()()ds—f—V fo (s)(s)ds
fo uT(s)u(s)ds B fo uT( s)u(s)ds

(3.79)

(3.80)

(3.81)

(3.82)

T(s)u(s)ds <

(3.83)
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This inequality should also hold for ¢ = co and z(0) =0, i.e.

o uT(e)y(s)ds _ Jy~ g7 (s)(s)ds

JoSuT (s)u(s)ds — [° uT(s)u(s)ds

(3.84)

Since H(s) and H(s) are asymptotically stable, u € Lo = 3,7 € L2 and
we can use Plancherel’s Theorem [421], see also Sections 4.1, 4.2 and 4.3 for
L, functions and their properties. From the above equation we obtain

S22 U (w)(H (jw)+H™ (jw))U (jw) dw > S22, U () H (jw)H (jw)U (jw)dw
S22, U (jw)U (jw)dw - S22, U (jw)U (jw)dw

Since H(s) has no zeros on the jw-axis, the right-hand-side of the above
equation is strictly positive and so is the left-hand-side for all nonzero U (jw) €
Lo, and thus

H(jw)+ H*(jw) >0, V w € (—00,00)

3.3 KYP Lemma for Non-minimal Systems

The KYP Lemma as stated above is stated for minimal realizations (A, B, C, D),
i.e. when there is no pole-zero cancellation in the rational matrix C(sI, —
A)~1B. However as Example 3.2 proves, non-minimal realizations may also
yield a solvable set of equations (3.2). The KYP Lemma can indeed be stated
for stabilizable systems, or more generally for uncontrollable and /or unobserv-
able systems. This is done in [110,150,151,390,412,444,445]. The motivation
for such an extension stems from the physics, as it is easy to construct systems
(like electrical circuits) which are not controllable or not observable. There
are also topics like adaptive control, in which many poles/zeroes cancellation
occur, so that controllability of the dynamical systems cannot be assumed.
Let us recall a fundamental result. Consider any matrices A, B, C, D of ap-
propriate dimensions. Then the KYP Lemma set of equations (3.2) implies
that

(jw) = C(iwl, — A)'B - BT (jwu+A")"'CT" + D+ D" >0 (3.85)

for all w € IR, where the spectral density function IT(-) was introduced by
Popov, and is named Popov’s function, as we already pointed out in Sec-
tion 2.12, Theorem 2.30 and Proposition 2.31. There we saw that one can
characterize a positive operator with the positivity of the associated spec-
tral function. In a word a necessary condition for the solvability of the KYP
Lemma set of equations is that the Popov function satisfies (3.85). The spec-
tral function satisfies II(s) = II(—s) with s € C. In addition, if the pair
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(A, B) is controllable, then the inequality (3.85) implies the solvability of
the KYP Lemma set of equations, i.e. it is sufficient for (3.2) to possess
a solution (P = PT L, W). It is worth noting that, under minimality of
(A, B,C, D), that the KYP Lemma set of equations solvability and the posi-
tive realness of H(s) = C(sl, — A)~!B+ D are equivalent. Let us notice that
II(jw) = H(jw) + H*(jw). Let us summarize:

KYP Lemma equations solvability
{} (if (A, B) controllable) | (for all w € IR | jw is not a pole of II(s))
1I(jw) =20
{ (if A is Hurwitz)
H(s)=C(sl, — A)"'B+ D is PR

4 (D=0)

KYP Lemma equations solvability with P = PT > 0

The first implication was proved by Kalman [247]. Notice that the second
equivalence is stated under no other assumption that all eigenvalues of A have
negative real parts. In particular no minimality of (4, B, C, D) is required. The
last implication shows that the KYP Lemma solvability is sufficient for PRness
of the transfer matrix, without minimality assumption [445] (the proof is led
in [445] with D = 0). It is important to recall that “KYP Lemma equations
solvability” does not mean that P is positive definite, but only the existence
of a solution (P = PT,L,W). When P is searched as a non-negative definite
matrix, then we have the following:

KYP Lemma equations solvability with P = PT > 0

{ (if (4, B,C, D) minimal)

C(sl, — A)"'Bis PR

The original result of Popov, building on earlier works of Kalman and
Yakubovich, was as follows:
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KYP Lemma equations solvability with P = PT >0

{ (if (A, B,C) minimal)

II(jw) > 0 for all w € IR.

One may have a look at Theorem 3.46 where the link between the Popov
function positivity and the KYP Lemma set of equations solvability is con-
cerned, and a complete proof is provided. In particular it then becomes clear
where the controllability assumption comes into play in this result. However
the controllability assumption is not at all necessary for the KYP Lemma set
of equations to possess a solution. It is therefore of interest to relax as much
as possible this assumption. Perhaps one of the first, if not the first, result
relaxing the controllability is due to Meyer [353].

Lemma 3.19 (Meyer-Kalman-Yakubovich Lemma). Given a scalar D
> 0, vectors B and C, an asymptotically stable matriz A, and a symmetric
positive definite matriz L, if

D
Re[H (jw)] = Re - + C(jwl, — A)7'B| >0 for all we IR (3.86)

then there exists a scalar € > 0, a vector ¢ and P = PT > 0 such that

ATP + PA= —qq" — €L
(3.87)
PB-C" =+/Dgq
[

An application of the MKY Lemma is in Section 8.2.2.

3.3.1 Spectral Factors

The first set of results that we present rely on the factorization of the Popov
function, and have been derived by Pandolfi and Ferrante [151,390]. If I1(s)
is a rational matrix that is bounded on the imaginary axis and is such that
II(jw) > 0, then there exists a matrix M(s) which is bounded in Re[s] > 0
and such that IT(jw) = M7 (jw)M (jw). The matrix M(s) of a spectral fac-
torization has as many rows as the normal rank of I7(s). The normal rank of
a polynomial matrix is defined as the rank of IT(s) considered as a rational
matrix. If II(s) € C™*™, and if det(II(s)) is not the zero function (for in-
stance, if the determinant is equal to s — 1), II(s) is said to have normal rank
m. More generally a polynomial matrix has rank ¢ if ¢ is the largest of the
orders of the minors that are not identically zero [246, §6.3.1].
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Let us consider an eigenvalue sy of A and a Jordan chain of sg, i.e. a finite
sequence of vectors satisfying Avy = sgvg, Av; = sov; +v;-1, 0 < i <r —1,
where 7 is the length of the Jordan chain. One has

E i
ety = e*otyy, ettuy = et g 5 Uk—i (3.88)
il
i=0

An eigenvalue sy may have several Jordan chains, in general in finite
number. We suppose these chains have been ordered, and we denote the
ith one as Jy, ;. The factor M(s) is used together with the Jordan chain
Jso,i = (Vo, V1, ..., Vg—1), to construct the following matrix:

My 0 0 ... 0

M, My 0 ..0
Mgi=| - (3.89)

M,y My_o M,_3 ... My

One has

1dv - 1d -
M=y g M (=50) = [h!dshM <‘S>LO (3-90)

In other words h!Mj, is the hth derivative of the function M7 (—s) calcu-
lated at s = so. All the matrices My, ; as well as the rational functions II(s)
and M (s) are calculable from A, B, C and D. The notation collag, a1, ..., ap]

is for the column matrix [ag ay ... a,]%.

Theorem 3.20. [390] Let the matrices M, ; be constructed from any spectral
factor of I1(s) and assume that every eigenvalue of A has a negative real part.
If the transfer function H(s) is positive real, then there exist matrices L, W
and P = PT > 0 which solve the KYP Lemma set of equations (3.2), if and
only if the following conditions hold for every Jordan chain Js, ; of the matriz

A:

col[CT vy, CT vy, ..., CTvpy] € Im( M, ;) (3.91)
|

For the proof (that is inspired from [32]) the reader is referred to the paper
[390]. It is noteworthy that there is no minimality assumption in Theorem
3.20. However P is only semi-positive definite.

Ezample 8.21. [390] Let C =0, B # 0, D = 0. Then II(s) = 0 and the set of
equations ATP + PA = —LL"T, PB = CT — LW is solvable. One solution is
L =0, P =0. This proves that Theorem 3.20 does not guarantee P > 0.
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A second Theorem relaxes the Hurwitz condition on A.

Theorem 3.22. [151] Let A € R"*", B € R"™, C € R™", and D €
R™ ™. Assume that o(A)Na(—AT) = (). If the KYP Lemma set of equations
(3.2) is solvable, i.c. there exist matrices P = PT, L, W which solve it, then
II(jw) > 0 for each w and the condition (3.91) holds for every Jordan chain
Jso,i Of the matriz A. Conversely, let II(jw) be nonnegative for each w and
let (3.91) hold for every Jordan chain of A. Then the set of equations (3.2)
is solvable. Condition (3.91) does not depend on the specific spectral factor
M(s) of II1(s). [

A matrix A satisfying o(A) N o(—AT) = () is said unmixed.

Remark 3.23. Until now we have spoken only on controllability, and not of
observability. Thus one might think that the unobservable part has no influ-
ence neither on (3.85) nor on the solvability of (3.2). Things are more subtle
as shown in the next subsection.

3.3.2 Sign-controllability

To start with, let us consider the following system [150]: A = ((I) ?), C =
0

(I 0),3:(1

infinitely many solutions, which can be parametrized as triples

(7] [%])

with P; <0, and Q1QT = —2P;. However the system of equations obtained
by eliminating the unobservable subspace associated to (A, C') has no solution,
because the second equation for this reduced system takes the form 0 = I —
0. This example shows that unobservability is not so innocent in the KYP
Lemma solvability (which is to be understood here as the existence of a triple
(P = PT, L, W) that solves (3.2)).

), D = 0. Then the KYP Lemma set of equations in (3.2) has

The sign-controllability of a pair of matrices is defined in Appendix A.4.
Let us assume that (A, B) is sign controllable. Then there exists a feedback
u(t) = Kz(t) + v(t) such that the new transition matrix A+ BK is unmixed.
One can start from a system such that A is unmixed.

Before stating the next Lemma, let us perform a state space transforma-
tion. We assume that (A, C) is not observable. The Kalman observability form

reads A = A 0 , C = (C1 0). Let us define
Ao Ay

A=[o(A) No(~AN)] U [o(Ay) No(~AF) N (L)),

and select a basis such that
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- (A 0
a= (¥ 0)

2) = A, 0(A3) N A = (). Then A, may be partioned conformably as

o

with o

|

2 ) Then A and C may be partitioned as

A 0O
A:
<A21 A2>

C=(Cy 0)

A 0
A= 4l
! <A21 Az)

Agy = (Agy 0)

D Iy

21

with

C1=(Cy 0)

One may check that o(As)No(—AT) = (. The matrix B can be partitoned
By
By
the matrix (0 I), where the identity matrix I has the size of Az, is unob-
servable for the pair (A,C) and is the largest unobservable subspace such
that the corresponding dynamics does not intersect the backwards dynamics
of the remainning part, i.e. 0(A2) N o(—A¥) = (. This space is named the
unmixing unobservable subspace. The system (A1, By, C1, D) obtained from
(A, B, C, D) by eliminating the part corresponding to the unmixing unobserv-
able subspace, is called the mized+observable subsystem. When A is unmixed,
the mixed+observable subsystem is exactly the observable subsystem. In such
a case the unobservable part of the system plays no role in the solvability of
the KYP Lemma set of equations (3.2).

conformably with the partitioning of A as B = ( ) The image space of

Theorem 3.24. [150] Given a quadruple (A, B,C, D), let A be unmized and
(A1, B1,C1, D) be the matrices associated to the observable subsystem. Then
the KYP Lemma set of equations (3.2) possesses solutions (P = PT L, W) if
and only if the set of equations

A{Pl + PiA = —LlL,{'
PB =Cl — W, (3.92)

WlTW1=D—|—DT

possesses solutions (Py = PL'| L1, W1). [ |
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Once again we insist on the fact that it is not required here that P nor
P, be positive definite or even semi positive definite matrices. The result of
Theorem 3.24 relies on the unmixity of A. However the following is true, which
does not need this assumption.

Theorem 3.25. [150] The KYP Lemma set of equations (3.2) possesses so-
lutions if and only if (3.92) possesses solutions. [ |

3.3.3 State Space Decomposition

The result presented in this subsection also relies on a decomposition of the
state space into uncontrollable and unobservable subspaces. It was proposed
in [444]. Let us start from a system (A, B,C). The Kalman controllability
and observability matrices are denoted as K. and K,, respectively. The state
space of the linear invariant system (A, B, C) is given by the direct sum

X=X1Xo00 X350 Xy

where sp(K.) = X1 ® Xs, sp(K.)NKer(K,) = X1, Ker(K,) = X1 ® X3. The
notation sp(A) means the algebraic span of the column vectors of A. Then
the following holds.

Theorem 3.26. [444] Let (A, B,C) be a realization of the rational matriz
H(s). Let K be any matriz satisfying

X1 @ X Csp(K)X1 © Xo® X3

Then H(s) is positive real if and only if there exist real matrices P = PT >0
and L such that

KT(PA+ATP+ LLT)K =0
(3.93)
KT(PB-CT)=0
If B has full column rank, then H(s) is positive real if and only if there
exist real matrices P = PT and L, with KT PK > 0, such that

KT(PA+ATP+ LLT)K =0
(3.94)
PB-CT=0
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3.3.4 A Relaxed KYP Lemma for SPR Functions with Stabilizable
Realization

The next result is taken from [110]. Let us consider the system in (3.1)
and suppose (A4, B,C,D) is a minimal realization, m < n. Suppose that
H(s) + HT(—s) has rank m almost everywhere in the complex plane, i.e. it
has normal rank m (this avoids redundant inputs and outputs). The following
Lemma gives us a general procedure to generate uncontrollable equivalent re-
alizations from two minimal realizations of a given transfer matrix H(s). The
uncontrollable modes should be similar and the augmented matrices should
be related by a change of coordinates as explained next.

Lemma 3.27. [110] Let (A;, B;,Ci, D;), i = 1,2 be two minimal realizations
of H(s), i.e. H(s) = Ci(sl, — A;))"'B; + D; for i = 1,2. Now define the
augmented systems

Ai 0 Bi

0 Ag; 0 (3.95)
C; =(C; Coi)) D;=D;
where the dimensions of Ag1 and Age are the same. Moreover there exists a
nonsingular matriz To such that App = TOAOQTO_l and Coy1 = C()QTO_l. Then
(4;,B;,C;,D;), 1 = 1,2 are two equivalent realizations. [ ]

As a dual result we can generate unobservable augmented realizations of
H (s) as established in the following Corollary.

Corollary 3.28. Let X; (A;, B;, Ci, D;) for i = 1,2 be two minimal realiza-
tions of Z(s), i.e. Z(s) = C; (sI — A;)"" By + D; for i = 1,2. Now define the

augmented systems:
Ai——<0i ]0,) Bi__<B,i>
01 20 (396)

Ci=(C0)  D,=D,

where the dimensions of Ag1 and Aoz are the same. Moreover, there exists a
nonsingular matriz Ty such that Ao = T()A()QT(;I and Bo1 = TyBo2. Then
Y (Ai, B;,Ci,D;) fori=1,2 are two equivalent realizations of H(s). [ |

Theorem 3.29. [110] Let H(s) = C(sI,, — A)"'B+ D be an m x m transfer
matriz such that H(s) + HT(—s) has normal rank m, where A is Hurwitz,
(A, B) is stabilizable, (A,C) is observable. Assume that if there are multiple
eigenvalues, then all of them are controllable modes or all of them are uncon-
trollable modes. Then H(s) is SPR if and only if there exist P = PT >0, W,
L and a constant € > 0 such that
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PA+ ATP=_LT[ —¢P
PB=CT - LTW (3.97)

WTW =D+ DT
|

This theorem is interesting since it states the existence of a positive definite
solution to the KYP Lemma set of equations, and not only its solvability
with P = PT or P = PT > 0. The assumption that H(s) + H?(—s) has
normal rank m is in order to avoid redundances in inputs and/or outputs.
The assumption that the intersection of the set of controllable modes with
the set of uncontrollable modes is empty, is used only in the necessary part of
the proof.

Proof: Sufficiency: Let u € (0,€/2) then from (3.97)

P(A+pul,) + (A+ul,)TP=—LTL — (e — 2u)P (3.98)
which implies that (A + ul,) is Hurwitz and thus Z(s — u) is analytic in
Re[s] > 0. Define now for simplicity

2

&(s) = (s, — A)~!

Therefore:

H(s—p)+H"(—s —p) = D+D" +OP(s — M)E—FETET(—S - u)éT
—WTW + [ETP + WTL} B(s—WB+B' & (—s—p) [PB+LTW]
=WTW + WTLd(s — ) B + ETET(—S — ) LTW+
+B"Po(s—wWB+B' & (—s—u)PB

=WTW +WTLd(s — u)B + FTET(—S —p) LW+

B'0"(—s—p) [ " (~s =P+ PP (s — )| #(s — ) B

=WITW +WTLd(s — u)B + FTET(—S — ) LTW + ETﬁT(—s — 1)
{[_(sﬂm_ﬂ PP [(S_M)I_Z]}a(s_mﬁ

=WTW + WTLd(s — ) B + ETET(—S — ) LTW+

B 3 (—s—p) {_MD —A'p- pz} ®(s— u)B

=WTW + WTLd(s — ) B + ETET(—S — ) LTW+

ETﬁT(—s — ) {LTL + (e —2u) P} &(s — n)B

=WTW +WTLd(s — u)B + FTET(—S — ) LTW+

ETiT(—S — W) LTL®(s — p) B + (e — 2p) ETiT(—S — p)PP(s — u)B
- [wT +B'G (—s— M)LT} [W + L(s — ) B] +

(e —2u)B' &' (—s — p)PB(s — 1) B
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From the above it follows that H(jw — u) + HT (—jw — u) > 0, Yw €
[0, +00] and H(s) is SPR.

and observable realization of H(s) and X' (A, B,C, D) a minimal realization
of H(s). Given that the controllable and uncontrollable modes are different
we can consider that the matrix A is block diagonal and therefore H(s) can
be written as

wo-call*i 4 0] [log o
¢ [s1,—4] \\E,J K

where the eigenvalues of Ay correspond to the uncontrollable modes. As stated
in the preliminaries, the condition o (A) No (Ag) = @ ( where o (T') means the
spectrum of the square matrix T') means that the pairs (C, A) and (Cp, Ao)

are observable if and only if (C, A) = ([C Col, {61 14(1) }) is observable.
0

Note that A, Ay are both Hurwitz. Indeed A is stable because X' (A, B, C, D)
is a minimal realization of H(s) which is SPR. Ay is stable because the system
is stabilizable. Thus there exists ¢ > 0 such that H(s — ) € PR and H(s —
) € PR for all u € [0,6]. Choose now e > 0 sufficiently small such that

U(s) 4 Z(s — 5) € SPR. Then the following matrices are Hurwitz:

A, = A+ £le R/(n+7n0)x(n+no)
Ac = A+ ST e RV (3.100)
Age = Ag + §1 € R™ox™o,

Note that A, is also block diagonal having block elements A, and Ay, and
the eigenvalues of A. and Ag. are different. Let X (Ae, B,C, D) be a mini-

mal realization of U(s) and X, (AE,B , C,D) an observable and stabilizable
realization of U(s). Therefore

U(s) = C(sl, — A)"'B+ D =C(sl, — A)"'B+ D (3.101)

Note that the controllability of the pair (A, B) follows from the control-
lability of (A4, B). Since A is Hurwitz, it follows that (ZE,E) is stabilizable.
From the spectral factorization Lemma for SPR transfer matrices [527], [256,
Lemma A.11, pp. 691], or [11], there exists an m x m stable transfer matrix
V(s) such that

U(s)+ UT(=s) = VT (=s)V(s) (3.102)
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Remark 3.30. Here is used implicitly the assumption that Z(s) + Z7(—s) has
normal rank m, otherwise the matrix V(s) would be of dimensions (r x m),
where 1 is the normal rank of Z(s) + Z7(—s).

Let Xy (F, G, H, J) be a minimal realization of V' (s), F' is Hurwitz because
V (s) is stable; a minimal realization of VT (—s) is Xy« (=FT, HT, -G, JT).
Now the series connection V7'(—s)V (s) has realization (see [257, p. 15] for the
formula of a cascade interconnection)

F 0 G
LV (—s)v(s) <[HTH _FT] ; |:HTJ:| ; [JTH —GT} , [JTJ}> (3.103)

Although we will not require the minimality of Yy r(_g (s in the se-
quel, it can be proved to follow from the minimality of Xy (F,G, H,J) ,
see [11,256]. Let us now define a nonminimal realization of V(s) obtained
from Xy (F,G, H,J) as follows:

r=[oa]) e=[i]

H=[H Hy], J=J

(3.104)

and such that Fp is similar to Agpe and the pair (Hy, Fp) is observable, i.e.
3Ty nonsingular such that

Fo = To Ao Ty (3.105)
This constraint will be clarified later on. Since o(Fy) No(F) = B then the
pair

(H,F)= ([H Hy], |:§FOO]> (3.106)

is observable. Thus the nonminimal realization Xy (F, G, H, 7) of V(s) is
observable and stabilizable. Now a nonminimal realization of VT (—s)V(s)

based on Xy (F,G, H,J)

- F 0 G e 7 [T
2yr(—s)v(s) ( 77 7| Fle : {JTH —GT} , [J J]) (3.107)
is (see [257, p. 15])

F O 0 O G

0 Fy 0 O 0

= HT'H HTHy, —FT o |H'J

Lyr—svis) = ngH HgHO 0 _FOT ngJ (3.108)

JTH JTHy, -GT 0 JTJ
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From the diagonal structure of the above realization, it could be concluded
that the eigenvalues of Fjy correspond to uncontrollable modes and the eigen-
values of (—F{) correspond to a unobservable modes. A constructive proof is
given below.

Since the pair (H, F) is observable and F is stable, there exists a positive
definite matrix

— =T K r
K=K = {rT Ko} >0 (3.109)
solution of the Lyapunov equation
KF+F K=-H H (3.110)

This explains why we imposed the constraint that (Hg, Fy) should be ob-
servable. Otherwise there will not exist a positive definite solution for (3.110).

Define T := [ ! 0} ; T = { I 0} and use it as a change of coordinates

KI ~K I
for the nonminimal realization fvT(_S)V(S) above to obtain
F 0 0 0
0 Fpy 0 0 %;
¥ — 0 0o —rFT 0 .
2y (—s)vis) = 0 o 0 _pr|UH+ GTK)T (3.111)
JH+G'K ¢ o JTJ

Now it is clear that the eigenvalues of Fy correspond to uncontrollable
modes and the eigenvalues of (—F{ ) correspond to unobservable modes.

From (3.101) a nonminimal realization of U(s) is X¢ (A, B,C, D) . Thus
a nonminimal realization for UT (—s) is X, (—Zz, UT, —ET, ﬁT> . Using the

results in the preliminaries, a nonminimal realization of U(s) + U% (—s) is

B

A, 0
T aT

0 —A,

)

— — =T
EUQHUTGﬂ)< wcy_BT},P)+1)}>. (3.112)
Using (3.102) we conclude that the stable (unstable) parts of the realiza-
tions of U(s) + UT(—s) and VT (—s)V(s) are identical. Therefore, in view of
the block diagonal structure of the system and considering only the stable
part we have

— [Fo] .- .. . [A 0],
F= 0 F = RAR _R{OAOJR
— G — B
o= [] " np - 7]

(3.113)
JH+G K=CR'=[CCy] R

JTJ=D+D"
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The above relationships impose that the uncontrollable parts of the real-
izations of U(s) and V(s) should be similar. This is why we imposed that Fj
is similar to Age in the construction of the nonminimal realization of V'(s).

From the Lyapunov equation (3.110) and using F = RA.R™! in (3.113),
we get

KF+F K = -0 H

KRAR+R"A R'K = -H H

RTKRA. +A. RTKR = -R'H HR (3.114)
PA.+A. P =-I7L

where we have used the definitions P 2 RTKR; L 2HR. Introducing (3.100)
we get the first equation of (3.97). From the second equation of (3.113) we
have G = RB. From the third equation in (3.113) and using W = J we get

JH+G K —CR!
JTHR+G R TRTKR=C
it e (3.115)
WTL+B' P -C
PB —c'—™w

which is the second equation of (3.97). Finally from the last equation of
(3.113), we get the last equation of (3.97) because W = J. [ |

Ezample 8.31. Consider H(s) = mfj%, for some a > 0, b > 0, b # a. Let
a nonminimal realization of H(s) be

—a 0 0
z(t) = x(t) + u(t)
0 —b L (3.116)

y(t) =[8 olz(t)
with @ # 0 and § # 0. For all € < min(a, b) one has

(a+b—e€)?p3> 0[5
2b—e)(2a—e
p_ ( )( ) -0

af o?

foralla > 0,b >0, a # 0, §# 0. The matrix L = :I/J;Z%zﬂ \/2b—ea} and

P satisfy the KYP Lemma set of equations .

Remark 3.32. Proposition 2.31 states that positivity of an operator is equiv-
alent to the positivity of its Popov’s function. There is no mention of sta-
bility. This is in accordance with the above versions of the KYP Lemma for
which the stability (i.e. solvability of the KYP Lemma set of equations with
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P = PT > 0) requires more than the mere positivity of the spectral function.

3.4 SPR Problem with Observers

The KYP Lemma for non-controllable systems is especially important for the
design of feedback controllers with state observers [111,241,242], where the
closed-loop system may not be controllable. This may be seen as the extension
of the works described in Section 2.15.3 in the case where an observer is added
to guarantee that the closed-loop is SPR.

Theorem 3.33. [111] Consider a system with stable transfer function H(s) €
C™*™, and its state space realization

&(t) = Ax(t) + Bu(t)
(3.117)
y(t) = Cx(t)
where (A, B) is stabilizable and (A, C) is observable. Then there exists a gain
observer L and an observer

i(t) = Az(t) + Bu(t) + LO(x(t) — &(t))

(3.118)

z(t) = Mz(t)
such that o(A — LC) is in the open left-hand complex plane, and the transfer
function between u(-) and the new output z(t) = My (i" f a:) = Mi(t), with

M = BT P, is characterized by a state space realization (Ag, By, My) that is
SPR, where
A 0 B
Ao = (0 A—LC)’ Bo = (0)

The modes associated to the matrix (A — LC') are non-controllable.

3.5 The Feedback KYP Lemma

The feedback KYP Lemma is an extension of the KYP Lemma, when one
considers a controller of the form w(t) = Kx(t). This is quite related to the
material of Section 2.15.3: which are the conditions under which a system can
be made passive (or PR) in closed-loop? Let us consider the system
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z(t) = Ax(t) + Bu(t)

(3.119)
y(t) = Cu(t)
with the usual dimensions and where all matrices are real.
Definition 3.34. The system in (3.119) is said to be
A-\, B
e Minimum phase if the polynomial det is Hurwitz (it has all
C 0

its zeroes in the open half plane)
e Strictly minimum phase if it is minimum phase and the matriz CB is

nonsingular
e Hyper minimum phase if it is minimum phase and the matriz CB is pos-
itive definite ]

The next Theorem is close to what is sometimes referred to as Fradkov’s
Theorem [56].

Theorem 3.35. [16,15/-156] Let rank(B) = m. Let Q = QT < 0. Then

o (A) There exists P = PT > 0 and K such that P(A+BK)+(A+BK)TP <
Q and PB = CT

if and only if
o (B) the system in (3.119) is hyper minimum phase
if and only if

o (C) there exists P = PT > 0 and K such that P(A + BKC) + (A +
BKC)'P < Q and PB=CT

if and only if

o (D) the matriz CB is symmetric positive definite and the zero dynamics
of the system in (3.119) is asymptotically stable

Moreover the matriz K can be chosen as K = —aC where a > 0 is large
enough. Assume that in addition Ker(C) C Ker(Q). Then

o (E) There exists P = PT > 0 and K such that A+ BK is Hurwitz and
P(A+ BK)+ (A+BK)'P < Q and PB=C"T

if and only if
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o (F) the matriz CB is symmetric positive definite, the pair (A, B) is stabi-

A-)\, B
lizable, all the zeroes of the polynomial det are in the closed
c 0
left half plane, and all the pure imaginary eigenvalues of the matriz pencil
AB I, 0
R(\) = - have only linear elementary divisors A\ — jw
C o0 00

if and only if

e (G) the matriz CB is symmetric positive definite, the pair (A, B) is sta-
bilizable and the system (3.119) is weakly minimum phase. ]

Both matrix equations in (A) and (C) are bilinear matrix inequali-
ties (BMIs). The feedback KYP Lemma extends to systems with a direct
feedthrough term y = Cz + Du. It is noteworthy that Theorem 3.35 holds
for multivariable systems. If u(t) = Kuz(t) + v(t), then (A) means that the
operator v — y is SPR. It is known that this control problem is dual to the
SPR observer design problem [22]. Related results are in [23]. We recall that a
system is said weakly minimum phase if its zero dynamics is Lyapunov stable.
The zero dynamics can be explicitly written when the system is written in a
special coordinate basis as described in [432-434]. The particular choice for K
after item (D) means that the system can be stabilized by output feedback.
More work may be found in [153]. The stability analysis of dynamic output
feedback systems with a special formulation of the KYP Lemma has been
carried out in [241].

3.6 Time-varying Systems
Let us consider the linear system:
#(t) = A()z(t) + B(t)u(t)
y(t) = C(t)x(t) + D(t)ult) (3.120)

Ji(to) =20

where the functions A(-), B(-), C(-), D(-) are supposed to be piecewise con-
tinuous, and D(t) > el,,, € > 0. It is assumed that all (¢,2) with ¢t > ¢o are
reachable from (%9, 0), and that the system is zero state observable (such con-
trollability and observability conditions may be checked via the controllability
and observability grammians, see e.g. [467]). It is further assumed that the re-
quired supply is continuously differentiable in both ¢ and z, whenever it exists
(the required supply is a quantity that will be defined in Definition 4.36. The
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reader may just want to consider this as a regularity condition on the system
(3.120)). The system (3.120) is supposed to be well-posed; see Theorem 3.55,
and it defines an operator A : w(t) — y(t). The kernel of A(-) is given by
K(t,r) = Ct)D(t,r)B(r)1(t — r) + BT ()®T (r,t)CT (tr)1(r — t) + R(t)6—,
where 1(t) = 0if ¢t < 0, 1(t) = 2 if ¢t = 0 and 1(t) = 1if ¢t > 0,
R(t) = D(t) + DT(t), 6; is the Dirac measure at t, @(-,-) is the transition
matrix of A(t), i.e. ®(t,r) = X(t)X~!(r) for all t and 7, and LX = A(t)X (¢).
Then A(u(t)) = [*_ K(t,r)u(r)dr.

Lemma 3.36. The operator A(-) is nonnegative if and only if there exists an
almost everywhere continuously differentiable function P(-) = PT(-) > 0 such
that on (to,t)

QS

ST R

>0 (3.121)

where

(3.122)

Nonnegativity of A(-) is understood as in Proposition 2.31.

3.7 Interconnection of PR Systems

We will now study the stability properties of positive real or strictly positive
real systems when they are connected in negative feedback. We will consider
two PR systems Hi : u; — y1 and Hs : us — yo. Hj is in the feedforward path
and Hj is in the feedback path(i.e. u; = —y2 and ug = y1). The stability of
the closed loop system is concluded in the following Lemma when H; is PR
and Hs is weakly SPR.

Lemma 3.37. Consider a system Hy : w1 — y1 in negative feedback with a
system Hs : us — yo as shown in Figure 3.2, where Hy is PR and Hs is
WSPR. Under those conditions uy,us,y1 and ys all converge to zero exponen-
tially.

|
Proof: Let us define the following state-space representation for system H (s)
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C)ul H, Y

u
¥, H, 2

Fig. 3.2. Interconnection of H; and H»

{tl(t) = Alxl(t) + Blul(t)
(3.123)
y1(t) = Cra1(t) + Drua(?)

Since Hi(s) is PR there exists matrices P > 0,P € R"™" W €
R™*™ L € IR™™ such that

P A+ A{Pl = —LlL?
P B, — ClT =-—-LW (3.124)
Dy + D? = W1TW1

Define the following state-space representation for the system Ha(s)

{tg (t) = AQLCQ (t) + BQ’LLQ (t)
(3.125)
yg(t) = ngg(t) + DQUQ(t)

Since Hs(s) is WSPR there exists matrices P > 0,€ R™", W €
R™*™ L € IR™™ such that

PyAg + AT Py = —L,L7

P,By — CI = LW, (3.126)
Dy + DT = WL W,y
and o
Ho(s) = Wa + LE(sI, — As) ' By (3.127)

has no zeros in the jw-axis. Consider the following positive definite function

Vi(x;) = o] Py, i=1,2.
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Then using (3.124) and (3.126):

Vi(z;) = (T AT + uT BT )Px; + 2T P;(Asz; + Byuw;)

= 2T (AT P, + P A;)x; + 2ul BT P

—al'LiLTx; + 2ul (BT P, + WI L)z, — 2uI WE LT,

—{EZTLlL;T{EZ + QUZT[Cl{EZ + Dlul] — 2UZTDZ‘UZ‘ — 2UZTWZTL;T{EZ

—al'L;LTx; + 2ul'y; — 2uT Dju; — 20T WI LT 2,

—(LExs + Wiwg) T (L] i + Wiug) + 2ul'ys
(3.128)
where we have used the fact that

Define 3; = LT z; + Wiu; and V(x) = Vi(x1) + Va(z2), then
V(en,22) = =51 51 — 2 J2 + 2(u] y1 +uz y2)
Since u; = —y2 and uy = y; it follows that
uiyr+uzys = —y3 Y1 +yi yo =0
Therefore
V(wy,22) = —31 1 — U3 G2 < ~T P,

which implies that V'(-) is a nondecreasing function and therefore we conclude
that x; € L. Integrating the above equation:

—V(0) <V (t) - V(0) < —/O gL (8)§i(s)2ds (3.129)
Then .
/0 73 (s)72(s)ds < V(0) (3.130)

The feedback interconnection of H; and Hs is a linear system. Since z; €
L, the closed loop is at least stable, i.e. the closed-loop poles are in the left-
half plane or in the jw-axis. This means that wu;,y; may have an oscillatory
behavior. However the equation above means that y, — 0. By assumption
Hj(s) has no zeros on the jw axis. Since the state is bounded, ua(-) can not
grown unbounded. It follows that us(t) — 0 as ¢ — +o00. This in turn implies
that y2(t) — 0 since Hs is asymptotically stable. Clearly us(t) — 0 and
y2(t) — 0 as t — +o0. [ |
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3.8 Positive Realness and Optimal Control

The material of this section is taken from [513,514]. As we have already
pointed out in Section 3.1.2, strong links exist between dissipativity and opti-
mal control. In this section more details are provided. Close results were also
obtained by Yakubovich [349,520,523].

3.8.1 General Considerations

Let us start with some general considerations which involve some notions
which have not yet been introduced in this book, but will be introduced in
the next chapter (actually, the only missing definitions are those of a storage
function and a supply rate: the reader may thus skip this part and come back
to it after having read Chapter 4). The notions of dissipation inequality and
of a storage function have been introduced (without naming them) in (2.3),
where the function V(-) is a so-called storage function and is a function of
the state z(-) (and is not an explicit function of time). Let us consider the
following minimization problem

+oo
Vi(ao) 2 min / w(u(s), z(s))ds (3.131)
u 2,e JO
with
w(u, ) = ul Ru + 2u” Cx + 27 Qx (3.132)

with R = RT, Q = Q7, subject to @(t) = Ax(t) + Bu(t), #(0) = zo. It is
noteworthy that Vy(zo) is nothing else but the value function of the principle
of optimality. The set £, . is the extended set of Ly-bounded functions; see
Section 4.3.5. If w(u,z) > 0 for all x € IR™ and all uw € IR™ then the value
function satisfies

Vi((0)) < Vy (a(tr) + /O w(u(t), o(t)dt (3.133)

for all t; > 0, or, if it is differentiable, the infinitesimal equivalent

ovy

o @)[f(x) + g(x)u] + w(u,z) >0, V€ R",u € R™. (3.134)

One realizes immediately by rewriting (3.133) as the dissipation inequality

Vi (@(0)) = ~Vy(a(t)) - / Cw(u(t), ()t (3.135)
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that —V¢(-) plays the role of a storage function with respect to the supply
rate —w(u, ). Let us end this subsection making a small digression on the
following well-known fact: why is the optimal function in (3.131) a function
of the initial state? To see this intuitively, let us consider the minimization
problem

+oo
inf / (2(t) + 22 (1)) dt (3.136)
uel Jo

subject to (t) = u(t), £(0) = xo. Let U consist of smooth functions. Then
finiteness of the integral in (3.136) implies that lim;— 4 2(t) = 0. Take any
constant @ € IR. Then

o7 2ax(tyult)dt = [,7 2ax(t)i(t)dt =
(3.137)
= foJroo %[aa:Q(t)]dt = [az?(t)]7> = —axg.

So indeed inf, ¢y f0+oo(u2(t) + 22(t))dt is a function of the initial state.

3.8.2 Least Squares Optimal Control

We have already pointed out the relationship which exists between the linear
matrix inequality in the KYP Lemma (see Section 3.1.2) and optimal control,
through the construction of a Riccati inequality that is equivalent to the
linear matrix inequality (LMI) in (3.3). This section is devoted to deepen
such relationships. First of all, let us introduce (or re-introduce) the following
algebraic tools:

e The linear matrix inequality (LMI)

GA+ ATG+QGB+CT
>0 (3.138)

BTG+ C R

e The quadratic matrix inequality (QMI) or algebraic Riccati inequality
(ARI)

GA+ATG - (GB+CTHRYBTG+C)+Q>0 (3.139)
e The algebraic Riccati equation (ARE)

GA+ATG - (GB+CTRYBTG+C)+Q=0 (3.140)
e The frequency-domain inequality (FDI)
H(3,8) = R+ C(sl, — A)~'B+ BT (sI,, — AT)"1CT+

(3.141)
+BT (51, — AT)"'Q(sI,, — A)"'B >0
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where s € C and 5 is its complex conjugate. Notice that H(s,s) can be
rewritten as

H(E,s) = <(§In _I:j)lB>T (g C};) <(an _1;4)13> (3.142)

Remark 3.38. Comparing (3.138) and (3.17) it is expected that G < 0 in
(3.138), and in (3.139) and (3.140) as well.

Let R = D + D”. The function H(3,s) in (3.141) is also known as the
Popov function I1(s), and was formally introduced by Popov in [410] (the
first time it has been introduced may even be in [86]). It is worth noting that
when Q = 0 then H(3,s) = H(s)+ HT(5) where H(s) = C(sl,, — A)"'B+D.
Thus H(—jw, jw) > 0 a the condition for the PRness of H(s). By extension
one may also call the function in (3.141) a Popov function [391]. Notice that
H(5,s) in (3.142) is linked to the system @(t) = Az(t) + Bu(t) as follows. For
every 4 € C™ and every w € IR such that jw is not an eigenvalue of A, we
have

uT H (jw, —jw)u = (x(_jw’ “)>T (g C;;) <x(~7“” “)) (3.143)

u u

where x(jw, u) is defined from jwz = Az+Bu, i.e. (jw,u) = (jwl,—A)~! Bu.
See for instance Theorem 3.46 for more information on the spectral function
and its link with the KYP Lemma set of equations. One sometimes calls any

T
triple of matrices A, B and (Q ¢

C R ) a Popov triple.

Remark 3.39. In the scalar case the ARE (3.140) becomes a second order
equation aG? + bG + ¢ = 0 with real coefficients. It is clear that without
assumptions on a, b, and ¢ there may be no real solutions. Theorem A.53 in
Appendix A.4 states conditions under which an ARE as in (3.140) possesses
a real solution.

We will denote the inequality in (3.133) as the DIE (for dissipation inequal-
ity), keeping in mind that the real dissipation inequality is in (3.135). Let us
introduce the following optimal control problems, with w(x,w) in (3.132).

+oo
V(o) 2 min/ w(u(s),z(s))ds, lim () =0 (3.144)
0

uELs e t—400

“+o0
V™ (z0) 2 — min/o w(u(s),z(s))ds, lim () =0 (3.145)

uELo e t——+o00
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t
A .
Va(zo) = ueﬁmglf,ltzo/o w(u(s), z(s))ds (3.146)

These four problems (i.e. (3.131), (3.144), (3.145) and (3.146)) are subject
to the dynamics @(t) = Az(t) + Bu(t), with initial data z(0) = zo.

Assumption 2 We assume that the pair (A, B) is controllable throughout
Section 3.8.2.

Therefore this assumption will not be repeated. One notes that the four
functions in (3.131), (3.144), (3.145) and (3.146) are quadratic functions of
the state xg. Let us summarize few facts:

o V.(-) <0 (take t = 0 in (3.146) to deduce that the minimum cannot be
positive).

o V,() < Vi(-) < V*(): indeed, if the scalar fg w(u(s), z(s))ds sweeps a
certain domain in IR while ¢ > 0, then the scalar f0+°o w(u(s), z(s))ds must
belong to this domain. And similarly if the scalar fOJrOO w(u(s), z(s))ds

sweeps a certain domain while u € Lo ., the scalar fOJrOO w(u(s), z(s))ds
subject to the limit condition must lie inside this domain.

o V,() < 400,Vi(:) < +o0, V*F(-) < +o0: by controllability the integrand
w(u, x) is bounded whatever the final (bounded) state, so the lowerbound
is bounded.

e V() > —oo: note that

+oo +0o0
— min /0 w(u(s),z(s))ds = max —/O w(u(s), z(s))ds.

u€Lls e u€Ly e

By controllability one can surely find a control u that drives the system
from z( to some other state, and such that the scalar f0+°o w(u(s), z(s))ds
is bounded. So the supremum surely cannot be —oo.

o Vi(-), V*(), and V,(-) satisfy the DIE (3.133). By direct inspection
Vi(zo)—Vi(z1) = Lfﬂl w(u(s), z(s))ds and similarly for the other two func-
tions.

o If for all # € IR™ there exists a v € IR™ such that w(z,u) < 0 then
Va(-) = Vi (-). A sufficient condition for this is that R > 0, or that @ = 0.

e If there exists a feedback controller u(z) such that w(u(z),z) < 0 and
such that z(t) = Axz(t) + Bu(x(t)) has an asymptotically stable fixed
point z = 0, then V,,(-) = V¢ () = VT(-).

o If w(u,z) = uTy and an output y = Cz + Du is defined, then the optimal
control problem corresponds to a problem where the dissipated energy is
to be minimized.

o If w(x,0) > 0 then the functions V(-) which satisfy the DIE in (3.133)
define Lyapunov functions candidate since —V'(+) is then non-increasing
along the (uncontrolled) system’s trajectories, as (3.135) shows.



3.8 Positive Realness and Optimal Control 123

The second part of the last item is satisfied provided the system is asymp-
totically stabilizable, which is the case if (A4, B) is controllable. The first part
may be satisfied if R = 0, @ = 0, and the matrix A+ BC is Hurwitz. The first
part of the last-but-one item, is satisfied if R = 0, @ = 0 (take u = —Cx).

Lemma 3.40. Let R > 0. For quadratic functions V(z) = 7Gx, G = G7,
the DIE in (3.133) is equivalent to the LMI. [ |

Proof: From (3.134) one obtains

22T G[Ax + Bu] > —w(u,z), ¥V € R",u € R™ (3.147)

The LMI follows from (3.147). Then the proof is as in Section 3.1.2.
|
Let us now present some Theorems which show how the LMI, the ARI, the
ARE and the FDI are related one to each other and to the boundedness prop-
erties of the functions Vy(-), VT (-). The proofs are not provided entirely for
the sake of brievity. In what follows, the notation V(-) > —oo and V (-) < 400
mean respectively that the function V' : IR™ — IR is bounded for bounded
argument. In other words, given xy bounded, V(x¢) is bounded. The control-
lability of (A, B) is sufficient for the optimum to be bounded [246, p.229].

Theorem 3.41. The following assertions hold:

o Vi() > —o0 <= there exists a real symmetric solution G = GT < 0 to
the LMI.

o VT(:)> —co <= there exists any real symmetric solution G = GT to the
LML
Vi(-) > —o0 = the FDI is satisfied whenever Re(s) >0, s € C.
V*(:) > —0o = the FDI is satisfied along Re(s) =0, s € C. [ |

Proof: Let us prove the last two items. If there exists a solution G = GT to

the LMI, then

—(I,5 - AT)G — G(I,s — A) GB+CT —20P 0
> (3.148)

BTG +C R 0 0

with s =0+ jw, 0 € R, w € IR, and § = 0 — jw. Postmultiplying by

[gﬁns - A)lB] (3.149)

and premultiplying by [BT (I,,5 — AT)~! I,,] one obtains

H(3,s) > —20BT(I,5 - AT)"'G(I,s — A)"'B (3.150)
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From the first item and since o > 0 one sees that indeed (3.150) implies
the FDI (as P is non-positive definite).
|
The following theorems characterize the solutions of the ARE.

Theorem 3.42. Let R = RT > 0.

e The ARE has a real symmetric solution if and only if H(—jw,jw) > 0
for all real w, jw & o(A). There is then only one such solution denoted
as GT, such that Re(A(A1)) < 0, AT = A - BR™YBTG* + C), and
only one such solution denoted as G~, such that Re(A(A7)) > 0, A~ =
A—BRYBTG~ +0).

o Any other real symmetric solution G satisfies G~ < G < GT. ]

One recognizes that AT and A~ are the closed-loop transition matrices
corresponding to a stabilizing optimal feedback in the case of AT. G is
called the stabilizing solution of the ARE. V*(:) and V~(-) are in (3.144)
and (3.145) respectively. It is noteworthy that if in the first assertion of the
Theorem one looks for negative semi-definite solution of the ARE, then the
equivalence has to be replaced by “only if”. In such a case the positivity of
the Popov function is only a necessary condition.

Theorem 3.43. Assume that R = RT > 0. Then

e V() > —o00 and V= < +oo <= there exists a real symmetric solution
to the ARFE.
Moreover V¥ (z) = 2TGVz and V= (2) = 27G~x.
Vi() > —00 <= there exists a real symmetric non-positive definite solu-
tion to the ARE.

o  Consequently V() > —oo if and only if G= < 0. When G~ < 0 then
Vi()=V*H()=2TG"x.

e The optimal closed-loop system @(t) = A%x(t) is asymptotically stable if
G~ <0 and Gt > G~, where A" is defined in Theorem 3.42. [ |

One can already conclude from the above results that the set of solutions to
the KYP Lemma conditions (3.2) possesses a minimum solution P~ = —G*
and a maximum solution P* = —G~ when D+ DT > 0, and that all the other
solutions P > 0 of the ARE satisfy —G* < P < —G~. The last two items
tell us that if the ARE has a solution G~ < 0 then the optimal controller
asymptotically stabilizes the system. In this case lim;_, o x(t) = 0 so that
indeed V¢(:) = VT (.).

The function —V(-) corresponds to what we shall call the available storage
(with respect to the supply rate w(z,u)) in Chapter 4. The available storage
will be shown to be the minimum solution to the ARE, while the maximum
solution will be called the required supply. Also dissipativity will be character-
ized by the available storage being finite for all x € X and the required supply
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being lower-bounded. The material in this section brings some further light on
the relationships that exist between optimal control and dissipative systems
theory. We had already pointed out a connection in Section 3.1.2. Having in
mind that what we call a dissipative linear invariant system is a system which
satisfies a dissipation equality as in (3.4), we can rewrite Theorem 3.42 as
follows:

Theorem 3.44. [511] Suppose that the system (A,B,C,D) in (3.1) is
controllable and observable and that D + DT is full rank. Then the ARE
PA+ ATP + (PB - CT)(D + DT)="Y(BTP — C) = 0 has a real sym-
metric non-negative definite solution if and only if the system in (3.1)
is dissipative with respect to the supply rate u'y. If this is the case
then there exists one and only one real symmetric solution P~ such that
Re(MA7)) <0, A~ = A+ B(D + DV)"Y(BTP~ — C), and one and
only one real symmetric solution Pt such that Re(A\(A*)) > 0, AT =
A+ B(D+ DT)~Y(BTP* — C). Moreover 0 < P~ < P* and every real
symmetric solution satisfies P~ < P < P7T. Therefore all real symmet-
ric solutions are positive definite. The inequalities H (jw) + HT (jw) > 0
for all w € R, Re(M(A™)) < 0, Re(A(AT)) > 0, and P~ < P*, hold
stmultaneously.

It will be seen later that the matrices P™ and P~ play a very particular role
in the energy properties of a dynamical system (Section 4.4.3, Remark 4.37).
Theorem 3.44 will be given a more general form in Theorem 4.58. The matrix
P~ is the stabilizing solution of the ARE. Algorithms exist that permit to
calculate numericallt the extremal solutions P~ and P¥; see [145, Annexe
5.A] where a Fortran routine is proposed.

Remark 3.45. Let us study the case when C' = 0 and Q = 0, with R = I,
without loss of generality. The ARE then becomes

ATG+GA-GBBTG =0 (3.151)
and obviously G = 0 is a solution. It is the solution that yields the free terminal
time optimal control problem of the optimization problem f0+oo u (t)u(t)dt.
If the matrix A is Hurwitz, G = 0 is the maximum solution of (3.151). If — A4
is Hurwitz, G = 0 is the minimum solution to the ARE.

Extensions towards the singular case (R > 0) can be found in [506]; see
also Remark 4.94.

3.8.3 The Popov Function and the KYP Lemma LMI

We did not provide most of the proofs of the results of this section, and in
particular Theorem 3.42. Let us end this section with a result that links the
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positivity of the Popov function, and a KYP Lemma LMI, and its complete
proof.

Theorem 3.46. [145] The spectral function

Qs )
1(s) = [BT(=sI, — AT)"" I,,] (“In -4

; B) (3.152)
ST R m

where the pair (A, B) is controllable, is non-negative if and only if there exists
P = PT such that

Q- ATP-PA S—PB
>0

ST —BTp R

Before passing to the proof we need some intermediate results.

Lemma 3.47. [145] Let II(s) be the spectral function in (3.152), which we
say is described by the five-tuple (A, B,Q, S, R). Then

o i) II(s) is also described by the five-tuple (Aa, B2, Q2, Sa2, Ra) where

S A=A

- By=B8B

~ Q=Q-ATP_PA
- S =S8-PB

- Ry=R

where P = PT is any matriz.

e i) For H(s) = I, — C(sI, — A+ BC)™'B where C is any m x n ma-
triz, the spectral function H™ (s)II(s)H(s) is described by the five-tuple
(A1731,Q1751,R1) where

A, =A- BC

- B;=B

- Q1=Q+CTQC-SC-CTS
- $1=S-CTR

- R =R.

Proof: i) Let Il»(s) be the Popov function described by the five-tuple
(A27B27Q2,SQ,R2). Then

IIs(s) — II(s) = —BT(sI, — AT)~ (AT P + PA)(sI, — A)~'B—
—BT(=sl, — AT)"'PB — BT P(sI, — A)~}

— _BT(—sI, — AT)YATP 4 PA+ P(sI, — A)+ (3.153)
+ (=sI,, — AT)P](sI,, — A)~*

=0.
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ii) Notice that (sI, — A)"'BH(s) = (sI, — A + BC)~1B. The Popov
function HT (s)IT(s)H(s) can be written as

HT (s)II(s)H(s) =

Q S\ [(sl, —A+BC)™'B
=[BT (-sI, — AT+ CTBT)=* HT(-s)]
ST R H(s)

Q1 51 (sl, —A1)"'B
=[BT (~sI, — AT + ¢TBT)~! I,]
ST Ry I,
(3.154)
which ends the proof. ]

Lemma 3.48. Let A € IR™*", B € IR**®, C € IR™*®. The solution of the
equation AP + PB = C is unique if and only if the set of eigenvalues of A
and the set of eigenvalues of —B, have no common element. ]

In the next proof the notation (A, B,Q,S,R) @n (A", B',Q",S",R)
means that one has applied the two transformations of Lemma 3.47 succes-
sively. The two Popov functions which correspond one to each other through
such a transformation are simultaneously non-negative.

Proof of Theorem 3.46: Let C be a matrix such that (A — BC') is asymp-
totically stable. Let J be the unique solution of

(A-BO)TJ+J(A-BC)=Q+CTRC - SC —CTST (3.155)

One checks that (4, B,Q, 5, R) ‘% (A — BC,B,0,HT,R) with H —

S — JB — CTR. Under these conditions the positivity of IT(s) is equivalent to
that of

I'(s) = H(sI, — A+ BC) 'B+ BT (—sI,, — AT + CTBT)HT + R (3.156)
i.e. is equivalent to the existence of a matrix G = GT > 0 such that

—(A-BC)TG—G(A—BC) HT —GB
(3.157)
H- BTG R

But for P = G + J a direct computation shows that
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Q—-ATP—-PAS—PB

st —BTp R

I, CT —(A-BC)'P-P(A-BC) HT - PB I, 0

0 I, H-BTPp R C I,
(3.158)
which ends the proof. ]

It is noteworthy that the matrix P in Theorem 3.46 is not necessarily
positive definite. We will need those results when we deal with hyperstability.
We notice that Theorem 3.46 states an equivalence under a controllability as-
sumption of the pair (A, B). But it does not say that it is necessary that (4, B)
be controllable for the result to hold; see Section 3.3 for more informations on
this point.

Popov’s Function and Triples

Remember that given a Popov’s function as in (3.142) we call (A, B, Q,C, R)
a Popov triple.

Definition 3.49. Two Popov triples (A,B,Q,C,R) and (A,B,Q,C,R) are
called (X, F)-equivalent if there exist matrices F € IR™ "™ and X = X7
R™™" such that
A=A+BF, B=B
O=Q+LF+FTLT + FTRF + AX + XA (3.159)

L=L+FTR+XB R=R

One then writes (A B,Q,C,R) ~ (A B,Q,C R) Two Popov triples
(A,B,0,C,R) and (A, B,0, C,R) are called dual if A = —AT, =L,
L=-B, R=R. |

From the material which is presented above, it should be clear that a Popov
triple can be seen as the representation of a controlled dynamical system
z(t) = Ax(t) + Bu(t) together with a functional with a quadratic cost as in
(3.132). To a Popov triple X' one can therefore naturally associate a Popov’s
function (3.142), a Riccati equality, and an extended Hamiltonian pencil

I, 00 A 0 B
My —~Ns=X|01I1,0| - |-Q—-AT —CT (3.160)
000 ¢ BT R

which shall be denoted as EHP(X).
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Lemma 3.50. [225] (a) If ¥ = (A,B,Q,C,R) ~ ¥ = (A, B,Q,C, R), then
IIx(s) = Sp(s)II5(s)Sr(s), where Sp(s) = F( n— A" 'B+1,

(b) If ¥ = (A,B,0,C,R) and £ = (A,B,0,C,R) are two dual Popov
triples, then IIs(s) = IIx(s). [ |

The following holds:

Lemma 3.51. [224,225] Let ¥ = (A, B,Q,C, R) be a Popouv triple; the fol-
lowing statements are equivalent:

e There exists an invertible block 2 x 2 matriz V' with upper right block zero,

such that R = VT JV, where J = 0 , and the Riccati equality
Iy,

ATP+PA—(PB+CT)R™Y(BTP+ C())+ Q i 0 has a stabilizing solution

) ZZ has a J—spectral factorization Ils, = G*JG, with G, G~ being ratio-

nal m X m matrices with all poles in the left open complex plane. |

These tools and results are useful in the Ho, theory; see [224, Lemma 2,
Theorem 3.

3.8.4 A Recapitulating Theorem

Let us state a Theorem proved in [349] and which holds for stabilizable sys-
tems (there is consequently also a link with the material of Section 3.3). This
theorem summarizes several relationships between the solvability of the KYP
Lemma set of equations and the regular optimal control problem, under a
stabilizability assumption only.

Theorem 3.52. Let the pair (A, B) be stabilizable. Then the following asser-
tions are equivalent:

o (i) The optimal control problem: (3.131) and (3.132) subject to &(t) =
Ax(t)+Bu(t), (0) = xo, is regular, i.e. it has a solution for any xo € R",
and this solution is unique.

e (ii) There exists a quadratic Lyapunov function V(z) = x*Px, P* = P,
such that the form V +w(u, z) = 22* P(Az+ Bu) +w(u, z) of the variables
x € C" and u € C™ is positive definite.

o (iii) The condition w(u,z) > §(x*r+u*u) for any value of w € R, x € C",
u € C" satisfying jwr = Ax + Bu, holds for some 6 > 0.

e (iv) The matriz R = R in (3.132) is positive definite and the set of
equations PA+ A*P + Q = kRk*, PB + C* = —kR, possesses a solution
in the form of real matrices P = PT and C, such that the controller
u = Cz stabilizes the system &(t) = Ax(t) + Bu(t).
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e (v) R >0 and det(jwJ — K) # 0 for all w € R, with J = ,

CTR™'C -Q AT — CR™'BT
K=
A—BR'CT BR'BT
e (vi) R > 0 and there exist a quadratic form V = x*Pz, P = P*, and
a matriz k € R™™, such that V + w(u,z) = |R2(u — k*z)|> and the
controller u = k*x stabilizes the system &(t) = Ax(t) + Bu(t).
o (vii) The functional Vy(-) in (3.131) is positive definite on the set M(0) of
processes (x(+),u(+)) that satisfy ©(t) = Az(t) + Bu(t) with x(0) = xo =0,
i.e. there exists § > 0 such that

+00 +oo
/ wu(t), z(t))dt > § / @7 (D)2 (t) + uT (u(t))2dt
0 0
for all (z(+),u(-)) € M(0), where M(xq) is the set of admissible processes.

Let at least one of these assertions be valid (which implies that they are all
valid). Then there exists a unique pair of matrices (P, k) which conforms with
the requirements of item (iv). In the same way there is a unique pair which
complies with the requirements of item (vi) , and the pairs under consideration
are the same. Finally any of the items (i) through (vii) implies that for any
initial state xo € R™ one has V(xo) = xf Pxo = minpq(ge) V(z(-),u(-)). =

The set M (z) of admissible processes consists of the set of pairs (z(-), u(-))
which satisfy @(t) = Az(t) + Bu(t) with x(0) = xo, with u € L. If (A, B) is
controllable then M(zg) # 0 for any xo € R".

3.8.5 On the Design of Passive LQG Controllers

The Linear-Quadratic-Gaussian (LQG) controller has attained considerable
maturity since its inception in the 1950s and 1960s. It has come to be generally
regarded as one of the standard design methods. One attribute of LQG-type
compensators is that, although they guarantee closed-loop stability, the com-
pensator itself is not necessarily stable. It would be of interest to characterize
the class of LQG-type compensators which are stable. Going one step further,
if the LQG compensator is restricted to be not only stable, but also passive,
this would define an important subclass. The importance of such compensators
is that they would not only be passive, but would also be optimal with respect
to an LQG performance criteria. One reason for considering passive compen-
sators is that, when used to control positive real plants, they offer excellent
robustness to modeling errors as long as the plant is PR. An important appli-
cation of passive compensators is vibration suppression in large flexible space
structures (LFSS), which are characterized by significant unmodeled dynam-
ics and parameter errors. The linearized elastic-mode dynamics of LFSS [253]
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with compatible collocated actuators and sensors are PR systems regardless
of the unmodeled dynamics or parameter uncertainties can, therefore, be ro-
bustly stabilized by an SPR compensator.

The objective of this section is to investigate the conditions under which
an LQG-type compensator is SPR, so that one can simultaneously have high
performance and robustness to unmodeled dynamics.

Consider a minimal realisation of a PR system expressed by the following
state space representation:

&(t) = Az(t) + Bu(t) + v(t)
(3.161)
y(t) = Cz(t) +w(t)

where v(-) and w(-) are white, zero-mean Gaussian noises. Since the system
is PR, we assume, without loss of generality (see Remark 3.54 at the end of
this section), that the following equations hold for some matrix @, > 0:

A+ AT = —Qa <0 (3.162)

and

B=C"T (3.163)

The above conditions are equivalent to the Kalman-Yakubovich-Popov
Lemma. The LQG compensator for the system (3.161), (3.162) and (3.163) is
given by (see [9])

u(t) = —u'(t) (3.164)

#(t) = [A— BR'BT"P. — P;BR,'B"] &(t) + PyBR,'y(t) (3.165)

u'(t) = RT'BT P.i(t) (3.166)

where P, = PCT > 0 and Py = Pf > 0 are the LQ-regulator and the
Kalman-Bucy filter Riccati matrices which satisfy the algebraic Riccati equa-

tions
PA+A"P.— P.BR'BTP.+Q =0 (3.167)

PyAT + APy — PyBR,'BTP; + Qv =0 (3.168)

where @@ and R are the usual weighting matrices for the state and input, and
Qv and Ry are the covariance matrices of v and w. It is assumed that Q > 0
and that the pair (A, Q%,/ 2) is observable. The main result is stated as follows:
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Theorem 3.53. [312] Consider the PR system in (3.161), (3.162)
and (3.163) and the LQG-type controller in (3.164) through (3.168). If
Q, R, Q, and R,, are such that

Qv =Q,+BR'BT (3.169)
Ry, =R (3.170)

and A
Q-BR'B"=Qp>0 (3.171)

then the controller in (3.165) through (3.166) (described by the transfer
function from y to w ) is SPR.

Proof: Introducing (3.162), (3.169), (3.170) into (3.168), it becomes clear that
Py =1 is a solution to (3.168). From (3.167) it follows:

P.(A-BR'B"P. - BR'B")+ (A-BR'B"P.—- BR™'BT)TP.

=—-Q—-P.BR'B"P.— P.BR'BT — BR™'BTP,
=—-Q—(P.+IBR'BT(P.+ 1)+ BR'B”

=-—Qp— (P.+1)BR'BT(P.+1)<0

where Qp is defined in (3.171). In view of (3.163 ), (3.170) and the above, it
follows that the controller in (3.165) and (3.166) is strictly positive real. ™

The above result states that, if the weighting matrices for the regulator
and the filters are chosen in a certain manner the resulting LQG-type compen-
sator is SPR. However, it should be noted that this compensator would not be
optimal with respect to actual noise covariance matrices. The noise covariance
matrices are used herein merely as compensator design parameters and have
no statistical meaning. Condition (3.171) is equivalent to introducing an addi-
tional term y” R~y in the LQ performance index (since Q = Qg +CR™*CT)
and is not particularly restrictive. The resulting feedback configuration is
guaranteed to be stable despite unmodeled plant dynamics and parameter
inaccuracies, as long as the plant is positive real. One application of such
compensators would be for controlling elastic motion of large flexible space
structures using collocated actuators and sensors. Further work on passive
LQG controllers has been carried out in [99,160, 165,179,237, 238].
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Remark 3.54. Consider a positive real system expressed as

2(t) = Dz(t) + Fu(t)

(3.172)
y(t) = Gz(1)
Then, there exists matrices P > 0 and L such that
PD+DTP=—-LLT
(3.173)

PF=GT

Define & = P2z, where P2 is a symmetric square root of P [272]. Intro-
ducing this definition in (3.172), we obtain a state space representation as the
one in (3.161), but with A = P2DP~%, B = Pz F, C = GP~2. Multiplying
the first equation in (3.173) on the left and on the right by P2 we obtain
(3.162) with Q4 = P2 LLTP~=. Multiplying (3.173) on the left by P~ 2 we
obtain (3.163). n

3.8.6 Summary

Let us recapitulate some of the material in the previous subsections. We con-
sider the two matrix polynomials

R(P)=ATP+ PA+(C—B"P)T(D+DT)~'(C — BTP)
(3.174)
S(G) = AG + GAT + (B - GCT)(DT + D)~"(B — GCT)T

and the linear invariant system (X)) : &(t) = Axz(t) + Bu(t), y(t) = Cz(t) +
Du(t) which is controllable and observable.
Then all the following statements are equivalent one to each other [480]:

1) The transfer function of (X') is extended SPR.
2) There exists a positive definite matrix P such that

ATP+PA CT - PB
<0 (3.175)
C-BTP —(D+ D7)
3) D+ DT > 0 and the ARI R(P) < 0 has a positive definite solution P;.
4) D + DT > 0 and the ARE R(P) = 0 has a solution P, such that
A+ (D + DT)Pg has all its eigenvalues with strictly negative real parts.
e 5) There exists a positive definite matrix G such that

AG +GAT B-GCT
<0 (3.176)
BT —cG —(DT +D)
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6) D + DT > 0 and the ARI S(G) < 0 has a positive definite solution G;.
7) D+ DT > 0 and the ARE S(G) = 0 has a solution G, such that
A+ (D + DT)G. has all its eigenvalues with strictly negative real parts.

In addition, assume that any of the above statements 1)-7) holds. Then:

e 8) If the matrix P (resp. P;) solves the inequality (3.175) (resp. R(P) <
0) then its inverse P~1 (resp. P; ') solves the inequality (3.176) (resp.
S(G) < 0), and vice-versa.

e 9) The inequalities 0 < P. < P; and 0 < G, < G; hold.

Lemma 3.7 is used to prove some of the above equivalences. More on Ric-
cati equations can be found in [273,416]; see also Appendix A.4. Point 2)
above and Theorem A.61 show that extended SPR. functions and SSPR, func-
tions can be tested with the same LMI conditions and are therefore equivalent
notions.

Let us recall a fundamental result which is also closely linked to the KYP
Lemma solvability under no-controllability assumption of (A, B). Given A €
R™V™ B e RV™ M =MT ¢ R"™>*+m) with det(jwl, — A) # 0 for
w € IR (A does not have imaginary eigenvalues) and (A, B) controllable, the
next two statements are equivalent [145,412]:

. _ _1 * . o —1
. (@wanA) B) M((awInIfU B)SOforauwe[—oo,+oo].

e There exists a matrix P = PT € IR"*"™ such that

ATP + PA PB
M + <0 (3.177)
BTP 0
T
When M = g D i pr | onerecovers the KYP Lemma set of equations.

When @ > 0 then P > 0 and A is Hurwitz. The corresponding equivalence
with strict inequalities holds even if (A, B) is not controllable. This equivalence
therefore somewhat generalizes Proposition 2.31. The generalization of this
equivalence for a limited range of frequencies |w| < @, has been proposed
in [229,230]. This has important practical consequences.

3.8.7 A Digression on Semidefinite Programming Problems

The above equivalence makes a nice transition to the relationships between
semidefinite programming problems (SDP) and the KYP Lemma. Let us con-
sider a SDP of the form
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minimize q7x + Zé:l Tr(QrPr)

AEP]C + P, A, P.B;
subject to + 3P @My, > N, k=1,...,L
BI'P, 0
(3.178)

where the variables (unknowns) are x € IRP and P, = PL € IR™ "™ the
problem data are ¢ € IRP, Qp = QT € IR™ "™, Ay, € R™ "™ By, € IR™ "™,
My, = M € R X (tmi) ang N, = NE € RmeFmi)x (metme) - Gyep
a SDP is named a KYP-SDP [498] because of the following. As seen just above
the KYP Lemma states a frequency domain inequality of the form

((jwln ;mA)lByM (qufn ;mA)lB> <0 (3.179)

for all w € [—o00, 400}, with M symmetric and A has no imaginary eigenvalue
(equivalently the transfer function C(sI,, — A)~!B + D has no poles on the
imaginary axis). And (3.179) is equivalent to the LMI in (3.177). The con-
straints in the KYP-SDP in (3.178) possess the same form as (3.177) where
M is replaced by an affine function of the variable x. Let us take Q; = 0, then
the KYP-SDP can equivalently be rewritten as

minimize ¢Tx

ol — ANV-1B 0\ o a1
subject to (Ow[n IAk) Bk) (My(z) — Ny ((JWIn IAk) Bk) >0

k=1,..,L

(3.180)
where the optimization variable is z and My(z) = Y¥_, x;My,. Applica-
tions of KYP-SDPs are in optimization problems with frequency-domain in-
equalities, linear systems analysis and design, digital filter design, robust con-
trol analysis using integral quadratic constraints, linear quadratic regulators,
quadratic Lyapunov functions search, etc. More details may be found in [498].
We do not provide more details on this topic since this would bring us too far
away from our main interest in this book.

3.9 The Lur’e Problem (Absolute Stability)

3.9.1 Introduction

In this section we study the stability of an important class of control systems.
The Lur’e problem has been introduced in [321], it was very popular in the
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1950s 2 and can be considered as the first steps towards the synthesis of
controllers based on passivity. For a complete account on the Russian school
to the Lur’e problem, [524] is mandatory reading. Consider the closed-loop
system shown in Figure 3.3. We are interested in obtaining the conditions
on the linear system and on the static nonlinearity such that the closed-loop
system is stable. This is what is called the Lur’e problem.

Linear
system

o (ty)
s
—

Fig. 3.3. The Lur’e problem

The linear system is given by the following state-space representation:

z(t) = Ax(t) + Bu(t)
(2) (3.181)
y(t) = Cx(t) + Du(t), =(0) =0

with z(t) € R",u(t),y(t) € R™, m < n. The static nonlinearity ¢ : IR x
R™ — IR™ is possibly time-varying and described by

{ 2(t) = ¢(t, y(t)) (3.182)

u(t) = —z(¢t) (interconnection relation)

The linear system is assumed to be minimal, ¢.e. controllable and observ-
able which means that

rank [B AB ... A”*IB} =n,

2 Of the 20th century.
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and

C
rank C.A
O An-1
The nonlinearity is assumed to belong to the sector [a,b], i.e.:

i) ¢(t,0)=0 Vt>0
i) [o(t,y)—ayl" by—o(ty)) >0 V>0, Vy(t)eR"

In the scalar case (m = 1), the static nonlinearity is shown in Figure 3.4.

O(t,y)

ay

Y

Fig. 3.4. Static nonlinearity for n =1

3.9.2 Well-posedness of ODEs

The function ¢(-,-) must be such that the closed-loop system possesses a
unique solution. For an ordinary differential equation z(t) = f(x(¢),t), the
so-called Carathéodory conditions are as follows:

Theorem 3.55. [107] Let I = {(z,t) | |[x—x0|| < b,|[t—7| < a,a € R", b€
R"}, and let us assume that f : I — IR satisfies:

o (i) f(x,-) is measurable in t for each fized x

o (i) f(-,t) is continuous in x for each fixed t

o (iii) there exists a Lebesque integrable function m(-) on the interval [t—7| <
a such that | f(x,t)| < m(t) for all (z,t) € I
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Then for some a > 0 there exists an absolutely continuous solution x(-) on
some interval |t — 7| < B, B >0, satisfying x(7) = xo. [ |

One notices that, due to the absolute continuity of the solution z(-), it
follows that the equality &(t) = f(x(¢),t) is satisfied almost everywhere in the
Lebesgue measure (i.e. for all ¢ in the said interval, except on a set of zero
Lebesgue measure). When f(-, -) satisfies || f (¢, z)— f (¢, v)|| < ©(|t—7],||z—y]])
where 9 (-, ) is continuous and non-negative, then uniqueness of the solution
starting at xo is guaranteed (and its derivative is unique up to a set of zero
Lebesgue measure in the said interval of time). When f(-,+) is a C" function
of both x and ¢, then local existence and uniqueness of a solution which is also
a C" function of both z and ¢, is guaranteed [28]. The basic and “classical”
well-posedness results for an ordinary differential equation @(t) = f(¢, z(t))
are as follows:

Theorem 3.56 (Local Existence and Uniqueness [96]). Let f(t,x) be
continuous in a neighborhood N of (to,z9) € IR x IR"™, and be locally Lipschitz
with Lipschitz constant k. Then there exists o > 0 such that the ODE &(t) =
f(t,z(t)) possesses in the interval I = [tg—a, to+a] one and only one solution
x: I — IR" such that x(0) = xo. [ |

The definition of Lipschitz functions is in Definitions 4.2 and 4.3.

Theorem 3.57 (Global Uniqueness [96]). Let f(t,z) be locally Lipschitz.
Let I C IR be an interval (I may be open, closed, unbounded, compact, etc).
If x1(7) and z3() are two solutions of ©(t) = f(t,x(t)) on I and if they are
equal for some tog € I, then they are equal on the whole I. If in addition f(t,x)
is continuous in some domain U C IR x IR" and if (to,z0) € U, then there
exists a mazximum interval J 3 to in which a solution exists, and this solution
1S unique. [ |

Theorem 3.58 (Continuous Dependence on Initial Data). Let f :
W — IR", W C IR" an open set, be Lipschitz with constant k. Let x1(-)
and xz2(-) be solutions of ©(t) = f(x(t)) on the interval [to,t1]. Then for all
t € [to, t1], one has ||z1(t) — z2(t)|] < ||z1(to) — z2(to)|| exp(k(t — to)). [ |

The proof of Theorem 3.58 is based on Gronwall’s Lemma which is re-
called later in the book (Lemma 3.68). It is noteworthy that some of the
nonsmooth dynamical systems which are studied in this book do not enjoy
the continuity in the initial data property, like Lagrangian systems subject to
complementarity conditions (unilateral constraints).

In Section 3.9.4, well-posedness will be extended to multivalued and nons-
mooth feedback nonlinearities. Then new tools for studying the well-posedness
are required. Concerning the closed-loop system (3.181) and (3.182), one has
fz(t),t) = Az(t) — Bo(t,Cz(t)) when D = 0, and the conditions on ¢(t, y)
which assure that the vector field fits within the conditions of Theorems 3.55,
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3.56 or 3.57, are easily deduced. It is worth noting that when D # 0 some
care is needed. Indeed one obtains

y = Cz — D¢(t,y), (3.183)

and the output mapping makes sense only if Equation (3.183) has a unique
solution y = h(x) for all t > 0 and all x € IR". A single-valued mapping p(+)
is monotone if (z — ',y — y’) > 0 whenever z = p(y) and z’ = p(y'). It is
strongly monotone if (x — ',y —y') > al|ly — ¢'||* for some a > 0.

Lemma 3.59. Let D > 0 and ¢ : R™ — IR™ be monotone. Then the equation

y=Cz— Do(y) (3.184)

possesses a unique solution y = h(z) for all x € R™. [ |

Proof: The proof uses the fact that the generalized equation 0 € F(z) pos-
sesses a unique solution provided the mapping F(-) is strongly monotone
on IR™ [137, Theorem 2.3.3]. We are thus going to show that the mapping
y — y + D¢(y) is strongly monotone. Take two couples (z,z’) and (y,y’) in
the graph of this mapping, i.e. ' = x + D¢(x) and y' = = + D¢ (y). Then

(z—y)T(@' —y) = (z—y)"(x —y+ Dé(x) — Dp(y))
=(@—-y) " (x—y)+ (@ —y) " D(o(z) — ¢(y))
> (z—y) (@ —y) + Anin(D)(x — v)T (¢(z) — B(y))

> (@—y)(z—y)

(3.185)
This inequality precisely means that y — y + D¢(y) is strongly monotone
[137, Definition 2.3.1]. Thus y — y + D¢ (y) + « for some a € IR™ is strongly
monotone as well. |
The proof of the above fact applies to generalized equations of the form
0 € F(x) + Nkg(z), where Nk (-) is the normal cone to the closed convex
set K C IR" (we shall come back on convex analysis later in this chapter).
It happens that N~ () = {0} for all z € IR". But it is worth keeping in
mind that the result would still hold by restricting the variable y to some
closed convex set. Coming back to the Lur’e problem, one sees that a direct
feedthrough of the input in the output is allowed, provided some conditions are
respected. Positive real systems with D > 0 (which therefore have a uniform
vector relative degree r = (0,...,0)T € IR™), or with D > 0, meet these

conditions.
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3.9.3 Aizerman’s and Kalman’s Conjectures

Lur’e problem in Figure 3.3 can be stated as follows: Find the conditions
on (A,B,C,D) such that the equilibrium point z = 0 of the closed-loop
system is globally asymptotically stable for all nonlinearities ¢(-) in the sec-
tor [a,b]. Then the system is said to be absolutely stable. Another way to
formulate it is as follows: suppose the nonlinearity ¢(-,-) belongs to the sec-

tor [0, k]. The absolute stability problem is to find the value k* 2 inf{k >
0 | there exists ¢*(-) in the sector [0, k] for which the feedback system
(3.181) (3.182) is not asymptotically stable}. Equivalently, the feedback sys-
tem (3.181) (3.182) is asymptotically stable for any nonlinearity in the sector
[0, £*]. In the next sections, we shall first review three celebrated conjectures
which happen to be true only in very specific cases. Then we shall see what
happens when the feedback nonlinearity ¢(-,-) is no longer a function but a
multivalued function. This demands new mathematical tools to be correctly
handled, and we shall spend some time on this. Then two celebrated results,
the circle criterion and the Popov’s criterion, will be presented.

+ U
Linear System y

Fig. 3.5. Linear system with a constant output feedback

Conjecture 3.60 (Aizerman’s conjecture). If the linear subsystem with D = 0
and m = 1 in Figure 3.5 is asymptotically stable for all ¢(y) = ky, k € [a, b],
then the closed loop system in Figure 3.6 with a time-invariant nonlinearity
¢(+) in the sector [a, b] is also globally asymptotically stable. [ |

Aizerman’s conjecture states that if the vector field Az + bo(y) is Hurwitz
for all linear characteristic functions ¢(+), then the fixed point z = 0 should be
globally asymptotically stable for any continuously differentiable ¢(-) whose
slope remains bounded inside [a, b].
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Conjecture 3.61 (Kalman’s conjecture). Consider the system in Figure 3.6
with a nonlinearity such that ¢(t,y) = ¢(y) (i.e. a time-invariant and con-
tinuously differentiable nonlinearity), m = 1, ¢(0) = 0 and a < fl—f(y) <b.
Then the system in (3.181) with D = 0 is globally asymptotically stable if it

is globally asymptotically stable for all nonlinearities ¢(y) = ky, k € [a,b]. ®

0 Y
+©4> Linear System

O(t,y) |-

Fig. 3.6. Linear system with a sector nonlinearity in negative feedback

Thus Kalman’s conjecture says that if A—kBC' is Hurwitz for all k € [a, b],
x = 0 should be a globally stable fixed point for (3.181) (3.182) with ¢(-)
as described in Conjecture 3.61. However it turns out that both conjectures
are false in general. In fact, the absolute stability problem, and consequently
Kalman conjecture, may be considered as a particular case of a more general
problem known in the Applied Mathematics literature as the Markus-Yamabe
conjecture (MYC in short). The MYC can be stated as follows [350]:

Congjecture 3.62 (Markus-Yamabe’s conjecture). If a Ct map f : R" — IR"
satisfies f(0) = 0 and if its Jacobian matrix % is stable for all zg € R",

x

then 0 is a global attractor of the system () Z fz(t)). [ |

In other words, the MYC states that if the Jacobian of a system at any
point of the state space has eigenvalues with stricty negative real parts, then
the fixed point of the system should be globally stable as well. Although this
conjecture seems very sound from an intuitive point of view, it is false for
n > 3. Counter examples have been given for instance in [104]. It is however
true in dimension 2, i.e. n = 2. This has been proved in [175]. The proof
is highly technical and takes around 40 pages. Since it is, moreover, outside
the scope of this monograph dedicated to dissipative systems, it will not be
reproduced nor summarized here. This is however one nice example of a result
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that is apparently quite simple and whose proof is quite complex. The Markus-
Yamabe conjecture has been proved to be true for gradient vector fields, i.e.
systems of the form @(t) = V f(x(t)) with f(-) of class C? [334]. It is clear that
the conditions of the Kalman’s conjecture with f(z) = Az + bo(y), ¢(0) = 0,
make it a particular case of the MYC. In short one could say that Kalman’s
conjecture (as well as Aizerman’s conjecture) is a version of MYC for control
theory applications. Since, as we shall see in the next subsections, there has
been a major interest in developing (sufficient) conditions for Lur’e problem
and absolute stability in the Systems and Control community, it is also of
significant interest to know the following result:

Theorem 3.63. [35, 46] Kalman’s conjecture is true for dimensions n =
1,2,3. It is false for n > 3. [ ]

Since it has been shown in [175] that the MYC is true for n = 1,2, it
follows immediately that this is also the case for the Kalman’s conjecture.
Aizerman’s conjecture has been shown to be true for n = 1,2 in [163], proving
in a different way that Kalman’s conjecture holds for n = 1,2. The following
holds for the case n = 3:

Theorem 3.64 (n = 3 [35]). The system
@(t) = Ax(t) + be(y(t))

y(t) = cla(t)

(3.186)

with z(t) € R®, y(t) € R, b € R®, ¢ € R*, min, %(y) = 0, max, j_i(y) =
k € (0,400), ¢(0) = 0, is globally asymptotically stable if the matrices A +
Z—i(y)CT € R™™" are Hurwitz for all y(t) € RR. m

3.9.4 Multivalued Nonlinearities

It is of interest to extend the Lur’e problem to the case where the static
nonlinearity in the feedback loop is not differentiable, or even not a single-
valued function (say, a usual function), but is a multivalued function. The
material in this section is taken from [81]. Before stating the main results, we
need to introduce some basic mathematical notions from convex analysis. The
reader who wants to learn more on convex analysis and differential inclusions
with monotone mappings, is invited to have a look at the textbooks [66, 168,
210, 359].

Basic Facts on Convex and Nonsmooth Analysis

Let K C IR"™ denote a convex set. Its indicator function is defined as
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Fig. 3.7. Tangent and normal cones

0 ifzek
VY (r) = (3.187)
jooifx & K

A convex function f : IR" — IR satisfies f(Az+(1—-N)y) < Af(2)+(1—-N)f(y)
for all 0 < A < 1, and for all z and y in its (convex) domain of definition.
The indicator function ¥ (-) is convex if and only if K is convex. A convex
function is not necessarily differentiable, so that a more general notion of a
derivative has to be introduced. The subdifferential of a convex function f(-)
at y is denoted as Jf(y) and is the set of subgradients, i.e. vectors v € IR"
satisfying

f@) = fy) =" (& —y) (3.188)

for all x € IR™. Geometrically, (3.188) means that one can construct a set of
affine functions (straight lines) y +— (x — y)Ty + f(z) whose “slope” v is a
subgradient of f(-) at . The set 9 f(y) may be empty, however if f(-) is convex
and f(y) < 4oo then df(y) # 0 [359]. The simplest example is f : R — R™,
2 +— |z|. Then

-1 if <0
of(x) =< [-1,1]ifx=0 (3.189)
1 ifz>0

One realizes in passing that d|x| is the so-called relay characteristic and
that 0 € 0|0|: the absolute value function has a minimum at x = 0. The
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subdifferential of the indicator of K (which is convex if K is convex) is given
by
{0} ifze Int(K)

M (z) = { Ng(z)ifz € 0K (3.190)

0 ife g K
where 0K is the boundary of K, and

Ni(z)={z|2T(¢-2)<0,¥¢e K} (3.191)

is the outwards normal cone to K at x. Notice that 0 € Ng(z) and that
we have drawn the sets x + Nk (z) rather than Nk (z) in Figure 3.7. Also
Ng(xz) = {0} if z € Int(K), where Int(K) = K \ OK. The set in (3.190) is
the subdifferential from convex analysis.

Ezample 3.65. If K = [a,b] then Nk (a) = IR~ and Nk (b) = R™.

Remark 3.66. The symbol 0 is used in three different meanings in this section:
boundary of a set, subdifferential and partial derivative. Since this notation
is classical we choose not to change it.

Definition 3.67. Let K be a convex cone. Its polar cone (or negative cone)
18

K*={seR" | (s,z) <0 forallz e K} (3.192)

The inwards tangent cone Tk () is the polar cone to Nk (x) and is defined
as Tx(z) = {2z | V¢ € Nk(x),(Tz < 0}. Both the normal and the tangent
cones are convex sets. If the set K is defined as {z | h(z) > 0} for some
differentiable function h : IR™ — IR™, then an alternative definition of the
tangent cone at x is [358]

Tx(z) = {ve R | vIVhi(z) >0, Vie J(x)} (3.193)

with J(z) = {i € {1,...,m} | hi(z) < 0}. One notes that this definition
coincides with the first one as long as € K, and that K needs not be convex
to define Tk (z) in (3.193). Some examples are depicted in Figure 3.7; see
also [69].

A mapping p(-) from X to Y is said to be multivalued if it assigns to
each element x of X a subset p(z) of Y (which may be empty, contain just
one element, or contain several elements). The graph of a mapping p(-) is
defined as gph(p) = {(z,y) | v € p(x)}. The mappings whose graphs are in
Figure 3.8 (c-f) are multivalued. A multivalued mapping p(-) is monotone if
(x —2")T(y —y') > 0 for any couples (z,y) and (2/,y’) in its graph, i.e. 2’ €
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p(y') and x € p(y). When n = 1 monotone mappings correspond to completely
non-decreasing curves. When p(+) is single-valued, monotonicity simply means
(p(y) = p(y")) " (y—y') > 0 for all y and y'. Let dom(p) = {z|x € X, p(x) # 0}
be the domain of p(-). Recall that the domain of a (single-valued) function f(-)
is dom(f) = {z | f(z) < +o0}. A monotone mapping p(-) is maximal if for
any € X and any y € Y such that (y —y1,z — 1) > 0 for any =1 € dom(p)
and any y; € p(x1), then y € p(z). Complete nondecreasing curves in IR?
are the graphs of maximal monotone mappings. Another interpretation is
that the graph of a maximal monotone mapping cannot be enlarged without
destroying the monotonicity (hence the notion of maximality). Examples of
monotone mappings (n = 1) are depicted in Figure 3.8. They may represent
various physical laws, like dead-zone (a), saturation or elasto-plasticity (b),
corner law — unilateral effects, ideal diode characteristic — (c), Coulomb friction
(d), MOS transistor ideal characteristic (e), unilateral and adhesive effects (f).
Maximal monotone mappings play an important role in the study of infinite
dimensional systems. As is illustrated next, they also find nice application
in the Lur’e problem. One can see easily that if an operator H : u — y is
monotone, then it is also passive.

(a) (b) ©

(d) (£)
d 1/ /

—a —b —a —b

— "

Fig. 3.8. Monotone mappings (one-dimensional case)

We finally end this section by recalling classical tools and definitions which
we shall need next:
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Lemma 3.68 (Gronwall’s Lemma). Suppose f : RT — IR is a con-
tinuous function, and b > 0, ¢ > 0, are some constants. Then, if f(t) <

b+ fot cf(s)ds for all t >0, one has f(t) < bexp(ct) for allt > 0. [ |
We recall the definition of an absolutely continuous function.

Definition 3.69. Let —0co < a < b < 4o00. A function [ : [a,b] — R" is
absolutely continuous if for all € > 0 there exists a § > 0 such that for all
n € IN and any family of disjoint intervals (a1, 51), (ag, B2), -...,(an, Br) in
R satisfying > i, (B; — o) < 8, one has i | f(Bi) — flas)| <e. [ |

In fact absolutely continuous (AC) functions are usually better known as
follows:

Theorem 3.70. An AC function f : |a, b] — B zs almost everywhere differ-

entiable with derwative f(-) € Ly and f(z) f f@)dt for any a < z.
]

Theorem 3.70 can also be stated as: there exists a Lebesgue integrable
function g(-) such that f(¢t) = [g(r)dr (dr being the Lebesgue measure).

In a more sophisticated and pedantic language, df = g(t)dt as an equality
of measures, which means that f(¢t) = g(¢) almost everywhere. A function is
Lipschitz continuous if and only if it is absolutely continuous and its derivative
f is essentially bounded in the sense that there exists a compact set K such
that f(t) € K for almost all ¢ € [a,b]. All continuously differentiable (C)
functions defined on a compact interval of IR, are AC. AC functions are of
bounded variation (see Definition 6.58) on such an interval and possess a
derivative almost everywhere. For functions defined on IR one then may define
the notion of local AC, which simply means that the restriction of the function
on any bounded interval of IR is AC. Let us now introduce the notion of lower
semi-continuity.

Definition 3.71. Let f : X C R" — IR. The function f(-) is said lower
semi-continuous (Isc) at x* € X if liminf,_, f(x) > f(z*). [ |

Obviously a continuous function at z* is also Isc at z*. But the contrary
is false (otherwise both properties would make one!). An lsc function can be
discontinuous. The sublevel sets are defined as S, (f) = {xr € X | f(z) <r}.

Proposition 3.72. 4 function f : R" — IRU{+0o0} is lower semi-continuous
on IR™ if and only if the sublevel-sets S,.(f) are closed (possibly empty) for all
r € R. ]

The subdifferential dp(-) of a convex lower semicontinuous function on
IR" is a maximal monotone mapping, and dp(z) is a convex closed do-
main (possibly empty) of IR". One has for instance ¢(z) = ¢ jp- (2) in Fig-

ure 3.8 (c), p(x) = |z| + % for (d), P(x) = V(ooa](T) = V|_a o0 (@) +
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—b)2if x| > b
{ . 20 o (e). If p(z1, -+ ,om) = paloa] + -+ + pmlom| +

if |z| < b
12Tz, then 0p(0) = ([—p1, gl o [—Hm, 1tm])T . Let us now state a classical
result of convex analysis, which is a generalization of the chain rule [168].

Proposition 3.73. Assume that f : Y — (—o00,+00] is conver and lower
semi-continuous. Let A : X — 'Y be a linear and continuous operator. Assume
that there exists a point yo = Axg at which f(-) is finite and continuous. Then

O(foA)(z) = ATof (Ax) (3.194)
forallxz € X. [ ]

Further generalizations exist, see [415, §10.B]. Let us now state a gen-
eralization of the existence and uniqueness results (Theorems 3.55 to 3.57).
The next theorem is known as the Hille-Yosida Theorem when the operator
A:x— Az is linear.

Theorem 3.74 (Existence and uniqueness of solutions of monotone
inclusions). [66, Theorem 3.1] Let A be a mazimal monotone operator map-
ping R" into IR™. Then for all xy € dom(A) there exists a unique Lipschitz
continuous function z(-) on [0,+00) such that

(t)+ Az(t) 20
(3.195)
z(0) = zo

almost everywhere on (0,400). The function satisfies x(t) € dom(A) for
all t > 0, and it possesses a right-derivative for all t € [0,400). If z1(")
and x2(+) are two solutions then ||x1(t) — z2(t)|| < ||z1(0) — z2(0)|| for all
t € [0,+00). In case the operator A is linear then x(-) € C([0,+00), R™) N
C°([0, +00), dom(A)). Moreover [|z(t)|| < |lzo|| and [|2(®)]] < ||Az(t)l| <
[|Axo|| for all t > 0. [ |

It is noteworthy that the notion of an operator in Theorem 3.74 goes
much further than the mere notion of a linear operator in finite dimension. It
encompasses subdifferentials of convex functions, as will be seen next. It also
has important applications in infinite-dimensional systems analysis.

+1 ifx>0
Ezample 3.75. Let Az = < [0,1] if = 0 . Then the solution is
—1ifz<0

_ (wo—t)+ 1fx020
:E(t)_{xo ifxg <0



148 3 Kalman-Yakubovich-Popov Lemma
The Multivalued Absolute Stability Problem

It is of interest to extend the absolute stability problem with a single-valued
feedback nonlinearity, to the case where the operator ¢ : y — yr, = ¢(y) is
a maximal monotone operator. The state space equations of the system are
given by

. a.e.

z(t) "= Ax(t) — Byr(t)

y(t) = Cx(t) (3.196)

yr € 9p(y),

where y(t),yr(t) € R™, z(t) € R" and a.e. means almost everywhere in the
Lebesgue measure. The fixed points of (3.196) can be characterized with the
generalized equation

0 € {Azp} — Bop(Cxg).

One notices that the system in (3.196) is a differential inclusion, due to
the multivalued right-hand-side. Indeed the subdifferential dp(y) is in gen-
eral multivalued. What is the difference between the differential inclusion in
(3.196) and, say, Filippov’s systems, which readers from Systems and Control
are more familiar with? The main discrepancy between both is that the right-
hand-side of (3.196) need not be a compact (bounded) subset of the state
space X C IR", for all x € X. It can for instance be a normal cone, which is
usually not bounded (the normal cone at a of the interval [a,b], a < b, is the
half line IR™; see Example 3.65). Of course there is a nonzero overlap between
the two sets of inclusions: If the feedback loop contains a static nonlinearity
as in Figure 3.8 (d), then the inclusion (3.196) can be recast either into the
“maximal monotone” formalism, or the “Filippov” formalism. Actually, Fil-
ippov’s systems are in turn a particular case of what one can name “standard
differential inclusions”, i.e. those inclusions whose right-hand-side is compact,
convex, and possesses some linear growth property (see [124] for more details).
To summarize, the basic assumptions on the right-hand-sides of both types of
inclusions differ so much that their study (mathematics, analysis for control)
surely differ a lot as well.
Let us assume that

a) G(s) = C(sI — A)~'B, with (A, B,C) a minimal representation, is a SPR
transfer matrix. In particular from the KYP Lemma this implies that
there exists positive definite matrices P = PT and Q = Q7 such that
PA+ATP=-Qand BTP=C.

b) B is full column rank, equivalently Ker(B) = {0}. Thus CA~'B +
BTA-TCT is negative definite 3.

c) ¢ : R" — IRU{+o0} is convex lower semi-continuous, so that dy is a
maximal monotone multivalued mapping.

3 Indeed BTA™TCT + CA™'B=-BTATQA'B <.
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Lemma 3.76. [81] Let assumptions a)—c) hold. If Cz(0) € dom dp, then
the system in (3.196) has a unique absolutely continuous (AC) solution on
[0, 4+00). [

Proof: Let R be the square root of P, i.e. R = RT > 0, RR = P. Consider the
convex lower semi-continuous function f : R" — RU{+oo} defined by f(z) =
©(CR™12). Using a) shows that Ker(CT) = {0} so that Im(CR™!) = Im(C) =
IR™. From Proposition 3.73 it follows that df(z) = R™'CTOp(CR™'z). Let
us prove that the system

3(t) € RART2(t) — 0f(2(t))
(3.197)
2(0) = Rx(0)

has a unique AC solution on [0, 4+00). First, to say that Cz(0) € dom dy is
to say that CR™'2(0) € dom 9y, and this just means that 2(0) € dom 9f.
Second, it follows from the KYP Lemma that RAR™ + (RAR™)T is nega-
tive definite. Therefore the multivalued mapping —RAR~! + df is maximal
monotone [66, Lemma 2.4]. Consequently the existence and uniqueness result
follows from Theorem 3.74.

Now set x(t) = R7'z(t). It is straightforward to check that x(t) is a
solution of the system in (3.196). Actually the system in (3.197) is deduced
from (3.196) by the change of state vector z = Rux. [ |

As an example, let us consider dissipative Linear Complementarity Sys-
tems (LCS) [83,94]:

#(t) = Az(t) + BA(?)
(3.198)
0<y(t)=Ca(t) LA>0

where (A, B, () satisfies a) and b) above, y(t), \(t) € IR™, and Cz(0) > 0.
The second line in (3.198) is a set of complementarity conditions between y and
), stating that both these terms have to remain non-negative and orthogonal
one to each other. The LCS in (3.198) can be equivalently rewritten as in
(3.197) with o(y) = w(R+)m (y), noting that

0<ylA>0 <= -)\€ 61/)(1R+)m(y) (3.199)

which is a basic result in convex analysis, where ¢ (-) is the indicator function
in (3.187). Lemma 3.76is extended in [85] to the case of non-autonomous
systems with both locally AC and locally BV inputs, both in the linear and
nonlinear cases 4. The non-autonomous case yields another, more complex,
type of differential inclusion named first order Moreau’s sweeping process.

4 Linearity refers in this context to the vector fields, not to the system itself that
is nonlinear as it is unilaterally constrained.
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Remark 3.77. Let us note in passing that Lemma 3.76 applies to nonlinear
systems as #(t) = — > p_, 2T (t) —yL(t), y = z, yr € 0p(y), x € IR. Indeed
the dynamics —yy, — y is strictly dissipative with storage function V (z) = %,

so that P =1 and z = z.

Let us notice that y € dom Jdp. Finally there exists a Lebesgue integrable
function w(t) such that z(t) = [w(7)dr, where dr is the Lebesgue measure.
Hence dx = w(t)dt as an equality of measures.

Lemma 3.78. [81] Let assumptions a)—c) hold, the initial data be such that
Cxz(0) € dom Op, and assume that the graph of Op contains (0,0). Then: i)
x = 0 is the unique solution of the generalized equation Ax € BOp(Cx) ii)
The fized point x = 0 of the system in (3.196) is exponentially stable. |

Proof: The proof of part i) is as follows. First of all notice that z = 0 is
indeed a fixed point of the dynamics with no control, since 0 € Bdp(0).
Now Az € Bop(Cx) = PAx € PBOp(Cz) = 2T PAx = 270g(x), where
g(x) = p(Cx) (use Proposition 3.73 to prove this), g(-) is convex as it is
the composition of a convex function with a linear mapping, and we used
assumption a). The multivalued mapping dg(z) is monotone since g(-) is
convex. Thus x7dg(x) > 0 for all x € IR™. Now there exists Q = Q7 > 0
such that 27 PAz = —%xTQx < 0 for all z # 0. Clearly then x satisfies the
generalized equation only if x = 0.

Let us now prove part ii). Consider the candidate Lyapunov function
W(z) = 327 Pz. From Lemma 3.76 it follows that the dynamics in (3.196)
possesses on [0, 4+00) a solution z(¢) which is AC, and whose derivative (t)
exists a.e.. The same applies to W (-) which is AC [421, p.189)]. Differentiating
along the closed-loop trajectories we get

dWoz) 4y &L 2T (1) Pw(t)

=" (t)P(Az(t) — Byr(t)) = —a” ()Qx(t) — 2™ (t) PBy(t)

= =21 ()Qx(t) — 27 (t)CTyL(t)

(3.200)
where yr is any vector that belongs to dp(Cx). The equality in the first
line means that the density of the measure d(W o x) with respect to the
Lebesgue measure dt (which exists since W(z(t)) is AC) is the function

2T Pw. Consequently w +27Qx € —aTCTop(Cx) = —2Tdg(x) ae.,
where W is computed along the system’s trajectories. Let us consider

any z € Jg(x). One gets W AL —2TQx — 272 < —2TQx from the

property of monotone multivalued mappings and since (z,z) = (0,0) be-

longs to the graph of dg(x). The set of time instants at which the inequality
d(Wox) <

o —2TQu is not satisfied is negligible in the Lebesgue measure. It
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follows that the function of time W( ), which is continuous, is nonincreasing.
Thus one has W (t) fo 2T Qr — 2T2)dr < — f; 2T Qxdr. Conse-
quently §Amin(P)a: z < W fo Amin(Q)xT 2d7, where Apin(+) is the small-
est eigenvalue. By the Gronwall’s Lemma 3.68 one gets that %/\min(P)xTx <

W (0) exp ( 2 :‘:E%t) which concludes the proof. [ |

It is worth noting that part i) of Lemma 3.78 is a particular case of gen-
eralized equation 0 € F'(x), where F'(-) is a maximal monotone operator.

Example 3.79. Let us consider a one degree-of-freedom mechanical system
with Coulomb friction

oy A .

mi(t) = —psgn(q(t)) + u(t) (3.201)
where ¢(t) is the position of the system, p is the friction coefficient and the
control is given in Laplace transform by u(s) = H(s)q(s). Defining z; = ¢
and xo = ¢ and u = aq + 8¢ we obtain

0= (o )otr= (1 )mto

: 3.202

() € Dli(t) (3:202)
y(t) = z2(t)

The transfer function of the triple (A4, B,C) is G(s) = £ —— —5:—a> Which

obviously cannot be SPR but only PR with a suitable choice of < 0 and
B < 0; see Section 2.14. Thus more advanced tools will be needed to study
the asymptotic stability of (3.201); see Chapter 7, Section 7.2.5.

Dissipation inequality and storage function:

We consider the same inclusion as in (3.196) but with an input, i.e.
i(t) 2 Ax(t) — Byp(t) + Bu(t)
y(t) = Cz(t) (3.203)

yr € 0p(y)
It is then not difficult to calculate that

f(f uT(s)y(s)ds = fo s)Cx(s)ds = fo (s)BT Px(s)ds

= fo x(s) + Byr(s))T Px(s)ds

\ /\

32T (t)Px(t) — 527 (0)Px(0) = W (x(t)) — W (x(0))
(3.204)
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Therefore W (-) is a storage function for (3.203) that is smooth despite the
system is nonsmooth.We notice that if Bu(t) in (3.203) is replaced by Eu(t)
for some matrix E' and with both (A, E, C) and (4, B, C) being PR, then the
above developments yield that W(-) is a storage function provided the two
triples have a set of KYP Lemma equations with the same solution P, so that
BTP=C.

Another kind of nonsmooth characteristic that does not fit with the maxi-
mal monotone static nonlinearities can be found in [266] where the passivity of
an oscillator subject to a Preisach hysteresis is shown. The absolute stability
of systems with hysteresis non-linearities is also treated in [393].

3.9.5 Dissipative Evolution Variational Inequalities
Introduction

In this section we introduce a new formalism that is useful in many appli-
cations: evolution variational inequalities (in finite dimension). Let K C R"
be a nonempty closed convex set. Let F' : R™ — IR"™ be a nonlinear opera-
tor. For (t9,x0) € R x K, we consider the problem P(to,x¢): Find a function
t — a(t) (t > to) with z € CO[tg, +00); R"), L& € L ([to, +00); R™) and
such that:

z(t) € K, t > to
(92 (t) + F(2(t)),v —z(t)) >0, Vo € K, ae. t > tg

x(to) = X9
(3.205)

Here (., .) denotes the euclidean scalar product in R™. It follows from standard
convex analysis that (3.205) can be rewritten equivalently as the differential
inclusion
G (1) + F(x(t)) € —Ng ((t))
(3.206)
() e K

where the definition of the normal cone to a set K is in (3.191). If K = {z |
Cz > 0} the reader may use Proposition 3.73 together with (3.187), (3.190)
and (3.199) to deduce that (3.206) is the LCS

9E(t) + F(x(t)) = CTA(t)
(3.207)
0<Cx(t) LAE) >0



3.9 The Lur’e Problem (Absolute Stability) 153

Still, another formulation for (3.206) is as follows:

(@) +F(x(t),t),v—z(t)) +o(v) —p(x(t)) >0, Vv e R", ae.t >0 (3.208)

with ¢(z) = Yi(z) and z(t) € dom(dp), t > 0, where dom(dp) = {z €
R"™ | 9 # 0} is the domain of the multivalued mapping 9. In general ¢(-)
is a proper convex and lower semi continuous function. One has dom(dy) C
dom(p) = {x € R" | ¢(x) < +oo} and dom(d¢) = dom(y): the two
domains differ only by the boundary. More on the equivalence between various
formalisms like the above ones can be found in [84]. The maximal monotone
property of operators is at the core of the equivalence. Let us give a well-
posedness result, which is one variant of the famous Kato’s Theorem [251].

Theorem 3.80. [167] Let K be a nonempty closed convex subset of R" and
let A€ R™™". Suppose that F': R™ — IR" can be written as

F=FR+9

where Fy is Lipschitz continuous, ® € C*(R";R) is convex and &' denotes
its derwative. Let tg € R and vy € K be given. Then there exists a unique
x € CO([tg, +00); R™) such that

d
= € Loc.elfto, +o0): R") (3.209)
x is right-differentiable on [ty, +00) (3.210)
z(to) = wo (3.211)
z(t) € K, t > to (3.212)
<%(t) + Ax(t) + F(z(t),v —x(t)) >0, Vv € K, a.e. t >t (3.213)

Suppose that the assumptions of Theorem 3.80 are satisfied and denote by
x(.;t0, o) the unique solution of Problem P(t¢, o) in (3.205). Suppose now
in addition that

0e K (3.214)
and
—F(0) € Nk(0) (3.215)
that is
(F(0),h) >0,Yhe K
Then

{E(t;to,()) = 0, t > to

i.e. the trivial solution 0 is the unique solution of problem P(¢o,0).
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Lyapunov Stability

Definition 3.81. The equilibrium point x = 0 is said to be stable in the sense
of Lyapunov if for every e > 0 there exists n = n(e) > 0 such that for any
xo € K with ||xol| < n the solution x(-;to,x0) of problem P(ty,xo) satisfies
Hx(t;to,xo)H S g, Vit 2 to.

Definition 3.82. The equilibrium point x = 0 is asymptotically stable if it is
stable and there exists 6 > 0 such that for any xg € K with ||zo| < & the
solution x(;to, xo) of problem P(to, o) fulfills limy_ 4o ||2(t; to, o)| = 0.

We now give two Theorems inspired from [170] that guarantee that the
fixed point of the systems is Lyapunov stable.

Theorem 3.83. [167] Suppose that the assumptions of Theorem 3.80 to-
gether with the condition (3.215) hold. Suppose that there exist o > 0 and
V e CY(R™;R) such that

D)
V(z) = a(llz]]), = € K, [lz]| <o

with a : [0,0] — R satisfying a(t) > 0, Vt € (0,0)
(2) V(©0)=0
3) z-V'(z)eK,z€dK, ||z| <o
(4) (Az+ F(x),V'(x)) >0,z €K, ||z]| <o

Then the trivial solution of (3.212) and (3.213) is stable. [ |

Theorem 3.84. [167] Suppose that the assumptions of Theorem 3.80 to-
gether with the condition (3.215) hold. Suppose that there exist A > 0, 0 > 0
and V € CH(R"™;R) such that

1)
V(z) > a(||z]]), for adlz e K, ||z|| <o

with a : [0,0] — R satisfying a(t) > ct™, Vt € [0,0], for some constants
c>0,7>0

(2) V(0)=0

(3) z-V'(z) €K, forallx € 0K, ||z| <o

(4) (Ax+ F(x),V'(x)) > AV (z), foralz e K, |z <o

Then the trivial solution of (3.212) and (3.213) is asymptotically stable. M

Copositive Matrices on a Set
We shall also need the definition of a number of sets of matrices.

Definition 3.85. [167] The matriv A € R™*" is Lyapunov positive stable
on K if there exists a matriz P € R™*"™ such that
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: (Px,z)
(1) 1nf$€K\{0} W >0
(2) (Az, [P+ PTz) >0,V e K
(3) 2€dK=[I-[P+PllzeK [ ]
Definition 3.86. [167] The matriz A € R"*" is Lyapunov positive strictly-
stable on K if there exists a matriz P € R™ "™ such that

: (Px,z)
(1) 1nf$€K\{0} W > 0

(2) inf$€K\{0} %TIQPTM >0

(3) 2€dK=[I—-[P+PllzeK [

Remark 3.87. Condition (1) of Definitions 3.85 and 3.86 is equivalent to the
existence of a constant ¢ > 0 such that

(Pz,x)>c|x|* Vz € K (3.216)
Indeed, set
= inf @
cek\{0} |z
If +00 > C > 0 then it is clear that (3.216) holds with ¢ = C. If C = 400

then necessarily K = {0} and the relation in (3.216) is trivial. On the other
hand, it is clear that if (3.216) holds then C > ¢ > 0.

Recall that a matrix P € R™*" is said to be copositive on K if
(Pz,x) >0,V € K
A matrix P € R™*" is said to be strictly copositive on K if
(Pz,z) >0,V € K\{0}

These classes of matrices play an important role in complementarity theory
(see e.g. [137,367]). The set of copositive matrices contains that of positive
semi definite (PSD) matrices [367, p.174]. Indeed a PSD matrix is necessarily
copositive on any set K. However it is easy to construct a matrix that is
copositive on a certain set K, but which is not PSD.

Let us here denote by Px (resp. Pj) the set of copositive (resp. strictly
copositive) matrices on K. Let us also denote by ’P?;Jr the set of matrices
satisfying condition (1) of Definition 3.85, that is

(Bx, x) }

PEF={BeR™": inf
K= eek\{0} |[|z[|?

It is clear that
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PET Cc PE C Pk
K1 C Ky= Pt cPLt

Let us now denote by L the set of Lyapunov positive stable matrices on
K and by L?’ the set of Lyapunov positive strictly-stable matrices on K. We
see that

Lx ={AeR"™":3P e PL* such that (I — [P+ PT)(OK) Cc K
and PA+ A"P € Pk}
and
£t ={AeR"":3P € P such that (I — [P+ PT])(0K) C K

and PA+ ATP e Pt}

Let us note that P needs not be symmetric. In summary, the classical pos-
itive definite property of the solutions of the Lyapunov matrix inequality, is
replaced by the copositive definite property.

PR Evolution Variational Inequalities

To see how evolution variational inequalities are related to the systems in the
foregoing section, let us come back to the system in (3.196):

i(t) "= Az(t) — Byr(t)
y(t) = Cx(t) (3.217)

yr € 0p(y)

and let us assume that the convex function ¢(y) is the indicator of a closed
convex set K C IR" with 0 € K. We therefore rewrite the problem as:
Find z € C°([0, 00); R™) such that 2% € L. (0, +o0; R") and

dxr

E(t) = Ax(t) — Byr(t), a.e.t >0 (3.218)
y(t) = Cx(t) (3.219)

y(t) e K (3.220)

yL(t) € 0k (y(t)) (3.221)

z(0) = zg (3.222)

Assume there exists a symmetric and invertible matrix R € R"*" such
that R~2C7T = B. Suppose also that there exists



3.9 The Lur'e Problem (Absolute Stability) 157
Yo 2 CR 'z € Int(K). (3.223)

Then using the change of state vector z = Rx and setting
K={heR":CR 'he K} (3.224)

we see that problem (3.218) to (3.222) is equivalent to the following one: find
z € 0°([0,00); R™) such that % € Loo.o([0,00); R") and

(%(t) — RAR™2(t),v — 2(t)) > 0,Yv € K, a.e. t > 0 (3.225)

Indeed, it suffices to remark that
CreK&szeK

2(0) = zp < 2(0) = Rxg

and
dx dz 1 -1
o € Av— BOY(Ca) & R € RAR™'Re — RBOVx (CR™' Ra)
d
= d—j € RAR™'z — R™\R?Bdyx (CR™'2)
d
= d—'z € RAR 'z — R1CT9px (CR™2)
dz _
& € RAR™ "z — OV (2)

Indeed, ¥z (2) = (¥x o CR™1)(2) and thanks to (3.223) we obtain dvz (2) =
R_lcTaz/JK(CR_lz). We remark also that the set K is closed convex with
0 € K. The variable change z = Rx is exactly the same as the variable change
used in Lemma 3.76. The following holds:

Lemma 3.88. [167] Let K C R" be a closed convez set containing x = 0, and
satisfying the condition (8.223). Define K as in (3.224). Suppose that there
exists a symmetric and invertible matriz R € R™™"™ such that R72CT = B.
i) If —-RAR™ € Ly then the trivial equilibrium point of (3.218)-(3.221) is
stable.

i) If —RAR™! € E'}: then then the trivial equilibrium point of (3.218)-
(3.221) is asymptotically stable. [ |
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Example 3.89. Positive real evolution variational inequalities Assume
that G(s) = C(sI—A)~!B, with (A4, B, C') a minimal representation, is strictly
positive real. From the Kalman-Yakubovitch-Popov Lemma there exist P =
PT positive definite and Q@ = Q7 positive definite such that PA+ATP = —Q
and BT P = C. Choosing R as the symmetric square root of P,i.e. R= RT R
positive definite and R? = P, we see that BT R? = C' and thus R~2C7T = B.
Moreover

(PAz,z) + (AT Pz, z) = —(Qx,z),Vr € R" (3.226)
Thus 1
(Az, Px) = —§<Qx,x>,Va: eR" (3.227)
It results that
—(RAz, Rx) > 0,Vz € R"\{0} (3.228)

Setting z = Rx, we see that
—(RAR™'2,2) > 0,Vz € R"\{0} (3.229)

So —RAR™' € Pt C 77};"’ C ﬁ;;r. All the conditions of Lemma 3.88 (part
ii)) are satisfied and the trivial solution of (3.218)—(3.221) is asymptotically
stable. The results presented in the foregoing section are here recovered. In
case G(s) is positive real then Lemma 3.88 (part 1)) applies. As shown above
(see Lemma 3.78) the equilibrium point is unique in this case.

Ezxample 3.90. PR electrical circuit The following example is taken from
[82].
D,

UDI :
% Ry —
L 3 Up,

9

T2

Y Ry

A

Fig. 3.9. A circuit with ideal diodes
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Let us consider the circuit in Figure 3.9 (R1, R2, R3 > 0, Lo, Ls > 0). One
has 0 < —up, L 29 > 0and 0 < —up, L —x3+ 2 > 0, where up, and up,
are the voltages of the diodes. The dynamical equations are

X1 (t) = xg(t)
ia(t) = = (B ) (1) + Baa(t) — Ll mn(0) + £ (0) + £ ha(0)
g(t) = — (52 ) g () + Boaa(t) — £ (8)
)\1('&) —X (t) + afg(t)
0<(/\2(t))l( 3@@) )>0

(3.230)
where z1(+) is the time integral of the current across the capacitor, za(-) is
the current across the capacitor, and z3(-) is the current across the inductor
L- and resistor Ro, — A1 is the voltage of the diode D7 and — )5 is the voltage
of the diode Dy4. The system in (3.230) can be written compactly as the LCS:
#(t) = Az(t) + BA(t), 0 < A(t) L y(t) = Cz(t) > 0, with

0 1 0
A -t _RitR: R
= IsC Iz L
3C4 R, 3 _3R1+R2
L2 L2
0 0

(L L _(01-1
=7, S ’C_(ou))

2

The monotonicity (consequently the passivity) of the voltage-current relation
0 <wu 14> 0at the poles of the diodes is certainly an essential property both
for existence and uniqueness of solutions, and for stability. We recall that this
relation is a multivalued mapping whose graph is as in Figure 3.8 (¢). We set

1
200
P=[(0 L0
0 0 Lo

It is clear that P is symmetric and positive definite. Moreover, we see that
ATP 4+ PA = —Q with

0 0 0
Q = 0 2(R1 + Rg) —2R;
0 —2R; 2(Ri+ Ry)

The matrix Q € IR**? is symmetric and positive semi-definite. Moreover,
PB = C7T and the system in (3.230) is positive real, as expected from the
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physics. We deduce that (3.230) can be rewritten as an evolution variational
inequality

(2(t) — RAR2(t),v—2(t)) > 0,Yv € K, a.e. t > 0
_ (3.231)
2t) € K, t>0

where z = Rz, R is a symmetric positive definite square root of P and K =
{h € R" : CR7'h € K}. The change of state matrix R and the new state
vector z are easily calculated (z; = Fxl, z9 = /Lsxa, z3 = \/Laxs). [ |

It follows from the above that an extension of the KYP Lemma matrix
inequalities to linear evolution variational inequalities is possible at the price
of replacing positive definiteness by copositive definiteness of matrices. How-
ever what remains unclear is the link with frequency-domain conditions. In
other words, we have shown that if the triple (4, B, C) is PR (or SPR), then
it satisfies the requirements for the evolution variational inequality in (3.225)
to possess a Lyapunov stable equilibrium. Is the converse provable? Certainly
the answer is negative, as some examples show that the matrix A can be un-
stable (with eigenvalues with positive real parts) while A € £57 (thus the
corresponding evolution variational inequality has an asymptotically stable
fixed point). Extension of the Krasovskii-LaSalle invariance principle to evo-
lution variational inequalities, has been considered in [82]. In Chapter 6, we
shall examine second order evolution variational inequalities, which arise in
some problems of mechanics with nonsmooth contact laws.

3.10 The Circle Criterion

Let us come back to the Lur’e problem with single-valued nonlinearities in the
feedback loop. Consider the observable and controllable system in (3.181). Its
transfer function H (s) is

H(s)=C(sl,—A) 'B+D (3.232)

Assume that the transfer function H(s) is SPR and is connected in negative
feedback with a nonlinearity ¢(-) as illustrated in Figure 3.10. The conditions
for stability of such a scheme are stated in the following Theorem.

Theorem 3.91. Consider the system in Figure 3.10. If H (s) in (3.232) is
SPR, the conditions of Lemma 3.59 are satisfied and if ¢(t,y) is in the sector
[0,00), i.e.:

i) $(t,0)=0 Vt>0

i) yTo(t,y) >0 vt > 0, VyeR™

then the origin is a globally exponentially stable equilibrium point. |



3.10 The Circle Criterion 161

Y

—— H(s)

®(t,y)

A

Fig. 3.10. Linear system with a sector nonlinearity in negative feedback

Proof: Since H (s) = C (sI — A)"" B + D is SPR, then there exist P > 0,
Q@ and W, € > 0 such that

ATP+PA =—-eP-Q7Q
BTPp+WwWTQ=C (3.233)
wTw =D+ DT

Define the Lyapunov function candidate V(x) = 27 Pz. Then
V(z(t)) = &7 (t)Pz(t) + 27 (t)Pi(t)
= [Az(t) = B(t,y(1)]" Pa(t) + 27 (t)P [Ax(t) - Bo(t,y(1))]
=aT(t) (ATP + PA) z(t) — ¢ (t,y(t)) BT Px(t) — 2 (t)PBo(t,y(t))
(3.234)

Note that BTP = C — WTQ. Hence, using the above, (3.181) and the
control u = —¢(t,y), we get

ol () PB(t, y(t)) = ¢* (t,y(t)) BT Px(t)
= ¢ (t,y(1))Ca(t) — o7 (t, y() W' Qu(t)
= ¢"(t,y(t)) [y(t) — Du(t)] — & (t,y(t) W' Qu(t)
= ¢ (t,y(t)) [y(t) + Do(t,y(1)] — 7 (L, y(t)) W' Qu(t).
Substituting the above into (3.234) we get
V((t)) = —ea” (1) Pa(t) — 2T ()Q" Qx(t) — ¢"(1) (D + D) 6(1)
—¢T (W Qu(t) — 2T (t)QTW(t) — ¢" (t)y(t) — y" (H)e(t)
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Using (3.233) and the fact that y7¢ > 0 we have

V(x(t) < —ex” (t)Pa(t) — 2T ()QT Qu(t) — ¢7 (¢, y(t) W Wo(t, y(t))—
=6t y(1)" W Qu — 2T QTWo(t,y(t))
= —ex™ (1) Pa(t) — [Qu(t) + W (t,y(1)]" [Qu(t) + We(t,y(1))]
< —ex?'(t)Px(t)

Define 2(t) 2 —[Qu(t) + Wo(t,y(t)])” [Qu(t) + W(t,y(t))] which can
also be rewritten as V(z(t)) = —eV (xt)) + 2(¢)

Thus .
V(z(t)) = eV (0) + [e <=z (1) dr
0
< eV (0)
Finally the fixed point x = 0 is globally exponentially stable. ]

3.10.1 Loop Transformations

The above theorem applies when ¢(-, ) belongs to the sector [0, c0). In order
to use the above result when ¢(-, -) belongs to the sector [a, b] we have to make
some loop transformations which are given next.

> ot y)

> al,

Fig. 3.11. Loop transformations

1) If ¢(-,-) belongs to the sector [a,b] then ¢; = ¢ (t,y) — a belongs to the
sector [0,b — a] . This is illustrated in Figure 3.11.
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2) If ¢1(-,-) belongs to the sector [0, ¢] with ¢ = b — a then we can make the
transformation indicated in Figure 3.12 where § = ¢ (t,u4) and 6 > 0 is
arbitrarily small number. Therefore, as is shown next, ¢2(+) belongs to the
sector [0, 00).

’ >Q : >¢1<tay>

c>>0>0

L

c—0 ]

Fig. 3.12. Loop transformations

Note that if ¢; = ¢, then

¢ _Ec—5)a
U P
Therefore:
1. ife=c¢, lim £ = o0
6_—»0“
2. ife=0, %:O

Using the two transformations described above, the system in Figure 3.10
can be transformed into the system in Figure 3.13. We then have the following
corollary:

Corollary 3.92. If Hy in Figure 3.13 is SPR and the nonlinearity ¢(-,-) be-

longs to the sector [0,00) then the closed-loop system is globally exponentially
stable. ]

Note that Hs is SPR if and only if

. . 21
Hl(]w) + Hl (]u)) + m >0
with Hy (s) = H (s)[I +aH (s)]”" and § << 1. For m = 1 the above result
has a graphical interpretation which leads to the circle criterion. Suppose
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Sy T H
O‘;Q T T

L 1/(b-a-3)

. -

IF """"""""""" 1

| I/(b-a-5) !

i e |

| ]

Fig. 3.13. Loop transformations

z =z + jy is a complex number and a,b € IR with a < b, a # 0. Consider the

condition

z 1
=R >0
g e{1+az+b—a}

Now one has

z 1 _ z+jy 1
14+az + b—a = 1+4a(z+jy) + b—a

_ stiylbar—jey] | 1
(14ax)?+y2a2 b—a

Therefore

_ z(14ax)+ay?

1
1= ran e T oma >0

or equivalently
0<(b—a){z(l+azr)+ay?}+(1+ az)’ + y2a?
= (b—a){z+az® + ay®} + 1+ 2az + a®2? + a?y?

=ba{z?+y*} +x(b+a)+1

(3.235)
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which implies

2 2
a+b) 1 (a+0) =0

2 -
bay” + ba (x + 2ab 4ab

Note that
1 (a +b)? _ dab—a® —2ab—b* _(a—b)2
4a2h2 4ab o 4ab

Introducing the above into (3.235) we get

a+b>2> (a — b)?

bay? + b
oWt a(x—i— 2ab 4ab

If ab > 0 this can be written as

2 2
9 a+b (a—0b)
Y~ ba <x+ 2ab > 4a2b?
or
a+b |a — b
#t 2ab |~ 2 |ab
If ab < 0 then
n a+b - la —b]
2ab 2 |abl

Let D(a,b) denote the closed disc in the complex plane centered at %’é’
and with radius 2=%. Then

2|ab|
z 1
R 0
e{1+az+b—a}>

if and only if
a+b

2ab

la —b|
2 |abl’

‘z—i— ab >0

In other words, the complex number z lies outside the disc D(a,b) in case
ab > 0 and lies in the interior of the disc D(a,b) in case ab < 0. We therefore
have the following important result.
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Theorem 3.93 (Circle criterion). Consider again the system for
m=1 in Figure 3.13. The closed loop system is globally exponentially
stable if:

(i) 0 < a < b : The plot of h(jw) lies outside and is bounded away
from the disc D(a,b). Moreover the plot encircles D(a,b) exactly
v times in the counter-clockwise direction, where v is the number
of eigenvalues of A with positive real part.

(1) 0 =a < b : Ais a Hurwitz matriz and

Re {H(jw) + %} >0 (3.236)

(i) a < 0 < b : A s a Hurwitz matriz; the plot of h(jw) lies in the
interior of the disc D(a,b) and is bounded away from the circum-
ference of D(a,b).

(iv) a < b <0 : Replace h(.) by —h(.), a by —b, b by —a and apply (i)
or (ii) as appropriate.

Remark 3.94. 1f b — a — 0 the “critical disc” D(a,b) in case (i) shrinks to
the “critical point”0 —1/a of the Nyquist criterion. The circle criterion is
applicable to time-varying and/or nonlinear systems, whereas the Nyquist
criterion is only applicable to linear time invariant systems.

A generalization of the circle criterion for the design of a finite-dimensional
controller for unstable infinite-dimensional systems, has been proposed in
[509]. The case of an infinite-dimensional linear system, illustrated by an elec-
trical transmission line, is considered in [172].

3.11 The Popov Criterion

Unlike the circle criterion, the Popov criterion [406-408] is applicable only to
autonomous single input-single output (SISO) systems:

m(t) = Ax(t) + bu(t)
£(t) = u(t)

y(t) = ca(t) + d&(t)
u(t) = —¢(y(?))

where u(t),y(t) € R, ¢ : R — IR is a time-invariant nonlinearity belonging
to the open sector (0, 00), i.e.

#(0) =0, yo(y) >0, Vy#0
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The linear part can also be written as:

(3.237)
v =[edal| 5]
Hence the transfer function is
h(s) = g +e(sT —A)7'b

which has a pole at the origin. We can now state the following result:

Theorem 3.95 (Popov’s criterion). Consider the system in
(3.237). Assume that

1. A is Hurwitz

2. (A, b) is controllable

3. (¢, A) is observable

4.d>0

5. ¢(-) belongs to the sector (0, 00)

Then the system is globally asymptotically stable if there exizts r > 0
such that Re[(1 + jwr)h(jw)] >0, V we R.

Remark 3.96. Contrary to Popov’s criterion, the circle criterion does not apply
to systems with a pole at s = 0 and ¢(-) belongs to the sector (0, c0).

Proof of Popov’s criterion: Note that

s(sI = A)™h = (sI — A+ A)(s] — A)7!
=1+ A(sI — At

Hence

(1+rs)h(s) = (1 +rs) [% +e(sI—A)~" b}
=44 rd+c(sI — A~
+reb +reA(sI — A)~tb

. Note that o I8 purely imaginary. From the above and by assumption we
ave
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Re[(1 + jwr)h(jw)] = Re [r (d + cb) + ¢ (I + rA) (jw — A)~'b] >0
Define the transfer function
g(s)=r(d+cb)+c(I+rA) (s —A) b
i.e. {A,b,c(I+71A),r(d+ cb)} is a minimal realization of g(s). If Re [g(w)] >

0 then there exists P > 0,q and w and € > 0 such that

bI'P+wq =c(I+rA)
w? = 2r(d + cb)

Choose the Lyapunov function candidate

{ATP+PA= —eP —q"yq

V(z,&) =a"Pr+d&+2r [} ¢(0)do

Given that ¢(-) belongs to the sector [0, 00) it then follows that [ ¢ (o) do >
0. Hence V (z,£) is positive definite and radially unbounded

V(z,&) =i Px+aT Pi+ 2d¢ + 2rd(y)y

= (Az — b)" Pz + 27 P(Az — bg)—

—2dt¢ + 2r [c (Az — bg) — dg]
Note from (3.237) that d¢ =y — ¢, thus
V(a(t),£(t) = 27 (t)(ATP + PA)(t) — 2¢(y()b" P (t)+
+20(y(t))e(I + rA)z(t) — 2r (d + cb) 6* (y(1)) — 2y(t)d(y(t))
= —ex” (t)Pa(t) — (qu(t) — wo(y(1)*~

—r(d+cb) P (y(t)) — 2y()d(y(1))

Since g(jw) — r(d + ¢b) as w — oo it follows that r(d + ¢b) > 0. Hence

V(x(t),£(t) < —ea” (t)Px(t) — 2y(t)p(y(t)) <0, Yo € R",¥e>0

We now show that V(z, &) < 0 if (z,€) # (0,0). If z # 0 then V(z,&) < 0
since P > 0. If x = 0 but £ # 0, then y = d€ # 0, and ¢y > 0 since ¢(-) belongs

to the sector [0, 00). Therefore the system (3.237) is globally asymptotically
stable. |
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Corollary 3.97. Suppose now that ¢(-) belongs to the sector (0,k),k > 0.
Then the system is globally asymptotically stable if there exists v > 0 such
that

Re (1 + jwr)h(jw)] + % >0 (3.238)
| |

Proof: It follows from the loop transformation in Figure 3.14, where

a g S
.  5,6)
—!Q—:——b o(s) )

I |

I 1 | |

I 1 |

'. —_—

l K] l

I |

becccccceee e ——- -

B R

1

I } = |

l K| l

I |

I |

i ®

L e 10

Fig. 3.14. Loop transformations

o =o[l-1e]
g1 =9(s)+ %

= (1 + jwr)(hjw) + %

Re(g1) = Re[h(jw)] + rwIm[h(jw)] + 1+ > 0.
|

Remark 3.98. The circle and the Popov’s criteria owe their great success to
the fact that they lend themselves to graphical interpretations as pointed out
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above for the circle criterion. Consider for instance the inequality in (3.238).
Consider the function M (jw) = Re[h(jw)] + jwIm[h(jw)], w > 0. Note that
Re[(1+jwr)h(jw)] = Re[h(jw)|—rwIm[h(jw)] = Re[M (jw)]—rIm[M (jw))].
Then condition (3.238) means that there must exist a straight line with an
arbitrary, fixed slope, passing through the point (—4,0) in the complex plane,
such that the plot of M (jw) lies to the right of this line. The slope of this
line which is tangent to the plot of M (jw) is equal to % The line is usually
called the Popov’s line. In the multivariable case the graphical interpretation
becomes too complex to remain interesting; see [417].

Further reading: The circle criterion has been introduced in [431, 532,
533] and generalized after. Further results on the absolute stability problem
and Popov’s criterion, can be found in [56,102,136,166,181,182,196,200,212,
217,218,220, 221, 258,265,293, 335,336, 369, 382,395, 456,487,503, 538]. These
references constitute only a few of all the works that have been published on
the topic. The reader is also referred to Section 5.10 on hyperstability. It is also
worth reading the European Journal of Control special issue dedicated to V.M.
Popov [134]. Generalization of the Popov criterion with Popov multipliers
can be found in [48,190,244]. An interesting comparative study between the
cicle criterion, the Popov criterion, and the small gain Theorem, has been led
in [193] on a 4th order spring-mass system with uncertain stiffness. The result
in terms of conservativeness is that the Popov criterion design supersedes the
circle criterion design and that the small gain design is the most conservative
one.

3.12 Discrete-time Systems

3.12.1 The KYP Lemma

In this section we investigate how the KYP Lemma may be extended to
discrete-time systems of the following form:

xz(k+1) = Az(k) + Bu(k)
(3.239)
y(k) = Cz(k) + Du(k)

with z(k) € R", u(k) € R™, y(k) € IR™. The KYP Lemma for systems as
(3.239) is due to [211,483].

Definition 3.99. A discrete transfer matriz H(z) is positive real if

o H(z) has analytic elements in |z| > 1, z€ C
o H(z)+H*(2)>01in|z| >1

A discrete transfer matriz H(z) is strictly positive real if

o H(z) has analytic elements in |z| > 1
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o H(e)+ H*(e'?) > 0 for 6 € [0,27)

A discrete transfer matriz H(z) is strongly strictly positive real if it is SPR
and H(oo) + GT(00) > 0. [

It is noteworthy that the condition H(z) + H*(z) > 0 in |z| > 1 implies
that H” (e77%) + H(e’?) > 0 for all real # such that no element of H(z) has a
pole at z = e??.

Lemma 3.100. Let H(z) = C(zI, — A)"'B + D be a square matriz of real
rational functions of z, with no poles in |z| < 1. Let (A, B,C, D) be a minimal
realization of H(z). If for (A, B,C, D) there exist a real symmetric positive
definite matrix P and real matrices L and W such that

ATPA—P=—L"L
ATPB=CT — LW (3.240)

WTwW =D+ D" — BTPB
then the transfer function H(z) is positive real. [ |

Similarly to their continuous-time counterpart, the KYP Lemma con-
ditions can be written as an LMI, using for instance Proposition A.63.
One immediately notices from (3.240) that necessarily D # 0, otherwise
WTW = —BTPB (and obviously we assume that B # 0). If B has full
rank m, then D must have full rank m so that D + D? > 0. Therefore a
positive real discrete time system with full rank input matrix has a relative
degree 0. Consequently in the monovariable case the relative degree is always
zero. However it is worth noting that this is true for passive systems only, i.e.
systems which are dissipative with respect to the supply rate w(u,y) = uly.
If a more general supply rate is used, e.g. w(u,y) = u? Ru + 2u? Sy + y* Qy,
then the relative degree may not be zero.

When W =0 and L =0 in (3.240) the system is said lossless. Then

%xT(k )Pk +1) %xT(k)Px(k) — T (k)ulk) (3.241)

for all u(k) and k > 0, which in turn is equivalent to

1 1 N
ExT(k +1)Px(k+1) - 5gcT(O)P:c(O) = ; yT (i)u(i) (3.242)

for all (0) and k& > 0. Let us now formulate a KYP Lemma for SPR, functions.

Lemma 3.101. [93,250] Let (A, B,C, D) be a minimal realization of H(z).
The transfer matriz H(z) is SPR if and only if there exist matrices P = PT >
0, L and W such that
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P=ATPA+LTL
0=BTPA-C+WTL (3.243)

0=D+DT —BTPB-WTw

is satisfied, the pair (A, L) is observable, and mnk(f](z)) =m for z = eI,
w € R, where (A, B, L,W) is a minimal realization of H(z). [ |

Similarly to the continuous time case, PR systems possess stable zeroes.
Let us assume that D is full rank. Then the zero dynamics is given by
Apz(k) = (A— BD'C)x(k) (3.244)

which exactly is the dynamics on the subspace y(k) = 0. Then we have the
following result:

Proposition 3.102. [973] Let the system (8.289) be passive. Then the zero
dynamics exists and is passive. |

Proof: Let us recall that passivity means that the system satisfies

V(z(k+1)) = V(z(k) <u(k)y(k) (3.245)

along its trajectories, with V(z) = 327 Pz and P is the solution of the KYP
Lemma LMI in (3.240). One has V(Apz) — V(2) = 2T Mz, with M = (A —
BD7'C)TP(A - BD7IC) — P. If M < 0 then the zero dynamics is stable.

Using the second equality of the KYP Lemma conditions, one obtains

M= (ATPA—-P)-CT[D'+DT)IC+LWD~'C+
(3.246)
+(LWD ) +CcTD-TBTPBD1C
Using the equality CTD~T(DT + D)D~1C = CT[D~' 4+ D~T|C and using
the third equality of the KYP Lemma conditions(3.240), one gets
M = (ATPA—-P)+ LWD 'C+ (LWD~1C)T — (D 1C)TWTW(D~1C)

= (ATPA-P)—[L— (D'C)"WT)L - (D~*C)TWT|T + LLT

(3.247)
Injecting the first matrix equality in (3.240) one concludes that M < 0.
Therefore PR systems have a stable zero dynamics. |

Positive real discrete-time transfer functions have proved to be quite use-
ful for identification; see [277,278,306]. In particular the so-called Landau’s
scheme of recursive identification [278] is based on PRness. Further works can
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be found in [51,90,182,193,249,329,362,373,374,542]. Infinite dimensional dis-
crete time systems and the KYP Lemma extension have been studied in [29].
The time-varying case received attention in [140,141,145]. In relation to the
relative degree zero property pointed out above, let us state the following
result:

Lemma 3.103. [326] Let H : IR" — IR" be a linear operator (possibly time-
varying and unstable). Suppose that H is strictly causal, i.e.: if x(k) = 0 for
all0 <k <n-—1 then H(xz(k)) =0 for all0 < k <n. Then H is passive if
and only if H = 0. [ ]

Passivity means here that >, _, 27 (k)H(z(k)) > 0 for all n € IN and
all real-valued sequences {x(k)}r>0. Applications of passivity in discrete-time
systems may be found in [112] for the design of repetitive controllers and
in [109] for haptic interfaces. The discrete passivity inequality has also been
used in the setting of time-discretised differential inclusions where it proves
to be a crucial property for the behaviour of the numerical algorithms [2] (see
also [338] in the nonlinear framework of Lagrangian systems).

3.12.2 The Tsypkin Criterion

The Tsypkin criterion may be considered as the extension of Popov’s and the
circle criteria, for discrete time systems. It was introduced in [492-496]. For a
discrete-time system of the form

xz(k+1) = Az(k) — B¢(Cx, k) (3.248)

Tsypkin proved the absolute stability (i.e. the global asymptotic stability for
all ¢(-,-) in the sector (0,x)) if the poles of the transfer function H(z) =
C(sI, — A)~!B lie inside the unit disk and

Re[H(z)] + 1 >0 for |z|=1 (3.249)
K

This is the discrete-time analog of the circle criterion. When ¢(-) is time
invariant and monotone, absolute stability holds if there exists a constant
6 > 0 such that

1
Re[(1+6(1 -2z ") H(2)]+~>0 forall |z| =1 (3.250)
K
This is the discrete time analog of the Popov’s criterion.

We present now the multivariable extension of Tsypkin’s result [250]. Let
us consider a minimal realization (A, B, C) of the transfer function H(z). The
discrete time system with a nonlinearity in the feedback is
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z(k +1) = Az(k) — Bo(y(k))
(3.251)
y(k) = Cx(k)

The nonlinearity is described as follows. Let M = MT > 0 be m x m real
matrix. The set @ 5 ¢(-) is

@ ={¢: R™ — IR™ such that ¢ (y)[Mo(y) —y] <0

for y € R™,y # 0,¢(-) is continuous
(3.252)
o(y) = [61(y1), 92(y2), ey G (ym)]", and

0 < 22200 5 ¢ R,6 € Ryo#6,i=1,..,m}

o—

When m = 1 then we get the usual sector condition 0 < ¢(y)y < My?.
We also define the matrices

AOnXm
Ao = {C Omm ]
B
5= o]
Co=[C -1
S =[C 0]

where O,,, denotes the zero m x m matrix.

Theorem 3.104. [250] Let (A, B,C) be minimal, N =diag[Ny, ..., Np] be
positive definite, and assume that det(CA=1B) # 0, and that (A,C + NC —
NCA™1Y) is observable. Then

H(z) = M~ + I, + (1 — 27 )N]H () (3.253)
is SPR if and only if there exist matrices P = PT >0, L and W such that
P=ATPA, +L"TL
0=BI'PA, -~ NC,—S+WTL (3.254)

0=2M"'-BTPB, -WTW
Then the following function
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V(z) = [z7 y7|P [ﬂ +2§:/0m N;pi(o)do (3.255)

where y; = Cix, C; denotes the ith row of C, is a Lyapunov function for the
negative feedback interconnection of H(z) and the nonlinearity ¢(-), whose
fiexd point is globally asymptotically stable for all ¢(-) € &. [ ]

Further details on the Tsypkin criterion can be found in [281] and in the
special issue [222]. See also [197,198].

3.12.3 Discretization of PR Systems

In this section we are interested in a problem with a high practical interest:
given a PR or SPR continuous time system, is PRness preserved through time
discretization? The material is taken from De La Sen [447]. Let us start by
recalling some facts and definitions.

Consider the transfer function H(s) = 1\]\/;((5@)) = H;(s)+d, where the relative

degree of H(s) is 0, d € IR and H;(s) = ]]\\[41((;)) H,(s) is strictly proper. The
system is assumed to be stabilizable and detectable, i.e. N(s) = Ny (s)+dM(s)
and M (s) may possess common factors in the complex half plane Re[s] < 0.
Let (A, B,C, D) be a state representation of H(s). One has M (s) =det(sI, —
A) and N(s) = CAdj(sI, — A)B + D det(sl, — A), where Adj(-) is the
adjoint matrix of the square matrix (-). If M(s) and N(s) are coprime then
(A, B,C, D) is minimal (controllable and observable) but by assumption if
they are not coprime the uncontrollable or unobservable modes are stable.

We assume that the system is sampled with a zero-order hold device of
sampling period Ts, and we denote t, = kT,, x = x(t;) and so on. The
continuous time system (A4, B, C, D) becomes when discretized a discrete time
system

Tp1 = g + Tuy
(3.256)
Yit1 = CTpq1 + Dugia
for all k > 0, k € IN, & = exp(AT,), I = (fOTS exp(A(T, — T))dT) B. The

discrete transfer function from u(z) to y(z), z € C, is given by

G(2) = J\]\;(;((zz)) _z (lfexpifTss)H(S)) =Gi(2)+ D,Gy(z) = ]X;:((ZZ))
(3.257)
where G1(z) has relative degree 1 and real coefficients

Nia(z) = CAdj(21,, — &)
(3.258)
My(z) = det(zI,, — @) = 2" + > mz" ",
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where Adj(zI,, — @) = S (S0 Zh " 542" F=1) &', n is the dimension of
the state vector x, Ng(z) = N14(2) + DM (2), the degree of the polynomial
N14is n—1 and the degree of Ny and My is n. It is well-known that the poles
of G(z) and of G1(z) are equal to exp(AaTs) for each eigenvalue A4 of the
matrix A, so that the stability is preserved through discretization. However
such is not the same for the zeros of G (z) which depend on the zeros and the
poles of Hj(s), and on the sampling period Ts. It cannot be guaranteed that
these zeros are in |z| < 1. It is therefore clear that the preservation of PRness
imposes further conditions.

Let us denote Hy the set of stable transfer functions, possibly critically
stable (i.e. with pairs of purely imaginary conjugate poles). Let us denote G
the set of discrete stable transfer functions, possible critically stable.

Theorem 3.105. Consider Hi(s) € Hy with a numerator N1(s) of degree
n — 1, fulfilling the following conditions:

e Hi(s) has a nonempty set of critically stable poles Cp with at most one
simple pole at s = 0, and any number N > 0 of simple critically stable
complex conjugate poles s = +js; (i =1,2,...,No, N = 2M\p).

o The residuals for all the critically stable poles are real and nonnegative.

Consider H(s) = Hi(s) + d , its discretized transfer function G(z) =
=1z (@) = G1(2) + D, and its transformed transfer function G.(w) =

G (z 2 1+w). Then the following hold:

1—w

o (i) G7t € Gy (equivalently G;* € Hy) for all sufficiently large absolute
values of D, provided that —3 < Arg(G.(w)) < § for w = :;:—: for all
s e Cy.

e (ii) If (i) holds then there is a constant D > 0 such that for all D > D,
G(z) is (discrete) positive real and G,(w) is (continuous) positive real.

It is interesting to note that (ii) is directly related to the comment made
right after the KYP Lemma 3.100. The homographic transformation w = :&
transforms the region |z| < 1 into Re[w] < 0, consequently the stability of

G, (w) follows if all its poles are inside Re[w] < 0.
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Dissipative Systems

In this chapter we will further study the concept of dissipative systems which
is a very useful tool in the analysis and synthesis of control laws for linear
and nonlinear dynamical systems. One of the key properties of a dissipative
dynamical system is that the total energy stored in the system decreases with
time. Dissipativeness can be considered as an extension of PR systems to
the nonlinear case. Some relationships between Positive Real and Passive sys-
tems have been established in Chapter 2. There exist several important sub-
classes of dissipative nonlinear systems with slightly different properties which
are important in the analysis. Dissipativity is useful in stabilizing mechani-
cal systems like fully actuated robots manipulators [71], robots with flexible
joints [6,72,78,80,318], underactuated robot manipulators, electric motors,
robotic manipulation [25], learning control of manipulators [26,27], fully actu-
ated and underactuated satellites [133], combustion engines [176], power con-
verters [18, 135,234, 235,458, 460], neural networks [122, 203, 528, 529], smart
actuators [171], piezo-electric structures [269], haptic environments and inter-
faces [109,128,284,285,289,309,333,422,423,454], particulate processes [131],
process and chemical systems [108, 152,457,459, 525], missile guidance [283],
model helicopters [332], magnetically levitated shafts [355,356], biological and
physiological systems [191,192], flat glass manufacture [526], visual feedback
control [252], etc. Some of these examples will be presented in the following
chapters.

Dissipative systems theory is intimately linked to Lyapunov stability the-
ory. There exists tools from the dissipativity approach that can be used to
generate Lyapunov functions. A difference between the two approaches is that
the state of the system and the equilibrium point are notions that are required
in the Lyapunov approach while the dissipative approach is rather based on
input-output behavior of the plant. The input-output properties of a closed
loop system can be studied using £, stability analysis. The properties of L,
signals can then be used to analyze the stability of a closed loop control sys-
tem. £, stability analysis has been studied by Desoer and Vidyasagar [125].
A clear presentation of this notions will also be given in this book since they
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are very useful in the stability analysis of control systems and in particular
in the control of robot manipulators. Popov introduced in 1964 the notion of
hyperstability which will be defined precisely in Section 5.10 and is in fact
quite close to dissipativity. This together with the celebrated Popov’s crite-
rion for absolute stability, Popov multipliers [244], the Popov controllability
criterion, Popov parameters [246], certainly places V.M. Popov as one of the
major contributors in dissipative systems and modern control theories. As
quoted from [153]: V.M. Popov was the first who studied passivity in detail
for linear control systems and gave its characterization in terms of frequency
domain inequality meaning positive realness of the system. Dissipativeness of
dynamical systems as it is known in the “modern” Systems and Control com-
munity has been introduced by Willems [510,511]. Hill and Moylan [206,207]
carried out an extension of the Kalman-Yakubovich-Popov (KYP) Lemma to
the case of nonlinear systems with state space representations that are affine
in the input. Byrnes et al. [89] further developed the concept of dissipative
systems and characterized the class of dissipative systems by obtaining some
necessary conditions for a nonlinear system to be dissipative and studied the
stabilization of dissipative systems.

Before presenting the definitions of dissipative systems we will study some
properties of £, signals which will be useful in studying the stability of closed
loop control systems.

4.1 Normed Spaces

We will briefly review next the notation and definitions of normed spaces,
L, norms and properties of £, signals. For a more complete presentation
the reader is referred to [125] or any monograph on mathematical analysis
[419-421]. Let E be a linear space over the field K (typically K is IR or the
complex field €). The function p(.), p: E — IRT is a norm on E if and only
if:

l.zeFEandax#0 = p(z) >0, p(0)=0
2. plax) = |a|p(z),Ya € K,Vz € E
3. p(z+y) < plx)+ p(y), Y,y € E (triangle inequality)

4.2 L, Norms

Let z : IR — IR be a function, and let |-| denote the absolute value. The most
common signal norms are the £, £o, £, and L., norms which are respectively
defined as

|2 |2 [ |=(t)] dt
|2 1125 (f [a(t)]?dt)

=
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[ |[,2 ([ 2(t)[Pde)* for 2 <p < +oo

|| z ||oo = ess sup |z(t)|dt
te

= inf{a| |2(t)| < a, a.e.}

= sup |z(t)]

t>0

where the integrals have to be understood on IR, i.e. [ = flR or, if the signals
are defined on R, as f0+oo. We say that a function f(-) belongs to £, if

and only if f is locally Lebesgue integrable (i.e. |f;7 f(®)dt| < +oo for any
R>0b>a)and | f|p, < +oo. To recapitulate:

o Forl<p<+oo, L,(I)={f:1— IR, f(-)is Lebesgue measurable and
1

(f; [f@)|Pdt)* < 4o00}.
o Lo(I)={f:1I— RR,f()is Lebesgue measurable, defined and bounded
almost everywhere on I}.

Most of the time we shall write £, instead of £,(I), especially when I =
IR™. In order to encompass multivariable systems, it is necessary to introduce
the norm for vector functions f : IR — IR", where f; € £, foreach 1 <i<n

A n 1
and || fll, = X270, |Ifill3)
Proposition 4.1. If f € L1 () Lo then f € L, for all 1 <p < 4o0. [ |

Proof: Since f € £y, the set A 2 {t| |f(¢)| > 1} has finite Lebesgue measure.
Therefore, since f € Lo

[1srat <o, ¥pe 1, 4o0)
A
Define the set B 2 {t| |f(t)| < 1}. Then we have

/B F(®)Pdt < /B F)ldt < / F@®)ldt < 00,¥ p € [1, +00)

Finally

/ Pt = /A PPt + /B F(B)Pdt < +oo
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4.2.1 Relationships Between L1, £L> and L., Spaces.

In order to understand the relationship between L1, Lo and L, spaces let us
consider the following examples that have been introduced in [125]:

fit) =1

fa(t) = 5
o AlO) = g
o fu(t)y=¢et 1
o f5(t) = 14p lff
o filt) = et

It can be shown that (see Figure 4.1)

fig Ly, f1¢ Lo and fi € Lo
fo¢ Ly, fa€Loand fr € L
fg%ﬁl,fgeﬁgandJ%%ﬁoo
f46£1,f46£2andf4€£oo
f56£1, 5E£2andf5¢£oo
Je € L1, fo & Lo and fs & Loo

LOO
L2
fl
f
f 3
2 L1
f
5
f
4 f6

Fig. 4.1. Relationships between L1, Lo and Lo

4.3 Review of Some Properties of L, Signals

The following facts are very useful to prove convergence of signals under dif-
ferent conditions.
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Fact 1: If V : R — IR is a non-decreasing function (see figure 4.2) and if
V(t) < M for some M € IR and all ¢t € IR, then V (-) converges.

Proof: Since V(-) is non-decreasing, then V(-) can only either increase or
remain constant. Assume that V() does not converge to a constant limit.
Then V(-) has to diverge to infinity since it cannot oscillate. In other words
there exists a strictly increasing sequence of time instants ¢y, t2, t3 ... and a
d > 0 such that V(t;) +J < V(t;41). However this leads to a contradiction
since V' has upper-bound M. Therefore, the sequence V' (¢;) has a limit for any

sequence of time instants {¢;};>1 so that V(-) converges. [ |
0 t
M ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
A\

Fig. 4.2. A nondecreasing function V (-).

Examples:

o fo T)dr < 0 = fo 7)|dr converges

o Let V() be differentiable. Then V(-) > 0 and V(-) < 0 = V/(-) con-
verges.

Fact 2: If fo |f(t")|dt" converges then fo "\dt' converges. Proof: In view
of the assumption we have

) ! d/: ! dl ! d/
oo>/0 ()t /tlf(t)>0|f(t)l ’ +/tf(t)§0|f(t)lt

Then both integrals in the right-hand side above converge. We also have

Nt — Ndt — Ndt'
/0 F(t)dt /tlf(t)>0|f(t)l ’ /tf(t)<0|f(t)l '

Then fo T)dT converges too. [

Fact 3: f € L, implies that f has a limit.
Proof: By assumption we have

F(8) — FO)] = | / f(s)ds| < / (s)lds < oo
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Using Fact 1 it follows that fg |f( f )|ds converges. This implies that

fo s)ds converges which in turn implies that f(-) converges too. |

Fact 4: If f € £5 and f € £y then f(t) — 0 as t — +oo and f € Lo
Proof: Using the assumptions

72(8) = F20)] = | fy 2[F2(s))ds]
< Jo [ [£2(s))lds
=2 [ f(s)f(s)|ds (4.1)

< J f?(s)ds+fg F2(s)ds
< +0o0

In view of Fact 3 it follows that |%£[f?]| € L£; which implies that
fo =1 [f2(s)]ds converges which in turn implies that f2 converges. But by as-
sumption fo f?(s)ds < oo, then f has to converge to zero. Clearly f € Lo
Fact 5: f € £, andf€£1:>f—>0.

Proof: Using Fact 3 it follows that f € £ = f has a limit. Since in addition
we have fg |f(s)|ds < oo then f has to converge to zero. [ |

Before presenting further results of £, functions, some definitions are in
order.

Definition 4.2. The function (t,x) — f(t,x) is said to be globally Lipschitz
(with respect to ) if there exists a bounded k € IRT such that

|f(t,x) — f(t,2")| < klx —2/|, Va, 2’ € R",t € RT (4.2)
|

Definition 4.3. The function (t,x) — f(t,z) is said to be locally Lipschitz
(with respect to x) if (4.2) holds for all x € K, where K C IR" is a compact
set. Then k may depend on K. |

Ezample 4.4. Let f : x — x2. Then f(-) is locally Lipschitz in [—1,1] since
|22 — 92| = |z — yl|lz + y| < 2|z — y|, for all z,y € [-1,1].

Definition 4.5. The function (t,z) — f(t,x) is said to be Lipschitz with
respect to time if there exists a bounded k such that

|f(t,x) — f(t' )| <k[t—t]|, V 2 € R",t,t' € RT
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Definition 4.6. The function f(-) is uniformly continuous in a set A if for
all € > 0, there exists 6(€) > 0:

[t—t|<d=|f(t)—f{th <e V t,t' €A

Remark 4.7. Uniform continuity and Lipschitz continuity are two different no-
tions. Any Lipschitz function is uniformly continuous. However the inverse
implication is not true. For instance the function z +— +/x is uniformly contin-
uous on [0, 1], but it is not Lipschitz on [0, 1]. This may be easily checked from
the definitions. The criterion in Fact 6 is clearly a sufficient condition only
(“very sufficient”, one should say!) to assure uniform continuity of a function.
Furthermore, uniform continuity has a meaning on a set. Asking whether a
function is uniformly continuous at a point is meaningless [420].

Fact 6: f € Lo, = f is uniformly continuous.
Proof: f € L implies that f is Lipschitz with respect to time ¢ and that
f(-) is uniformly continuous.
Fact 7: If f € £ and is Lipschitz with respect to time then lim;— 1 o, f(¢) = 0.
Proof: By assumption: f; f2(s)ds < oo and |f(t) — f(t')] < k|t — /|, Vt,t.
Assume that

|f(t1)| > € for some t1,¢ >0

and
|f(t2)] =0 for some to >t

then
€ < |f(tr) = f(t2)] < kltr — 12
i.e. [ty —t2| > . We are now interested in computing the smallest upper-
bound for fttf f2(t)dt . We will therefore assume that in the interval of time

(t1,t2) the function f(-) decreases at maximum rate which is given by k in
the equation above. We therefore have (see Figure 4.3):

t2 ) €2§ €
ds > —F = —
/ﬂf(S)sf B2

Since f € Lo, it is clear that the number of times |f(¢)| can go from 0 to €
is finite on IR. Since € > 0 is arbitrary, we conclude that f(t) — 0 ast — co.l
Fact 8: If f € £,(1 < p < o0) and if f is uniformly continuous, then f(t) — 0
as t — +o0.

Proof: This result can be proved by contradiction following the proof of Fact

7. m Fact 9: If f1 € Lo and fg € Lo, then f1 + f2 € Lo.
Proof: The result follows from
J (@) + f2(0)dt = [(f2() + 3 () + 2f1(t) fo(t))dt

J
2

IN I

J(F2(t) + f2(8))dt < +o0
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7 x

Fig. 4.3. Proof of Fact 7

|
The following Lemma describes the behavior of an asymptotically stable
linear system when its input is L2 bounded.

Lemma 4.8. Consider the state space representation of a linear system
z(t) = Azx(t) + Bu(t) (4.3)

with u(t) € R™,z(t) € R"and A exponentially stable. If u € Lo then x €
LoN Lo, & € Lo and limy_ 4o x(t) = 0. [ |

Remark 4.9. The system above with u € Lo does not necessarily have an
equilibrium point. Therefore, we cannot use the Lyapunov approach to study
the stability of the system.

Proof of Lemma 4.8: Since A is exponentially stable then there exists
P =P7T >0,Q > 0 such that

PA+ATP=-Q

which is the well known Lyapunov equation. Consider the following positive
definite function

V(z,t) = 2T Pz + k;/too u”' (s)u(s)ds

where k is a constant to be defined later. V(-,-) is not a Lyapunov function
since the system may not have an equilibrium point. Note that since u € Lo,
there exists a constant k' such that

/Ot uT (s)u(s)ds + /too u®' (s)u(s)ds = k' < oo

Taking the derivative with respect to time we obtain
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uT ()u(t) + % [/oo uT(S)u(s)ds] =0
Using the above equations we get
V(x(t),t) = 2(t)Px(t) + 27 (t) Pi(t) — kuT (t)u(t)

= (2T (t)AT +uT (t)BT)Px(t) + 2T (t)P(Ax(t) + Bu(t))—

—kuT (t)u(t)
=27 (t)(ATP + PA)x(t) + 2u” (t)BT Px(t) — kuT (t)u(t)
= —2T()Qx(t) + 2uT (t) BT Px(t) — ku™ (t)u(t)
(4.4)
Note that
2u” BT Py < 2|u” BT Px|
< 2lju [|IBTP] |||
1 (4.5)
< 20l 1B7 Pl [5-2] " [2252]* ol
< |lullP| BT PP 52 + 2252 |]|”

where we have used the inequality 2ab < a? + b2, for all a,b € IR. Choosing
k= ||BTP||2ﬁ we get

V((t), 1) < -2 o)

Therefore V(+,-) is a non-increasing function and thus V' € L, which implies
that x € L. Integrating the above equation we conclude that x € L5. From
the system equation we conclude that @ € Lo (see also Fact 9). Finally x, 2 €
Lo = limy_, 1 z(t) = 0 (see Fact 4). [ |

A more general result is stated in the following Theorem which can be
found in [125, p.59] where * denotes the convolution product.

Theorem 4.10. Consider the exponentially stable and strictly proper system

&(t) = Ax(t) + Bu(t)

y(t) = Cx(t)

(4.6)

and its transfer function
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H(s)=C(sl, — A)"'B

Ifue Ly, theny=hx*xu € L, N Ly, y € Ly forp=1,2 and co. For
p=1,2, then lim;_ 4 y(t) = 0.

|

The function A() in the Theorem is the inverse Laplace transform of H (s).

Theorem 4.10 is a consequence of the Datko-Pazy Theorem [123,399] formu-
lated in an infinite-dimensional framework.

4.3.1 Example of Applications of the Properties of £, Functions in
Adaptive Control

Let us first briefly review the Gradient type Parameter Estimation Algorithm,
which is widely used in adaptive control and in parameter estimation. Let
y(t) € R,¢(t) € IR" be measurable functions ! which satisfy the following
linear relation:

y(t) =0T o(t)

where 6(t) € IR™ is an unknown constant vector. Define §(t) = ¢(t)T0(t) and
e(t) = (t) — y(t); then

et) = 0(t)" (1) (4.7)
where 0(t) = 0(t)—6. Note that ‘(ii—f = Z—f. Define the following positive function
~ 1

V(0,0) = 5 (4.8)
then
Lo~ 9Vdl OV do
V.0 = 5+ 5o (4.9)

Let us choose the following parameter adaptation algorithm:

C;f(t) = _ (%‘g)T (4.10)

Introducing (4.7) and (4.8) into (4.10) gives

do oe\ "

The parameter adaptation law (4.10) is motivated by the fact that when ¢ =0,
then introducing (4.10) into (4.9) leads to

! Here measurable is to be taken in the physical sense, not in the mathematical
one. In other words we assume that the process is well-equipped with suitable
Sensors.
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o= (29) () <

670, then W(é) =070 = —07 pe. Integrating we obtain

Let W(0) = 4
t

(=07 ¢)edt = W (B(t)) — W (6(0)) = W (6(0))

S—

We conclude that the operator H : e — —07¢ is passive.

187

Ezample 4.11. (Adaptive control of a simple nonlinear system) Let

a(t) = fxz@)T0 + bu(t)

where u(t), z(t) € IR. Define

and
= baps 1,
Vb, z) = 29 0+ 5%

Then along trajectories of the system we get

= b0()" f(a(t)2(t) + () (f ()76 + bu(t))
= ba(D)[(0(t) — )" f(x(t)) + 67 f(a(t)) + u(t)]

= —bz?*(t) + bx(t)v(t)

(4.11)

From the last equation it follows that for v = 0, V(:) is a non-increasing
function and thus V,z,0 € L. Integrating the last equation it follows that
x € Lo N L. Assume that f(-) has the required property so that z € Lo, =
f(x) € L. Tt follows that u € L and also & € L. © € Lo and & € Lo
implies lim;_, o (t) = 0. Let us note from the last line of (4.11) that the
operator H : v — x is output strictly passive (OSP) as will be defined later.



188 4 Dissipative Systems

|

In order to present the Passivity theorem and the Small gain theorem

we will require the notion of extended spaces. We will next present a brief

introduction to extended spaces. For a more detailed presentation the reader
is referred to [125].

4.3.2 Linear Maps

Definition 4.12 (Linear maps). Let E be a linear space over K (IR orC).
Let L(E, E) be the class of all linear maps from E into E. L(E, E) is a linear
space satisfying the following propertiesV x € E,¥Y A,B € L(E,E),Va € K :

(A+ B)x = Az + Bz
(dld)z = a(Ax) (4.12)

(AB)x = A(Bx)

4.3.3 Induced Norms
Definition 4.13 (Induced Norms). Let |.| be a norm on E and A €

L(E,E). The induced norm of the linear map A is defined as

A Az
”A” = Sup lml
=70 4.13

= sup |Az| (4.13)

|z|=1

4.3.4 Properties of Induced Norms

If |A|l < oo and ||B|| < oo then the following properties hold for all z €
FaeK

L |Az| < [[All|z]

2. [|@All = [of || Al

3. A+ B| < [lA] + B

4. [|AB[| < [[A[l[I1B]]

Ezxample 4.14. Let H be a linear map defined on F in terms of an integrable
function A : IR — IR

H:u—>Huéh*u, Vue L™
i.€e. .
(Hu)(t) = / h(t — T)u(r)dr, ¥t € R
0
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Assume that ||hlly = [ [h(t)]dt < co.
Theorem 4.15. Under those conditions the following properties hold:
a) H: L® — L
b) [Hllow = 1Al and | ulloo < [1hl]1[ullocs ¥u € £

and the right-hand side can be made arbitrarily close to the left-hand side of
the inequality by appropriate choice of u. [ |

Proof: By definition and from (4.13) we obtain

[Hlloo = sup)ju) =1 |[Hulls
= sup ||h*ulo

llulle=1

— Sop sup|(hew) (1)
[[ulloo=1 t>0

= sup |:Sup’f0 (t—7)u )dTH
lullse=1 Lt>0

< sup bupfo |h(t — )| |u(r )|d7'}
lullw=1 Lt>0
Since ||uljoo = 1 we have

| Hlloo < sup [y [A(t —7)| dr
t>0
= sup [ |h(t —7)|dr
t>0
= supfO |h(t")| dt/

< Jo [n()]dt = ||kl
We can choose u(7) =sgn[h(t — T)], t € IN. Thus

(h % u)(t) = /0 B(t = 7)dr < | * ]|

Therefore

fo |h(7")|dT" = fo |h(t — 7)|dT

< [ oo
(4.14)
< [ Hlloo < [IAlly
= Jo Ih(#)]dt!
Letting t — oo it follows that ||H||eo = ||A|1- [ |
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4.3.5 Extended Spaces

Consider a function f : Rt — R and let 0 < T < +o00. Define the truncated

function
fOife<T

fr(t) = (4.15)
0 ift>T

The function fr is obtained by truncating f(-) at time 7". Let us introduce
the following definitions:

T: subset of R (typically, T = IR" or IV),
V: normed space with norm ||.|| (typically V = R, R", C, C"),
F=A{f| f:7T — V} the set of all functions mapping 7 into V.

The normed linear subspace L is given by

LELf:T-VI]|f] < oo}

Associated with L is the extended space L. defined by

L2 {f:T > V|VTeT,|fr| < oo}

In other words, the sets £, . or simply L., consist of all Lebesgue measurable
functions f such that every truncation of f belongs to the set £, (but f may
not belong to Ly, itself, so that £, C L, ). The following properties hold for
all feLlye:

1. The map t — || f¢|| is monotonically increasing
2. |[fell = 1If1l as t — 400

1
Remark 4.16. One sometimes speaks of £, o, which means that ( [} | f(¢)[Pdt)*
< 400 for all compact intervals I C IR. Obviously L 10c = Lp,e-

We can now introduce the notion of gain of an operator which will be used
in the small gain Theorem and the passivity Theorem.

4.3.6 Gain of an Operator

In the next Definition, we consider a general operator with state, input, and
output signal spaces. In particular, the input-output mapping is assumed to
be causal, invariant under time shifts, and it depends on the initial state zq.
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Definition 4.17. [206] Consider an operator H : L. — L.. H is
weakly finite-gain stable (WFGS) if there exist a function 8(-) and a
constant k such that

[(Hu)r| < Kllur|| + 5(zo)

for all admissible u(-) and all zo. If B(xo) = 0, we call H finite-gain
stable (FGS).

In a more rigorous way, the input-output operator H should be denoted as
H(zg) or H,, as it may depend on xg. This is a situation completely analogous
to that of passive operator as in Definition 2.1, where the constant § may in
general depend on the initial state . One may be surprized that the notion of
state intervenes in a definition that concern purely input-output operators (or
systems). Some definitions, indeed, do not mention such a dependence. This
is related to the very basic definition of what a system is, and well-posedness.
Then the notions of input, output and state can hardly be decoupled, in
general.

We call the gain of H the number k (or k(H)) defined by

k(H) =inf{k € R"/ 38 : |(Hu)7| < k|jur| + B, Yu € L, VT € R*}
Let us recall the case of linear time invariant systems of the form

z(t) = Ax(t) + Bu(t)
(4.16)
y(t) = Cz(t) + Du(t), z(0) ==z € R".
Theorem 4.18. Suppose that the matriz A has all its eigenvalues with nega-
tive real parts (<= (t) = Ax(t) is asymptotically stable). Then the system

(4.16) is finite-gain stable where the norm can be any L, with 1 < p < +o0.
In other words u € L, =y € L, and ||y|lp < kpl|ul|p for some k, < +00. R

A rather complete exposition of input/output stability can be found in
[500, Chapter 6].

4.3.7 Small Gain Theorem

This Theorem gives sufficient conditions under which a bounded input pro-
duces a bounded output (BIBO).

Theorem 4.19 (Small gain). Consider Hy : L. — L. and Hy : Lo — L.
Let e1,eo € L. and define (see Figure 4.4)

{ul =e1 + Hae

Uy = ey — Hyer (4.17)
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¥, H, ez< > u,

Fig. 4.4. Closed-loop system with two external inputs

Suppose there are constants 1, 32,71,v2 > 0 such that for all t € R™:

|(Hier)rl < mlleir| + 81 (4.18)
|(Hze2)7 |l < v2llear| + B2

Under those conditions, if 43y < 1, then:

i)
lerell < (1 —yv2) " (urell + v2lluzell + B2 + ~261)
lleaell < (1 —vay2) " (Juzel + v lluael + B1 + 7132)

ii) If in addition, ||ui]],|luz|| < 400, then e1,e2,y1,y2 have finite norms. ™

Proof: From (4.17) we have
e1r = uir — (Haea)t
4.19
ezt = ug + (Hyier): (4.19)

Then
lerell < llurell + [[(Hae2)e|l < [lure|l + vellexll + B2

leaell < [luzell + [(Hier)ell < lluzell +yallexe]| + B

Combining these two inequalities we get

llexell < lluaell + B2 + ya(lluaell + vallexell + Br)
lleael] < [Juell + By + 1 (luaell + 2 llezell + Be)
Finally
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lewe] < (1 —yiy2) ™ [lwaell + velluzel| + B2 + 72/31]
llearll < (1= my2) ™" [lluaell + yillwrell + B + 712

The remainder of the proof follows immediately. ]

Clearly to be consistent with Definition 4.17, the constants (1, B2, 1
and 2 may also depend on initial states x1 9 and z2 . This obviously does
not modify the above calculations. A general notion of dissipativity will be
introduced, and some links with the gain theory will be established in Sections
4.4 and 5.1.

4.4 Dissipative Systems

4.4.1 Definitions

We will now review the definitions and properties of dissipative systems. Most
of the mathematical foundations on this subject are due to Willems [512], and
Hill and Moylan [206,207]. One difficulty when looking at the literature on
the subject, is that there are many different notions of dissipativity which are
introduced in many papers published here and there. One of the goals of this
chapter is to present all of them in one shot and also the existing relationships
between them. Consider a causal nonlinear system (X) : u(t) — y(t); u(t) €
Lpe,y(t) € Lpe, represented by the following state-space representation affine
in the input:

o(t) = fz(t) + g(z(t))u(t)
(X) q y(t) = hz(t) + j((t))ul?) (4.20)
z(0) = xo

where z(t) € R", u(t),y(t) € R™, f(-),9(-),h(-) and j(-) possess sufficient
regularity so that the system with inputs in Lo . is well-posed (see Section
3.9.2), and f(0) = h(0) = 0. In other words the origin = 0 is a fixed point
for the uncontrolled (free) system, and there is no output bias at x = 0. The
state space is denoted as X C IR™. Let us call w(t) = w(u(t),y(t)) the supply
rate and be such that for all admissible u(-) and 2(0) and for all t € IR"

/ |w(u (s))]ds < 400 (4.21)

i.e. we are assuming w(-) to be locally Lebesgue integrable independently
of the input and the initial conditions. In an electric circuit fo s)ds can be
asbomated with the energy supplied to the circuit in the mterval (0,), 1

fo ) ds where v(-) is the voltage at the terminals and i(-) the current
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entering the circuit, see the example in Chapter 1. In the following, what we
will often call an admissible input, simply means that the ordinary differen-
tial equation in (4.20) possesses a unique differentiable solution. Hence it is
sufficient that the vector field f(x(t)) + g(x(t))u(t) satisfies the Carathéodory
conditions (see Theorem 3.55): u(-) may be a Lebesgue measurable function
of time.

Definition 4.20 (Dissipative System). The system (X) is said to
be dissipative if there exists a so-called storage function V(z) > 0 such
that the following dissipation inequality holds:

V(x(t)) < V(x(0)) +/0 w(u(s), y(s))ds (4.22)

along all possible trajectories of (X) starting at x(0), for all z(0), ¢ > 0
(said differently: for all admissible controllers u(-) that drive the state
from z(0) to x(t) on the interval [0,t]).

It follows from Lemma 3.1 and Corollary 3.3 that controllable and observ-
able LTI systems with a positive real transfer functions, are dissipative with
quadratic storage functions (see also [489] in the context of behavioural ap-
proach to linear dynamical systems). Two comments immediately arise from
Definition 4.20: first storage functions are defined up to an additive constant;
second, if the system is dissipative with respect to supply rates w;(u,y),
1 < i < m, then the system is also dissipative with respect to any supply
rate of the form 27;1 oa;wi(u,y), with a; > 0 for all 1 <4 < m. One notices
that the Definition 4.20 (sometimes referred to as Willems’ dissipativity) does
not require any regularity on the storage functions: it is a very general defini-
tion. Actually, storage functions do possess some regularity properties under
suitable assumptions, see Section 4.4.5. When one imposes that the storage
functions be of class C" for some integer » > 0, then one speaks of C"-
dissipativity. A third comment may be done: Willems’ definition postulates
that dissipativity holds whenever a storage function exists. Some other au-
thors like Hill and Moylan, start from a definition that is closer to Definition
2.1, and then prove the existence of storage functions.

Example 4.21. Let us continue with Example 3.2. The input-output product
satisfies fg u(t)y(t)dt' = fg u?(t')dt’ > 0 for any initial data z(0). Now choose
V(z) = 322, One has V(z(t)) < V(2(0)) since solutions strictly decrease.
Thus V(x(t)) — V(2(0)) < 0 and V(z(t)) — V(x(0)) < fg u(t)y(t')dt'": the
system is dissipative, though neither observable nor controllable (but, it is
stable).
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It is noterworthy that (4.22) is equivalent to the following: there exists
W (-) such that V(z1) — V(o) < W(x1,20) with

t
W(xy,20) = inf w(u(s),y(s))ds (4.23)
u(-)eU Jo
along admissible controls which drive the state from zy to x; on the time
interval [0, t]. In the following we shall use either 0 or ¢y to denote the initial
time for (4.20). Dissipativity is also introduced by Hill and Moylan [207] as
follows:

Definition 4.22. The system (X)) is dissipative with respect to the supply rate
w(u,y) if for all admissible u(-) and all t; >ty one has

/tl wu(t), y(®))dt > 0 (4.24)

to

with x(tg) = 0 and along trajectories of (X). [ |

This corresponds to imposing that storage functions satisfy V' (0) = 0. This
is justified by the fact that storage functions will often, if not always, be used
as Lyapunov functions for studying the stability of an equilibrium of (X') with
zero input u(-). In a slightly more general setting, one may assume that the
controlled system has a fixed point z* (corresponding to some input u*, and
with f(2*) 4+ g(z*)u* =0, y* = h(z*) + j(2*)u*, and w(u*,y*) = 0), and that
V(x*) < +o00. Then changing V(-) to V(-) — V(z*) one obtains V(z*) = 0
(we could even have stated this as an assumption in Definition 4.20, as done
for instance in [510]). In the sequel of this chapter, we shall encounter some
results in which dissipativity is indeed assumed to hold with V' (0) = 0. Such
results were originally settled to produce Lyapunov functions, precisely. Hill
and Moylan start from (4.24) and then prove the existence of storage functions,
adding properties to the system. The motivation for introducing Definition
4.22 is clear from Corollary 3.3, as it is always satisfied for linear invariant
positive real systems with minimal realizations.

Another definition [206] states that the system is weakly dissipative with
respect to the supply rate w(u,y) if ftzl w(u(t),y(t))dt > —B(z(ty)) for some
B(-) > 0 with 5(0) = 0 [531] (we shall see later the relationship with Willems’
Definition; it is clear at this stage that weak dissipativity implies dissipativity
in Definition 4.22, and that Willem’s dissipativity implies weak dissipativity
provided V(0) = 0). Still, another definition is as follows [232]:

Definition 4.23. The system (X)) is said dissipative with respect to the supply
rate w(u,y) if there exists a locally bounded nonnegative function V : R" —
IR, such that

V(x) > sup {V(x(t)) —/0 w(u(s),y(s))ds : x(0) = x} (4.25)

t>0,u€l
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where the supremum is therefore computed with respect to all trajectories of
the controlled system with initial condition x and admissible inputs. |

This definition requires the local boundedness of storage functions (a real
valued function is locally bounded, if sup,cx | f(z) |< C for some bounded
constant C' > 0 and any compact set K of its domain). This additional prop-
erty happens to be important for further characterization of the storage func-
tions as solutions of partial differential inequalities (see Section 4.6). Apart
from this additonal property, one sees that if V(z)(= V(2(0)) satisfies (4.25),
then it satisfies (4.22). Conversely since (4.22) is satisfied for all ¢ > 0 and for
all admissible u(-), if V(z(0))(= V(x)) satisfies (4.22) then it satisfies (4.25).
Thus under the local boundedness assumption, Willems’ original definition
and the definition stemming from (4.25), are equivalent. The fact that Defini-
tion 4.20 implies Definition 4.22 provided that V' (0) = 0 is clear. The converse
will be investigated in Section 4.5.2.

There is another definition of dissipativity that is sometimes used by Hill
and Moylan:

Definition 4.24. The system (X)) is said to be cyclo-dissipative with respect
to the supply rate w(u,y) if

/11 w(u(s),y(s)ds >0 (4.26)

to

for all t1 > to, all admissible u(-), whenever x(ty) = x(t1) = 0. [ |

The difference with Definition 4.20 is that the state boundary conditions
are forced to be the equilibrium of the uncontrolled system: trajectories start
and end at x = 0. A cyclo-dissipative system absorbs energy for any cyclic
motion passing through the origin. Cyclo-dissipativity and dissipativity are
related as follows:

Theorem 4.25. [209] Suppose that the system (X) defines a causal input-
output operator Hyy, and that the supply rate is of the form w(u,y) = yT Qu+
29T Su+u” Ru, with Q non-positive definite. Suppose further that the system
is zero state detectable (i.e. u(t) =0,y(t) =0Vt >0 = lim;oc 2(t) =0).
Then dissipativity in the sense of Definition 4.22 and cyclo-dissipativity of
(X)) are equivalent properties. [ ]

The proof of this Theorem relies on the definition of another concept known
as ultimate dissipativity, which we do not wish to introduce here for the sake
of briefness (roughly, this is dissipativity but only with ¢t = 400 in (4.22)).
The reader is therefore referred to [209] for the proof of Theorem 4.25 (which
is a concatenation of Definitions 2, 3, 8 and Theorems 1 and 2 in [209]). Let
us recall that an operator H : u — y = H(u,t) is causal if the following
holds: for all admissible inputs u(-) and v(-) with u(7) = v(r) for all 7 < ¢,
then H(u(-),t) = H(v(-),t). In other words, the output depends only on the
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past values of the input, and not on future values. It is noteworthy here that
causality may hold for a class of inputs and not for another class.

A local definition of dissipative systems is possible. Roughly, the dissi-
pativity inequality should be satisfied as long as the system’s state remains
inside a closed domain of the state space [404].

Definition 4.26 (Locally dissipative system). Let X be the system’s state
space. Let U, = {u(-) | u(-) € U for allt € R}. The dynamical system is
locally dissipative with respect to the supply rate w(u,y) in a region 2 C X if

t
/ w(u(s),y(s))ds >0 (4.27)
0
for allu € U, t > 0, such that x(0) =0 and x(s) € 2 for all 0 < s < t. [ ]
Still, another notion is known as the quasi-dissipativity:

Definition 4.27. [{03] The system (X) is said quasi-dissipative with respect
to the supply rate w(u,y) if there exists a constant o > 0 such that it is
dissipative with respect to the supply rate w(u,y) + a. [ ]

Actually, dissipativity is understood here as weak dissipativity, i.e.

/0 wu(s), y(s))ds > p

with 8 < 0 (see Definition 2.1). The interest of quasi-dissipativity is that a
quasi-dissipative system can contain a source of energy with finite power.

To conclude this subsection, we have at our disposal several notions of dissi-
pativity: Willems’, Hill and Moylan’s, Definition 2.1, weak dissipativity (which
is intermediate between Definition 2.1 and Willems’), cyclo-dissipativity,
quasi-dissipativity, ultimate dissipativity, local dissipativity, Definition 4.23.
There are more (like J—dissipativity [397], which is used in specific settings
like Ho, control), exponential dissipativity (see Theorem 5.68), definitions
taylored to systems with time-varying parameters [302], and Popov’s hyper-
stability.

Remark 4.28. Some properties are stated as f; for all t > 0, and others as fttol
for all t; > to. If trajectories (state) are independent of the initial time but
depend only on the elapsed time, clearly both ways of stating dissipativity are
equivalent.

4.4.2 The Signification of 3

The next result helps to understand the signification of the constant 5 (apart
from the fact that, as we shall see later, one can exhibit examples which
prove that the value of §(0) when ( is a function of the initial state, has a
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strong influence on the stability of the origin = 0). The supply rate that is
considered is the general supply rate w(u, y) = y* Qy+2yT Su+u” Ru, where
Q = QT and R = RT (but no other assumptions are made, so that Q and R
may be zero). The definition of weak dissipativity is as seen above, but in a
local setting, ¢.e. an operator G' : Y — Y which is denoted as G, as it may
depend on the initial state. For a region {2 C IR" we denote G({2) the family
of operators G, for all zy € 2. Considering such domain {2 may be useful for
systems with multiple equilibria, see Example 4.34. Mimicking the definition
of weak finite gain (Definition 4.17):

Definition 4.29. [206] The operator G(£2) is said weakly w(u,y)— dissipative
if there exists a function 3 : 2 — IR such that

/0 wu(s), y(s))ds > Blzo), (4.28)

for all admissible u(-), all t > 0, and all zo € 2. If B(xo) = 0 in 2 then
the operator is called w(u, y)— dissipative. ]

This definition has some local taste as it involves possibly several equilibria
of the system (the set 2). Therefore when time comes to settle some stability
of these equilibria, it may be that only local stability can be deduced. We also
need a reachability definition. The distance of x to 2 is d(z, 2) = inf,,cn || —
$0| |

Definition 4.30. [206] A region X1 C IR" is uniformly reachable from
2 C IR"™ if there exists a class K function «(-), and for every x1 € X1 there
exists xg € §2, a finite t1 > to and an admissible u(-) such that the trajectory
of the controlled system originating from xo at to satisfies x(t1) = x1 and
[t u(s)Tu(s)ds < a(d(ar, 2)). n

Uniform reachability means that a state x; can be driven from some other
state xg with an input that is small if the distance between the two states is
small. It is local in nature.

Theorem 4.31. [206] If G(12) is weakly w(u,y)—dissipative, and X1 is uni-
formly reachable from 2, then G(X1) is weakly w(u,y)—dissipative. [ |

Proof: Take any x1 € X; and any ¢1 > tg, any xg € £2, any u(-) € U such
that the controlled trajectory emanating from xzo at tg ends at x; at ¢t;. The
value of u(t) for t > t; is arbitrary. The inequality in (4.28) can be rewritten
as

/0 w(u(s), y(5))ds > Prew (1) (4.29)
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with Bpew(x1) = B(x0) — Jl w(u(s), Gz, (u(s)))ds, and we used the fact
that the operator is invariant under time shifts. The value (e (21) depends
only on z7 and not on u(-) because the control that intervenes in the definition
of Bnew(x1) is the specific control which drives g to x1. Thus Gy, is weakly
dissipative. [ |

If B(xzo) = 0 then the system is dissipative with respect to one initial state
(in the sense of Definition 4.22 if o = 0). But it is weakly dissipative with
respect to other reachable initial states. Therefore a way to interpret ( is that
it allows to take into account non-zero initial states. In Example 4.60 we will
see that weak finite-gain stability is not enough to assure that the uncontrolled
state space representation of the system has a Lyapunov stable fixed point.
It follows from this analysis that defining passivity as fot uT (s)y(s)ds > 0 for
any initial state makes little sense if the initial state is not included in the
definition (or implicitly assumed to be zero).

The equivalence between Willems’ definition and weak dissipativity follows
from the following:

Theorem 4.32. [206] For some X1 C X, G(X1) is weakly dissipative
if and only if there exists a function V : X1 — IR, with V(z) > 0 for
all x € X, such that

V(z1) —|—/ w(u(s),y(s))ds > V(z2) (4.30)

to

for all z1 € X1, all admissible u(-) € U, all t > to, with y(t) =
Gy, (u(t)) and x(t) = 2 is the state starting at x1 at to.

Proof: Let us denote V(u,y,to,t) 2 ftf) w(u(s),y(s))ds. By time-invariance
V(u,y,to,t) depends only on ¢t — to but not on ¢ and ¢, separately. Let

Vi) = — inf V(u, Gy, u,t1,t). Because of ¢t > t1, t may be chosen as
u(-) €U, t>t1

t; and consequently V(z1) > 0. For any ¢ > t; and ¢ > to one has V(zy) >
—V(u,Ggyu,ty,t2) — V(u, Gyou, ta,t), where z(ta) = xo is the state which
starts at 1 at time ¢; and with the control w on [t1,t2]. Since this inequality
holds for all w, it is true in particular that V(z1) > —V(u, Gy u,t1,t2) —

— inf  V(u,Gg,u,ts,t) from which (4.30) follows. The inequality (4.28)
u(-)EU,t>ts

implies that V(z1) < —8(z1) so that 0 < V(x) < +oo for all z € X;. Now

starting from (4.30) one sees that V(z1) —l—fti) w(u(s),y(s))ds > 0 which shows

that the system is w(u, y)—dissipative. ]
Moreover:

Theorem 4.33. [206] Assume that X1 C X is uniformly reachable from
2 C X. Then G(£2) is w(u,y)—dissipative if and only if there exists a function
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V 1 X1 — R satisfying the conditions of Theorem 4.32 and V(x) = 0 for all
x € (2. [ |

Proof: If G(£2) is w(u,y)—dissipative and X is reachable from (2, then
Theorem 4.31 shows that G, is w(u, y)—dissipative. Following the same steps
as in the proof of Theorem 4.32, the only thing that remains to be shown is
that V(x) = 0 for all x € 2. The bounds 0 < V(z) < B(x) for all z € X; and
Definition 4.29 imply it. The converse is a direct consequence of (4.30). H

Thus summarizing Theorems 4.25, 4.32 and 4.33:

cyclo-dissipativity
Definition 4.24

$ (if ZSD and Q <0)

Hill and Moylan’s dissipativity
Definition 4.22

1 (if reachability)

weak w(u, y)—dissipativity [w(u,y)—dissipativity + reachability]
Definition 4.29

0

Willems’ dissipativity [Willems’ dissipativity +V(0) = 0]
Definition 4.20

(if local boundedness of the storage function)

)

Definition 4.23

The link between w(u, y)—dissipativity and dissipativity in Definition 4.22
can also be established from Theorem 4.33. The equivalence between weak
w(u, y)—dissipativity and the other two, supposes that the required dynamical
system that is under study is as (4.20), so in particular 0 € (2.

Ezample 4.34. [206] To illustrate Definition 4.29 consider the following sys-
tem:

z(t) = —asin(z(t)) + 2yu(t)
y(t) = —asin(z(t)) + yu(t) (4.31)

z(0) = xo
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with & > 0. Then V(z) = a(1 —cos(x)), V(xo) = 0 for all zg = £2nm, n € IN.
Thus 2 = {xg | xp = £2n7}. This system is finite-gain stable, and the
equilibria are (locally) asymptotically stable.

4.4.3 Storage Functions (Available, Required Supply)

Having in mind this preliminary material, the next natural question is, given a
system, how can we find V' (z)? This question is closely related to the problem
of finding a suitable Lyapunov function in the Lyapunov second method. As
will be seen next, a storage function can be found by computing the maximum
amount of energy that can be extracted from the system.

Definition 4.35 (Available Storage). The available storage V,(-)
of the system (X)) is given by

0<Valw)=  sup —{ /Otww(s),y(s))ds} (4.32)

e=w(0),u(-),t20

where Vo (x) is the maxzimum amount of energy which can be extracted
from the system with initial state x = z(0).

The supremum is taken over all admissible u(-), all ¢ > 0, all signals with
initial value z(0) = z, and the terminal boundary condition z(t) is left free.
It is clear that 0 < V(x) (just take ¢ = 0 to notice that the supremum cannot
be negative). When the final state is not free but constrained to z(t) = 0
(the equilibrium of the uncontrolled system), then one speaks of the virtual
available storage, denoted as V*(-) [209]. Another function plays an important
role in dissipative systems, called the required supply. We recall that the state
space of a system is said reachable from the state z* if, given any x and ¢ there
exist a time ¢g < ¢ and an admissible controller u(-) such that the state can be
driven from z(ty) = * to x(t) = . The state space X is connected provided
every state is reachable from every other state.

Definition 4.36 (Required Supply). The required supply V,.(-) of
the system (X)) is given by

0
Vi(x) = inf , d 4.33
@ =t { [ wtusaas) (1.33)
with x(—t) = x*, x(0) = z, and it is assumed that the system is
reachable from x*. The function V,.(z) is the required amount of energy
to be injected in the system to go from x(—t) to x(0).
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The infimum is taken over all trajectories starting from x* at ¢ and ending
at (0) = = at time 0, and all ¢ > 0 (or, said differently, over all admissible
controllers u(-) which drive the system from x* to x on the interval [—¢,0]).
If the system is not reachable from z*, one may define V,.(z) = +o0.

Remark 4.37. The optimal “extraction” control policy which allows one to
obtain the available storage in case of an LTI system as in (3.1) is given by
u = (D+DT)"1(BT P~ —(C)x, and the optimal “supply” control policy which
allows one to obtain the required supply is given by u = (D+DT)~1(BT P+ —
C)z, where PT and P~ are as in Theorem 3.44.

Remark 4.38. Contrary to the available storage, the required supply is not
necessarily positive, see however Lemma 4.45. When the system is reversible,
the required supply and the available storage coincide [512]. It is interesting to
define accurately what is meant by reversibility of a dynamical system. This
is done thanks to the definition of a third energy function, the cycle energy:

ty

Vaw)=  inf / w()Ty(b)dt (4.34)

u(:),to<t1,2(t0)=0 Jy,

where the infimum is taken over all admissible u(-) which drive the system
from z(tg) = 0 to x. The cycle energy is thus the minimum energy it takes
to cycle a system between the equilibrium z = 0 and a given state x. One
has V,(-) + Vo(-) = V.(-) (assuming that the system is reachable so that the
required supply is not identically 4+00). Then the following is in order:

Definition 4.39 (Reversibility). Let a dynamical system be passive in the
sense of Definition 2.1 with 8 = 0, and let its state space representation be
reachable. The system is irreversible if Vo.(z) = 0 only if x = 0. It is said
uniformly irreversible if there exists a class Koo function a(-) such that for all
x € R": V() > af]|x]]). The system is said to be reversible if V.(x) =0 for
all x € R", i.e. if Vo(+) = V.. (). [ |

The following is taken from [209].
Ezxample 4.40. Let us consider the one-dimensional system
z(t) = —x(t) + u(t)
y(t) = z(t) + su(t) (4.35)

z(0) = xo.
This system is dissipative with respect to the supply rate w(u, y) = uy. Indeed
t to, . 22(s)]? t
Jou(®)y(s)ds = [yl(@(s) + z(s)x(s) + 3u?(s)]ds = {%}0 + [ (@3(s) +
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tu?(s))ds > —'7327(0). Then V,(z) = sz\/ng and V,.(z) = %x? Indeed the
available storage and required supply are the extrema solutions of the Riccati
equation ATP + AP + (PB — CT)(D + DT)=Y(BTP — C) = 0, which is in
this case p? — 4p + 1. Moreover the available storage and the virtual available
storage (where the terminal state is forced to be & = 0) are the same. One
sees that V(x) = 22 is a storage function.

The following results link the boundedness of the functions introduced in
Definitions 4.35 and 4.36 to the dissipativeness of the system. As an example,
consider again an electrical circuit. If there is an ideal battery in the circuit,
the energy that can be extracted is not finite. Such a circuit is not dissipative.
The following results are due to Willems [510, 511].

Theorem 4.41. [510, 511] The available storage Vo (-) in (4.32), is
finite for all x € X if and only if (X) in (4.20) is dissipative in the
sense of Definition 4.20. Moreover, 0 < Vo (x) < V(x) for allz € X
for dissipative systems and V,(-) is itself a possible storage function.

Proof:

(=) In order to show that V,(z) < oo = the system (X) in (4.20) is dissipa-
tive, it suffices to show that the available storage V, in (4.32) is a storage
function i.e. it satisfies the dissipation inequality

Va(z(t)) < Vo(2(0)) +/0 w(t)dt

But this is certainly the case because the available storage V,(x(t)) at
time ¢ is not larger than the available storage V,(x(0)) at time 0 plus the
energy introduced into the system in the interval [0, ¢].

(«<=) Let us now prove that if the system (X') is dissipative then V,(z) < oo.
If (X)) is dissipative then there exists V(z) > 0 such that

V(2(0)) +/0 wt)dt > V(x(t)) > 0

From the above and (4.32) it follows that

OB /Otwu)dt}:va(x)

z=x(0),t>0,u

Since the initial storage function V' (2(0)) is finite it follows that V,(z) <
+00. The last part of the Theorem follows from the definitions of V,(:)
and V(-) (see (4.25)). [ |
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Therefore dissipativeness can be tested by attempting to compute V,(z):
if it is locally bounded, it is a strorage function and the system is dissipa-
tive with respect to the supply rate w(u,y). This is a variational approach.
Compare (4.32) with (4.25). It clearly appears why, among all possible stor-
age functions satisfying (4.25), the available storage is the “smallest” one.
Testing the dissipativity of the system (X) is by Theorem 4.41 equivalent
to testing whether or not inf, ey f0+oo w(u(t),y(t))dt under the constraints
z(t) = f(x(t)) + g(z(t))u(t), (0) = xq, is finite for all o € R". As we saw
in Section 3.8.2 the value of this infimum yields the negative of the available
storage function. Similar results can be derived from the cyclo-dissipativity:

Lemma 4.42. [209] Let the system (X) be cyclo-dissipative. Then

(i) Vi(2(0)) < 400 for any reachable state x(0) and with x(—t) =0

(i) V¥ (x(0)) > —oo for any controllable state x(0)

(i) Vi (0) = Vo(0) = 0 if (1) = 0

(iv) Vio(x) > VX (z) for any state z € X [ |

Controllability means in this context that there exists an admissible u(-)
that drives the state trajectory towards x = 0 at a time ¢ > 0. Proof:
(i) and (ii) are a direct consequence of reachability and controllability, and
the fact that w(u(s),y(s)) is integrable. Now let x(0) be both reachable
and controllable. Let us choose a state trajectory which passes through the
points x(—t) = z(t) = 0, and with x(0) = 2. Then fi) u(s),y(s))ds +
fg (u(s),y(s))ds > 0, from the definition of cyclo- d1581pat1v1ty From the def-
initions of V*( ) (paragraph below Deﬁnltlon 4.35) and V,.(+), (iv) follows using

u(s),

that f y(s))ds > — fo ),4(s))ds. (iv) remains true even in the
case of uncontrollability and unreauchability7 as in such a case V;.(2(0)) = +o0
and V4, (z(0)) = —oc. [ |

Similarly to the above results concerning the available storage, we have
the following:

Theorem 4.43. [510,511] The system (X) in (4.20) is dissipative in
the sense of Definition 4.20 if and only if the required supply satisfies
Vi(z) > =K > —oo for all x € X and some K € IR. Moreover,
0 < Vo(z) <V(x) < Vp(x) for all x € X for dissipative systems.

Before presenting the next Lemma, let us introduce a notion of reachability.

Definition 4.44 (Locally w—uniformly reachable). [209] The system (X)
is said to be locally w—uniformly reachable at the state x* if there exists a
neighborhood 2 of x* and a class K function p(-) such that for each x € (2



4.4 Dissipative Systems 205

there exist t > 0 and an admissible u(-) driving the system from x* to x on
the interval [0,t) and

I/0 w(u(s),y(s))ds| < p(|la —2"|]) (4.36)

The system is said to be locally uniformly w—reachable in 2 if it is locally
uniformly w—reachable at all states x* € 2. [ ]

A way to characterize such a property is indicated later; see Proposition
4.76. The following provides informations on whether or not the required
supply may serve as a storage function. It is extracted from [401, Theorem 2].

Lemma 4.45. Let the system (X)) be dissipative in the sense of Definition 2.1
with respect to the supply rate w(u,y), and locally w—uniformly reachable at
x*. Let V(-) be a storage function. Then the function V.(-) + V(2(0)) is a
continuous storage function. |

One sees that if the storage function satisfies V(0) = 0 and if (0) = 0
then the required supply is a storage function. The value V (2(0)) plays the
role of the bias —f in Definition 2.1. When V' (0) = 0 the system has zero bias
at the equilibrium x = 0. In fact a variant of Theorem 4.41 can be stated as
follows, where dissipativity is checked through V,(-) provided the system (X')
is reachable from some state z*.

Lemma 4.46. [}42] Assume that the state space of (X)) is reachable from
x* € X. Then (X)) is dissipative in the sense of Definition 4.20 if and only if
Va(z*) < +00. [

The conditions of Theorem 4.41 are less stringent since reachability is not
assumed. However in practice, systems of interest are often reachable so that
Lemma 4.46 is important.

Notice that given two storage functions Vi (+) and V5 (-) for the same supply
rate, it is not difficult to see from the dissipation inequality that for any
constant A € [0, 1] then AVi(:) + (1 — A)Va(+) is still a storage function. More
formally:

Lemma 4.47. The set of all possible storage functions of a dissipative system
is convex. In particular A\Vo(-) + (1 — M\)V,.(+) is a storage function provided
the required supply is itself a storage function.

Proof: Let Vi(-) and Va(:) be two storage functions. Let 0 < A < 1 be a
constant. Then it is an easy computation to check that AVi () + (1 — X\)Va(+)
is also a storage function. Since the available storage and the required supply
are storage functions, the last part follows. ]

The available storage and the required supply can be characterized as
follows:
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Proposition 4.48. Consider the system (X) in (4.20). Assume that it
is zero state observable (u(t) = 0 and y(t) = 0 for all t > 0 imply that
z(t) = 0 for all t > 0), with a reachable state space X, and that it is
dissipative with respect to w(u,y) = 2uTy. Let j(x)+ jT (x) have full rank
for allz € X. Then V,(-) and V,.(-) are solutions of the partial differential
equality:

VVT(z)f(x)+

+ (2 (@) = 5VVT(2)9(2)) ((2) + 57 () 7" (h(2) — 59" (2)VV () =0

Before presenting the proof we need an intermediate result:

Lemma 4.49. Let a function V (-) be differentiable. Let W (z) =—VV T (z)f(z)
and S(z) = h” (x)— LVVT(2)g(x). Then along any trajectory of (X) in (4.20)
and for all t1 and to with t1 > tg, one has

S 2u(t)Ty(t)dt =

) W(z(t)) S(z(t) 1
= V(@) + [ 1 u" (@) dt
ST(a(t)) jz() +57(2(t) ) \u
(4.38)
]

Proof: The proof is led by calculating the integral of the right-hand-side of
(4.38). [ |

Proof of Proposition 4.48: Let us rewrite the available storage as

o =— i [uses) @

Using Lemma 4.49 one gets
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- _m:mmifif(o,tzo Valz@lo+ 1 O1P(() (4.40)

= Va(z) - Va(z(t) + [y 11 uT (1) D(x(t))

inf
z=z(0),u(-),t>0

where we used that z(0) = = and D(z) =

Therefore

1

- in z t u” T )
0= o o) Vel (t)>+/0[1 ()]D(x(t)) ) dt (4.41)

If the infimum exists and since j(z(t))+;7 (z(t)) is supposed to be full rank,
it follows that its Schur complement W, (z) — S, (z)(j(z) + 5T (x))71ST(z) = 0
(see Lemma A.62), which exactly means that V,(-) satisfies the partial differ-
ential inequality (4.37). A similar proof may be made for the required supply.
|
In the linear time invariant case, and provided the system is observable and
controllable, then V, (z) = 27 P,z and V,.(z) = 2T P,z satisfy the above partial
differential equality, which means that P, and P, are the extremal solutions of
the Riccati equation AT P+PA+(PB—CT)(D+DT)~Y(BTP—-C) = 0. Have
a look at Theorems 3.42, 3.43 and 3.44, and Theorem 4.43. One especially
deduces that the set of solutions P = PT > 0 of the KYP Lemma set of
equations in (3.2) has a maximum P, and a minimum P, elements, and that all
other solutions satisfy 0 < P, < P < P,. What is called GT in Theorem 3.43
and is equal to — P, and what is called G~ is equal to — P, (it is worth recalling
that minimality of (A, B, C, D) is required in the KYP Lemma solvability with
positive definite symmetric solutions, and that the relaxation of the minimality
requires some care; see Section 3.3). Similarly P~ and P* in Theorem 3.44
are equal to P, and P, respectively.
The following is a consequence of Theorem 2.2 and relates to a notion
introduced at the beginning of this book for input-output systems, to the
notion of dissipativity introduced for state space systems.

Theorem 4.50 (Passive systems). Suppose that the system (X) in (4.20)
is dissipative with supply rate w(u,y) = uTy and storage function V(-) with
V(0) =0, i.e. for allt > 0:

V(z(t)) < V(z(0)) —1-/0 u”' (s)y(s)ds (4.42)
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Then the system is passive. |

Passivity is defined in Definition 2.1. Let us recall that a positive real (PR)
system is passive; see Corollary 2.35.

Definition 4.51 (Strictly state passive systems). A system (X) in
(4.20) is said to be strictly state passive if it dissipative with supply rate
w = uTy and the storage function V(-) with V(0) = 0, and there exists a
positive definite function S(x) such that for all t > 0:

V() < V(z(0) + /0 o7 (s)y(s)ds — /0 S@)dt  (4.43)

If the equality holds in the above and S(x) = 0, then the system is said to be
lossless . m

Some authors [228] also introduce a notion of weak strict passivity that is
more general than the strict state passivity: the function S(x) is replaced by
a dissipation function D(z,u) > 0, D(0,0) = 0. One gets a notion that is close
to (4.55). The notion of weak strict passivity is meant to generalize WSPR
functions to nonlinear systems.

Theorem 4.52. [510] Suppose that the system (X) in (4.20) is lossless with
a minimum value at x = x* such that V(z*) = 0. If the state space is reachable
from x* and controllable to x*, then Vo () = V,.(+) and thus the storage function
is unique and given by V(z) = ft? w(u(t),y(t))dt with any t; <0 and v € U
such that the state trajectory starting at * at tq is driven by u(-) to z =0 at

t = 0. Equivalently V(z) = — ;1 w(u(t),y(t))dt with any t1 > 0 and u € U
such that the state trajectory starting at x at t = 0 is driven by u(-) to * at
t1. | ]

Remark 4.53. If the system (X) in (4.20) is dissipative with supply rate
w = uly and the storage function V(-) satisfies V(0) = 0 with V() pos-
itive definite, then the system and its zero dynamics are Lyapunov stable.
This can be seen from the dissipativity inequality (4.22) by taking w or y
equal to zero.

Ezample 4.5 (passivity C dissipativity). Consider H(s) = %jr; From Theo-
rem 4.18 this system has a finte £,-gain for all 1 < p < 400 and it is dissipative
with respect to all supply rates w(u,y) = v|ulP —d|y|P, 1 < p < 4+o00. However
H(s) ¢ PR and it is not passive, i.e. it is not dissipative with respect to the

supply rate w(u,y) = uy.

A general supply rate has been introduced by [207] which is useful to
distinguish different types of strictly passive systems and will be useful in the
Passivity Theorems presented in the next section. Let us reformulate some
notions introduced in Definition 2.1 in terms of supply rate, where we recall
that 8 < 0.
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Definition 4.55 (General Supply Rate). Let us consider a dissi-
pative system, with supply rate

w(u,y) =y"Qy +u" Ru+ 2y Su (4.44)

with @ =QT, R=R". If Q =0, R= —¢l,,, e >0, S = 1I,, the
system is said to be input strictly passive (ISP), i.e.

tTSU,SS € tuTSUSS
Ay()()d26+ A (s)u(s)d

If R=0,Q=—-6l,,6>0,5= %Im, the system is said to be output
strictly passive (OSP), i.e.

/@F@mwmszﬁ+q/yﬂﬂmgw
0 0

If Q=—-6I,,6>0, R=—¢cl,,e>0, 5= %Im, the system is said
to be very-strictly passive (VSP), i.e.

" or "or "or
/Oy (s)u(s)ds—i—BZé/o Yy (s)y(s)ds—i—e/o u' (s)u(s)ds

Note that Definitions 4.51 and 4.55 do not imply in general the asymptotic
stability of the considered system. For instance SJ;“Z is ISP as stated in Defini-
tion 4.55; see also Theorem 2.6. Though this will be examined at several places
of this book, let us explain at once the relationship between the finite-gain
property of an operator as in Definition 4.17, and dissipativity with respect to
a general supply rate. Assume that the system (X') is dissipative with respect

to the general supply rate, i.e.

V(x(t)) = V(2(0)) < /0 [y" (5)Qu(s) +u” (s)Ru(s) + 2y" (s)Sy(s)lds (4.45)

for some storage function V(-). Let S = 0. Then it follows that

- / VT (5)Qy(s)ds < / o (s) Ru(s)ds + V (2(0)) (4.46)
0 0

Let @ = —01,, and R =€l,;,, § > 0, € > 0. Then we get

/IyT(s)Qy(s)ds < g/ uT(s)Ru(s)ds + V(x(0)) (4.47)
0 0
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so that the operator u +— y has a finite L£o-gain with a bias equal to V(z(0)).
Dissipativity with supply rates w(u,y) = —dy’y + euTu will be commonly
met, and is sometimes called the H,.-behaviour supply rate of the system.
Therefore dissipativity with @ = —dl,, and R = €l,, and S = 0 implies
finite-gain stability. What about the converse? The following is true:

Theorem 4.56. [206] The system is dissipative with respect to the
general supply rate in (4.44) with zero bias (f = 0) and with Q < 0,
if and only if it is finite-gain stable.

We note that the constant k in Definition 4.17 may be zero, so that no
condition on the matrix R is required in this Theorem. The = implication
has been shown just above. The <= implication holds because of zero bias.
Then it can be shown that 0 < fg [y (5)Qu(s)+uT (s)Ru(s)+2yT (s)Sy(s)]ds.
Dissipativity is here understood in the sense of Hill and Moylan in Definition
4.22.

Remark 4.57. A dynamical system may be dissipative with respect to several
supply rates, and with different storage functions corresponding to those sup-
ply rates. Consider for instance a linear time invariant system that is asymp-
totically stable: it may be SPR (thus passive) and it has a finite gain and is
thus dissipative with respect to a H,, supply rate.

Let us make an aside on linear invariant systems. A more general version
of Theorem 3.44 is as follows. We consider a general supply rate with @ <0
and R= R+ SD+ DTS+ DTQD > 0. We denote S = S + DTQ. Then

Theorem 4.58. [531] Consider the system (A, B,C, D) with A asymptoti-
cally stable. Suppose that

— twus S S —E tUTSUS S xZ .
[ ot vens <=5 [l ueds < o) @)
where B(-) > 0 and 5(0) = 0. Then

o There exists a solution P > 0 to the ARE
ATP + PA+ (PB—-CTSTYRT(BTP - SC)-CTQC =0  (4.49)
such that A* = A+ BR™Y(BTP — SC) is asymptotically stable, and

o there exists a solution P > 0 to the ARI

ATP + PA+ (PB—-CTSTYRT(BTP - 8C)-CTQC <0 (4.50)
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Conversely, suppose that there exists a solution P > 0 to the ARE (4.49)
such that the matriz A* = A+ BR™Y(BTP — SC) is asymptotically stable.
Then the matriz A is asymptotically stable and the system (A, B,C,D)
satisfies (4.48) with the above supply rate. [ ]

We shall see in Section 4.5 and Chapter 5 that this can be generalized to a
class of nonlinear systems.

4.4.4 Examples

Example 4.59. At several places we have insisted on the essential role played
by the constant 8 in Definition 2.1. Let us illustrate here how it may influence
the Lyapunov stability of dissipative systems. For instance let us consider the
following example, brought to our attention by David Hill, where the open-
loop system is unstable:

ax(t
y(t) = — 1225 (4.51)

z(0) = xo
with o > 0. Let us note that

Jig wy(®)dt = = J;1 () = (0) r5 dt
(4.52)

> —%[arctan(xQ(tl)) — arctan(z?(to))]

Thus the system is passive with respect to the storage function V(z) =
$(5 — arctan(2?)) and V(z) > 0 for all finite z € IR". Hence the system is
dissipative despite the fact that the open-loop is unstable. Note however that
—V(0) = B(0) < 0 and that the system loses its observability at z = oo.
We shall come back later on conditions that assure the stability of dissipative
systems. |

Ezample 4.60. [206] The system is now given by

az(t)

L(t) = x(t) + 15y + 2yu(t)

y(t) = — 75505 + u(t) (4.53)

x(0) = zg
with o > 0. Then we get that
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/0 (vu” (s)u(s) —y" (s)y(s))ds = V(x(t)) — V (x0) (4.54)

with the same V(x) as in the previous example. Thus the system is weakly
finite-gain stable, but the unique equilibrium of the uncontrolled system x = 0
is Lyapunov unstable. We notice that the system in (4.53) is not passive.
Therefore weak finite-gain stability is not sufficient to guarantee the Lyapunov
stability. |

In view of the above generalizations of the dissipativity and supply rate,
a dissipation equality that is more general than the one in Definition 4.51
can be introduced with a so-called dissipation function D(z,u,t) > 0 for all
z € X, admissible u, and ¢t > 0, such that along trajectories of the system
(X)) one gets

V(z(t),t) = V(x(0),0) —|—/0 w(u(s),y(s))ds + D(x(0), u,t) (4.55)

Ezxample 4.61. Let us continue with Example 4.40. Let us consider the storage
functions V(z) = lC’a:2 with2—v/3 < C < 2+\f 3. It is easily computed that
the dissipation functlon is D(z, u,t) fo Yeu(s))? + Reu?(s)]ds, with
Yo = g and R. = 1 — Cv2 . The ch01ce for thls notation stems from the
electrlcal circuit mterpretation where C' is a capacitor and R, is a resistance.
It is worth noting that for each value of the coefficient C, then there is a
different physical realization (different resistors, capacitors), but the state
equations (4.35) remain the same. Comparing with Definition 4.51, one has
S(z) = 2% when C = 1. Comparing with the ISP Definition 4.55 one has
€ = R, provided R, > 0. An interesting interpretation is in term of phase
lag. Let us choose the two outputs as y1 = /Reu and yp = \/a(x — YeU).
Then the transfer function between ys(s) and u(s) (the Laplace transforms of
both signals) is equal to \/5% As C varies from 2 — /3 to 24 /3, 7.
varies monotonically from —2(v/3 + 1) to 2(v/3 — 1). Thus the phase lag of
y2(s) with respect to u(s) increases monotonically with C. Let us now study
the variation of the dissipation function D(z,u,t) with C. For small C the
low-dissipation trajectories are those for which ||z|| is decreasing. For large C,
the low-dissipation trajectories are those for which ||z|| is increasing. There
are two extreme cases, as expected: when C' = 2—+/3, then V(x) = V,(x) and
it is possible to drive the state to the origin with an arbitrarily small amount
of dissipation. In other words, the stored energy can be extracted from the
system. Doing the converse (driving the state from the origin to some other
state) produces a large amount of dissipation. The other extreme is for C' = 2+
V/3, then V(x) = V,.(z). In this case any state is reachable from the origin with
an arbitrarily small amount of dissipation. The converse (returning the state
to the origin) however dissipates significantly. This illustrates that for small C'
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the dissipation seems to be concentrated at the beginning of a trajectory which
leaves the origin x = 0 and returns back to the origin, and that the opposite
behaviour occurs when C is large. This simple example therefore allows one
to exhibit the relationship between phase lag and dissipation delay.

Ezample 4.62. If a system (A, B,C,D) is SPR and the vector relative de-
gree r = (1 ... DT € R™ (i.e. D = 0), then the system is OSP. Indeed
from the KYP Lemma 3.11, defining V(z) = 27 Pz one obtains V (z(t)) =
2T (#)(QQT + L)x(t) + 2yT (t)u(t) along the system’s solutions. Integrating
and taking into account that L = 2uP is full rank, the result follows. It is
noteworthy that the converse is not true. Any transfer function of the form
7y, 0> 0,0 <a < 2Vbis SPRif and only if 0 < a < a. However 5
is not SPR (obvious!) but it defines an OSP system. One realization is given
by a':l( ) = arg(t), Zo(t) = —x1(t) — arg( ) + u( ) y(t) = x2(t). One checks
that fo y(s)ds > —1(23(0) + 23(0)) + fo s)ds. Thus SPRness is only
sufficient for OSPness, but it is not necesbary

Ezample 4.63. Consider the non-proper system y(t) = 4(t) + au(t), a > 0,
with relative degree r = —1. This system is SSPR and ISP since Re [jw + a] =

a and
t t

[ttt ="+ a [

0 0

This plant belongs to the descriptor-variable systems (see Section 3.1.5),
with state space representation:

fbl(t) = xg(t)
0=—xz1(t) + u(t)

y(t) = a(t) + au(t)

This can be rewritten as

(0) (20) = (200) () Co) g
y(t) = (0 Da(t) + au(t

This system is regular since det(sE — A) = 1. The conditions of Proposition
3.15 and of Theorem 3.16 can be checked on this example. PRness can be
checked with P = 0, while SSPRness amounts to finding ps; > 0, p11 # po2,
and wo; such that aws; + 4 < 0, with a = —(p11 —p22)? — (P11 —D22) (P22 — 1),
B = (p11 — p22)*a + pa1(p11 — pa2)(p22 — 1) + pa1(p22 — 1)%

Ezample 4.64. If a system (A, B,C, D) is SPR and if the matrix



214 4 Dissipative Systems

Q+LLT LW
= A
Q =
wTLT™ D+ DT
is positive definite with Q = —AT P— P A, then the system is VSP. This can be
proved by using again V (z) = 27 Px. Let us denote 7 = (i) . Differentiating

and using the KYP Lemma 3.11, one gets V ((t)) = —z7 (£)Qz(t)+2y™ (t)u(t).
One deduces that

t1 t1 t1
/ ul (t)y(t)dt > =V (x(ty)) + 6/ u”' (s)u(s)ds + a/ yT(s)y(s)ds
to to to
for some & > 0 and a > 0 small enough 2. Note that the condition Q > 0
implies that the vector relative degree of (A, B,C, D) is equal to (0 ... 0)7,
which implies that the matrix D # 0. Indeed D + DT = WTW and W = 0
implies that @ does not have full rank. In the monovariable case m = 1, then
r = 0. In the multivariable case, Q > 0 implies that W has full rank m. Indeed
we can rewrite Q@ > 0 as 27(Q + LLT )z + u"WTWu — 22T LWu > 0. If W
has rank p < m, then we can find a u # 0 such that Wu = 0. Therefore for
the couple x = 0 and such a u, one has 7 Qz = 0 which contradicts Q > 0.
We deduce that 7 = (0 ... 0)T € IR™. VSP linear invariant systems possess a
uniform relative degree 0.

Ezample 4.65. If a system (A, B, C, D) is SPR, then it is strictly passive with
S(x) = 27 Qx. This can be proved using the KYP Lemma.

Ezample 4.66. Consider the system H(s) = s7a:@ > 0. We will now prove
that the system is H(s) is OSP. The system is described by

y(t) = —ay(t) + u(t)
Let us consider the positive definite function V(y) = %yQ. Then

V(y(1)) = y(t)g(t) = —ay®(t) + u(t)y(t)
Integrating we obtain

~V((0)) < V((®) — V(5(0) = —a / Y2 (s)ds + / u(s)y(s)ds

:>/O u(s)y(s)ds—l—V(O)Za/O y*(s)ds

Thus the system is OSP. Taking a = 0, we can see that the system whose
transfer function is %, defines a passive system (the transfer function being
PR).

2 Once again we see that the system has zero bias provided x(tg) = 0. But in
general §(z(to)) # 0.
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Remark 4.67. As we saw in Section 2.9 for linear systems, there exists a re-
lationship between passive systems and Lo—gain [125]. Let X : u — y be a
passive system as in Definition 2.1. Define the input-output transformation
u=vw+ z, y =yw — z, (compare with (2.85)) then

p< /UT(S)y(S)dS = /(VQwT(S)w(S) — 27 (s)2(s))ds
0 0

which is equivalent to

t t

/zT(s)z(s)ds < /72wT(s)w(s)ds -p
0 0

which means that the system X’ : w — 2 has a finite £o—gain.

Ezample 4.68 (L2-gain). Let us consider the system #(t) = —x(t) + u(t),
y(t) = x(t). This system is dissipative with respect to the H., supply rate
w(u,y) = y?u? — y? if and only if there exists a storage function V(z) such
that fg (v2u?(1)—y*(7))dr > V(2(t))—V (2(0)). Equivalently the infinitesimal
dissipation inequality holds, i.e. v2u?(t) — y?(t) — V (2(t))(—z(t) 4+ u(t)) > 0.
Consider V(z) = pz?. The infinitesimal dissipation inequality then becomes
Y2u?(t) — 2%(t) — 2pz(t)(—x(t) + u(t)) > 0. In a matrix form this is equivalent

2p—1 —p
to having the matrix > 0. This holds if and only if
-»
P(2p—1)-p° >0 (4.57)

This polynomial in p has a real solution if and only if ¥2 > 1. This polynomial
is a Riccati inequality whose solvability is equivalent to 2 > 1. The system
has an £, gain equal to 1, and the condition that v? > 1 agrees with this.
Indeed the fact that the system is dissipative with respect to the above H,
supply rate implies that the Hoo-norm of its transfer function is < v (this is
known as the Bounded Real Lemma; see Section 5.9).

This example together with Example 4.64 illustrates that the same system
can be dissipative with respect to several supply rates, and with different
storage functions.

Proposition 4.69. Consider the system represented in Figure 4.5, where ¢(-)
is a static nonlinearity, ¢ > 0 and c¢(c) >0 for alloc € R. Then H :ur—y
18 passive. |

Proof: Let us adopt the classical notation (u|y): = fgu(s)y(s)ds. Then
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o Y
— > ﬁ —>» Oo) T »

Fig. 4.5. A linear system and a static nonlinearity in cascade

(y [u)e = (d(o)|u):

= (¢(0)lgo + o)

=q [y #(0(s))&(s)ds + [, o(s)elo(s)]ds (4.58)
f;’é&% Jo + [ o(s)(0(s))ds
> fo t)¢ qfo O)¢

where we have used the fact that o(t)¢(c(t)) > 0 for all ¢ > 0. Note that
= fog @(§)d¢ > 0 and is therefore qualified as a storage function, o(-)
being the state of this system.

Proposition 4.70. If a system is output-strictly passive, then it is also weakly
finite gain stable, i.e. OSP = WFGS. [ ]

Proof: The following upperbound can be computed:

8 [3y2(s)ds < B+ [ u(s)y(s)ds
< B+ fyuls)y(s)ds + 5 [y (Vau(s) — L)%t (4.59)
=0+3 fo s)ds + 55 fo ds

Choosing A = % one gets

é/t 2(s)ds<ﬂ—|—i/tu2(s)alt
2/, Y =775/,

which ends the proof. [ ]

Several results are given in [512] which concern the Lyapunov stability of
systems which are finite-gain stable. They are not presented in this section
since they rather belong to the kind of results presented in Section 5.1.
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Example 4.71. Let us consider two linear systems in parallel, i.e.

Y1 (t) = klu(t)

Y2(t) = —aya(t) + kau(t) (4.60)

y(t) =yi(t) +y2(t)

where a > 0. Thus, for some constants § and k3

f; u(s)y(s)dt = f; u(s)y1(s)ds + fof u(s)y2(s)ds

> k1 fg u?(s)ds + B+ ks f02 y3(s)ds
(4.61)
> B [u2(s)ds + B+ K [y (43 (s) + y3(s))ds

> B [Tu(s)ds + B+ 5 [ (yi(s) + ya(s))?ds

where k' < k3 and k' < ﬁ So the system (X) : u+— y is VSP.

4.4.5 Regularity of the Storage Functions

Until now we have not said a lot on the properties of the storage functions:
are they differentiable (in x)? Continuous? Discontinuous? We now state some
results which guarantee some regularity of storage functions. As we already
pointed out, storage functions are potential Lyapunov functions candidate. It
is well-known that Lyapunov functions need not be smooth, neither differen-
tiable.

Continuous Storage Functions

Probably the first result in this direction is the following Lemma, for which
we first need a preliminary definition.

Definition 4.72. [209] A function V : X — IR is called a virtual storage
function if it satisfies V(0) =0 and

ty
V(zo) +/ w(u(s)y(s)ds > V(xq1) (4.62)
to
for all t1 > tg and all admissible u(-), with x(tg) = xo and x(t1) = x1. [ |

Clearly if in addition one imposes that V' (z) > 0 then one gets storage
functions.
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Lemma 4.73. [209] Let the system (X) be locally w-uniformly reachable in
the sense of Definition 4.44. Then any virtual storage function which exists
for all x € X is continuous. [ |

Proof: Consider an arbitrary state zo € X, and let a virtual storage function
be V(-). Then for any z; in a neighborhood {2 of zg, it follows from (4.62)
that o
V(zo) —|—/ w(u(s),y(s)ds > V(z1) (4.63)
to
where the time ¢; corresponds to ¢ in (4.36) and the controller u(-) is the
one in Definition 4.44 (in other words, replace [0, t] in (4.36) by [to, t1]). From
(4.36) and (4.63) and considering transitions in each direction between xg and
x1, one deduces that | V(z1) — V(zo) |< p(|| 1 — 20 ||). Since x; is arbitrary
in {2 and since p(-) is continuous, it follows that V(-) is continuous at x¢.
|
The next result concerns storage functions. Strong controllability means
local w—uniform reachability in the sense of Definition 4.44, plus reachability,
plus controllability. We recall that a system is controllable if every state x € X
is controllable, i.e. given x(tp), there exists t; > to and an admissible u(-)
on [tg,t1] such that the solution of the controlled system satisfies z(t;) =
0 (sometimes this is named controllability to zero). Reachability is defined
before Definition 4.36. Dissipativity in the next Theorem, is to be understood
in Hill and Moylan’s way; see (4.24).

Theorem 4.74. [209] Let us assume that the system (X) in (4.20) is strongly
controllable. Then the system is cyclo-dissipative (resp. dissipative in the sense
of Definition 4.22) if and only if there exists a continuous functionV : X — IR
satisfying V(0) = 0 (resp. V(0) = 0 and V(x) > 0 for all x € X) and
V(z(t)) < w(u(t),y(t)) for almost all t > 0 along the system’s trajectories. m

A relaxed version of Theorem 4.74 is as follows:

Theorem 4.75. [401] Let the system x(t) = f(x(t),u(t)) be dissipative in
the sense of Definition 2.1 with supply rate w(z,u), and locally w—uniformly
reachable at the state x*. Assume that for every fized u, the function f(-,u) is
continuously differentiable, and that both f(x,u) and %(x,u) are continuous
in x and u. Then the set R(x*) of states reachable form x* is an open and
connected set of X, and there exists a continuous function V : R(xz*) — IR™
such that for every xo € R(z*) and every admissible u(-)

V(x(t))—V(xo)g/O w(z(s), u(s))ds (4.64)

along the solution of the controlled system with x(0) = zg. An example of
such a function is V,.(x) + 3, where (3 is a suitable constant and V,.(x) is the
required supply as in Definition 4.36. [ |
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We have already stated the last part of the Theorem in Lemma 4.45.
The proof of Theorem 4.75 relies on an extended version of the continuous
dependence of solutions with respect to initial conditions, and we omit it
here. Let us now state a result that is more constructive, in the sense that it
relies on verifiable properties of the system. Before this, we need the following
intermediate Proposition.

Proposition 4.76. [401] If the linearization of the vector field f(z) + g(x)u
around x = 0, given by 2(t) = Az(t) + Bu(t) with A = %(0) and B = %(0),
is controllable, then the system (X) in (4.20) is locally w—uniformly reachable
at x = 0. |

Of course, controllability of the tangent linearization is here equivalent
to having the Kalman matrix of rank n. This sufficient condition for local
w—uniform reachability is easy to check, and one sees in passing that all time-
invariant linear systems which are controllable, also are local w—uniformly
reachable. Then the following is true, where dissipativity is understood in Hill
and Moylan’s sense; see (4.24):

Corollary 4.77. [/01] Let the system (X) be dissipative and suppose its tan-
gent linearization at x = 0 is controllable. Then there exists a continuous
storage function defined on the reachable set R(x*). ]

Refinements and generalizations can be found in [402]. In Section 4.5 gener-
alizations of the Kalman-Yakubovich-Popov Lemma will be stated which hold
under the restriction that the storage functions (see then as the solutions of
partial differential inequalities) are continuously differentiable (of class C'! on
the state space X). It is easy to exhibit systems for which no C! storage func-
tion exists. This will pose a difficulty in the extension of the KYP Lemma,
which relies on some sort of infinitesimal version of the dissipation inequality.
Indeed the PDIs will have then to be interpreted in a more general sense.
More will be said in section 4.6. Results on dissipative systems depending
on time-varying parameters, with continuous storage functions may be found
in [302].

Differentiable Storage Functions

Let us end this section on regularity with a result that shows that in the one-
dimensional case, the existence of locally Lipschitz storage functions implies
the existence of continuous storage functions whose restriction to IR™\ {z = 0}
is continuously differentiable. Such a set of functions is denoted as C}. We
specialize here to systems which are dissipative with respect to the supply rate
w(u,y) = y2uTu—yTy. This is a particular choice of the general supply rate in
(4.44). In the differentiable case, the dissipation inequality in its infinitesimal
form is
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VT (@(t)[f (@(t) + g(a(t))u] < y*u" (Bu(t) -y O)y(t) (4.65)

Let us define the following generalized derivative of the (non-differentiable)
function V() at =

OV (z) = lim inf ﬁ[v@ +h) —V(x)—¢"h] (4.66)
where ¢ € IR". When 0V (z) > 0, one calls ¢ a viscosity subgradient of V(-) at
x. The set of all such vectors (, i.e. D~V (z), is possibly empty, but can also
be non-single-valued (in other words: multivalued!). The viscosity subgradient
is also sometimes called a regular subgradient [415, Equation 8(4)]. In case the
function V() is proper convex, then the viscosity subgradient is the same as
the subgradient from convex analysis defined in (3.188) [415, Proposition 8.12],
and if V(-) is differentiable it is the same as the usual Euclidean gradient. An
introduction to viscosity solutions is given in Section A.3 in the Appendix.
With this machinery in mind, one may naturally rewrite (4.65) as

CTLf(2(t) + gz()u] < y*u” (Bu(t) —y" (y(t), V¢ €OV (x)  (4.67)

for all x € X \ {0} and all admissible u(-) (see Proposition A.52 in the Ap-
pendix). If the function V(-) is differentiable, then (4.67) becomes the usual
infinitesimal dissipation inequality VVT (z)[f (z(t)+g(z(#))u] < v2uT (#)u(t)—
yT (t)y(t). As we saw in Section 3.9.4, it is customary in nonsmooth and con-
vex analysis, to replace the usual gradient by a set of subgradients. The set
of all continuous functions V : IR"™ — IR that satisfy (4.67) is denoted as
W(X,~?). The set of all functions in W(X,~?) which are proper (radially
unbounded) and positive definite, is denoted as Wao (X, 7?).

Theorem 4.78. [{18] Let n =m =1 in (4.74) and assume that the vector
fields f(x) and g(x) are locally Lipschitz. Assume that for some v > 0 there
exists a locally Lipschitz V€ Weo(X,7%). Then Wso (2,73 N CL # 0. [

The proof is rather long and technical so we omit it here. This result means
that for scalar systems, there is no gap between locally Lipschitz and C¢ cases.
When n > 2 the result is no longer true as the following examples prove [418].

Ezample 4.79. [418] Consider the system (X7) with n =m = 2:

1(t) = 21(t) | (21 (t)+ | 22(t) | +ur(t))
(4.68)
@2 (t) = w2(t)(—21(t)— | 22(t) | +ua(t))

Let us define Vi(x) = 2| 1 | +2 | 22 |, which is a proper, positive definite
and globally Lipschitz function. Moreover V7 € W, (X1, 1). However it is not
C¢ and any function that is C} and which belongs to W(X1, 1), is neither
positive definite nor proper [418, Proposition 2.2].
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Ezample 4.80. [418] Consider the system (X3) with n =m = 2:

{tl(t) = —xl(t) + 2 (t) + Ul(t)
, (4.69)
g (t) = 3x3 (¢) (=1 (t) — w2(t) + ua(t))

2

Let us consider Va (1, 22) = 23+ 23 . This function is proper, positive definite,
and continuous. Moreover Vo € Wy, (X2,1). However any locally Lipschitz
function in W(Xs9, 1) is neither positive definite nor proper.

Things are however not so dramatic as the next Theorem shows:

Theorem 4.81. [/18] For any system (X) with locally Lipschitz vector fields
f(x) and g(z),

inf {7y | Weo(2,7) # 0} =inf {7 | Wao(Z,7*) N Cj # 0} (4.70)
[ |

In other words, Theorem 4.81 says that, given a +, if one is able to exhibit
at least one function in Wy, (X, v?), then increasing slightly ~ allows one to
get the existence of a function that is both in Wu(X,~?) and in C¢. This is
a sort of regularization of the storage function of a system that is dissipative
with respect to the supply rate w(u,y) = v?ulu — yTy.

Remark 4.82. The results hold for systems which are affine in the input, as in
(4.20). For more general systems they may not remain true.

Ezxample 4.83. Let us lead some calculations for the system and the Lyapunov
function of Example 4.79. We get

2 or —2 or [—2,2]

8V1 (Z‘) =

2 or —2 or [—2,2]
(4.71)

T T T

z; >0 2;<0 z2; =0
Thus the left hand side of (4.67) is

Gulzy| (=21 + |z2] 4+ u1)

(4.72)

Coxa(—x1 — |z2| + u2)

Thus we may write the first line, taking (4.71) into account, as
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2(—2% + z1|w2| + z101) if 21 >0
2z} — w1|xa| — 21w) if 21 <0 (4.73)

[=2]z1 (=21 + |z2| + w1); 2]z [(—21 + |22 + wa)] = {0} if 21 =0

and similarly for the second line. It happens that V'(-) is not differentiable at
2z =0, and that f(0)+g¢(0)u = 0. Let y1 = x1, y2 = x2. Consider the case 1 >
0, x5 > 0. We obtain —2yTy+2yTu < —2yTy+yTy+uTu = —y+yTy+uTu.
For x5 > 0 and 21 = 0 we obtain —2y3+2ysus < —y+y y+ulu = —y2+u’u.

4.5 Nonlinear KYP Lemma

4.5.1 A Particular Case

The KYP Lemma for linear systems can be extended for nonlinear systems
having state-space representations affine in the input. In this section we will
consider the case when the plant output y is not a function of the input u. A
more general case will be studied in the next section. Consider the following
nonlinear system

o(t) = f(x(t) + g(z(t))u(t)
(&) q y(t) = h(x(t)) (4.74)
x(0) = xo

where z(t) € R", u(t) € R™, y(t) € R™, f : R" — IR" with f(0) = 0,
R(0) =0, g : R" — R™™, h : R" — IR™, are smooth functions of z. We
then have the following result.

Lemma 4.84 (KYP Lemma for nonlinear systems). Consider the non-
linear system (4.74). The following statements are equivalent.

(1) There exists a C' storage function V(x) > 0, V(0) = 0 and a function
S(x) > 0 such that for allt > 0:

V() — V(@(0) = /O o7 ()u(s)ds — /0 S(a(s))ds (4.75)

The system is strictly passive for S(x) > 0, passive for S(z) > 0 and
lossless for S(x) = 0.
(2) There ezists a C' non-negative function V : X — IR with V(0) = 0, such
that
LiV(z) =—-S(x)
(4.76)
L,V(x) = hT(x)
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where L,V (x) = 8‘(;750‘7’)9(3:). [ |

Remark 4.85. Note that if V(x) is a positive definite function (i.e. V(x) > 0),
then the system #(¢) = f(z(t)) has a stable equilibrium point at x = 0. If in
addition S(z) > 0 then z = 0 is an asymptotically stable equilibrium point.

Proof of Lemma 4.84:
e (1)= (2). By assumption we have
V(a(t)) — V((0)) = /0 o7 (s)u(s)ds — /0 S(x(s))ds (4.77)

Taking the derivative with respect to ¢ and using (4.74)

d(Vox oV(zx) .
(o) (1) = 2V ) (¢)

= ) (£(2(t)) + gla(t))ult)) .

2 LV ((t) + LyV (x(t))ult)

= yT(t)u(t) — S(a(t) (sce (4.74))

Taking the partial derivative with respect to u, we get LV (z) = —S(x)
and therefore L,V (z) = hT (z).
e (2)=(1). From (4.74) and (4.76) we obtain

LVd; 2 (t) = LV (a(t) + LV (x(t))u(t) = =S(x(t)) + h' (x(t))u(t)
Integrating the above we obtain (4.74). m

Remark 4.86. From these developments, the dissipativity equality in (4.75) is
equivalent to its infinitesimal version V = L;V 4 L,Vu = hT (z)u(t) - S(z) =
(u,y) — S(z). Obviously this holds under the assumption that V(-) is suf-
ficiently regular (differentiable). No differentiability is required in the gen-
eral Willems’ Definition of dissipativity, however. Some authors [228] system-
atically define dissipativity with C! storage functions satisfying of(||z||) <
V(z) < B(||z||) for some class-Ko functions, and infinitesimal dissipation
equalities or inequalities. Such a definition of dissipativity is therefore much
more stringent than the basic definitions of Section 4.4.

4.5.2 Nonlinear KYP Lemma in the General Case

We will now consider the more general case in which the system is described
by the following state-space representation affine in the input:
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() = f(x(t)) + g(z(t))u(t)
(&) (4.79)
y(t) = h(z(t) + j(2(t))u(d),
where z(t) € R", u(t) € R™, y(t) € R™, and f : R" — R", g : R" —
R h:R"— R™, j: R"— IR™™, are smooth functions of z with
f(0) = 0,h(0) = 0. What follows may be seen as settling the material of
Definiton 2.1, Theorem 2.2 and Corollary 2.3 in the context of dissipative
systems.

Assumption 3 The state space of the system at (4.79) is reachable from
the origin. More precisely given any x1 and t1, there exists tg < t1 and an
admissible control u(-) such that the state can be driven from x(tg) = 0 to
x(tl) =1.

Assumption 4 The available storage Vo (-), when it exists, is a differentiable
function of x.

These two assumptions are assumed to hold throughout this section. Con-
sider the general supply rate:

w(u,y) =y Qy + 2y" Su+u” Ru
(4.80)
s3]l

with @ = Q7, R = RT. We then have the following Theorem which is due to
Hill and Moylan [207], and concerns the dissipativity as in Definition 4.22.
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Lemma 4.87 (NL KYP Lemma: general case). The nonlinear
system (4.79) is dissipative in the sense of Definition 4.22 with respect
to the supply rate w(u,y) in (4.80) if and only if there exists functions
V:R"— R, L:R"— R, W:IR"— RY”™ (for some integer q),
with V (-) differentiable, such that:

Viz) >0
V(0) =0
VVT(x)f(x) = h" (2)Qh(z) — L™ (x)L(x) (4.81)

where

S(x) 2 Qj(x) + S
(4.82)

R(z) 2 R+ j7(2)S + STj(z) + j7 (2)Qj(x)

Proof:
Sufficiency. From (4.80), (4.79), (4.81) and (4.82) we obtain

w(u,y) = y"Qy + 2y" Su + u” Ru
= (h(@) +j(@)0)" Q(h() + j(x)u) + 2(h(z) + j(x)u)" Su +u’ Ru
= b (2)Qh(z) + 2u”jT (2)Qh(z) + u” jT (z)Qj(z)u + u” Ru+
+2u”§7 (2)Su + 207 (x)Su
= nT(2)Qh(z) + 2uT§T (x)Qh(x) + uT R(x)u + 2hT (x)Su

(4.83)
so that
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w(u,y) = VVT(2)f(z) + LT (z)L(z) + u” R(z)u + 20T [ST + ;T (x)Q]h(z)
= VVT(2)f(z) + LT (z)L(z) + u” R(z)u + 2uT ST (z)h(x)
=VVT(2)f(z) + LT (z)L(z) + " W (2)W (z)u + uT g7 (z)VV (z)+
+2uT W7 (2)L(x)
= VT (2)i + (L(z) + W(x)u)T (L(z) + W (z)u)
> VT (2)i = V(z)

(4.84)
Integrating the above we get

¢
/ w(s)ds > V(z(t)) — V((0) (4.85)
0
Necessity. We will show that the available storage function V,(z) is a solu-
tion to the set of equations (4.81) for some L(-) and W (-). Since the system
is reachable from the origin, there exists u(.) defined on [¢_1,0] such that
z(t—1) = 0 and x(0) = z¢. Since the system (4.79) is dissipative it satisfies
(4.24), then there exists V(x) > 0,V (0) = 0 such that:
t 0 t
ft,l w(s)ds = ft,l w(t)dt + [ w(s)ds
> V(z(t)) = V(x(t-1))

>0

Remember that f:ﬁl w(s)ds is the energy introduced into the system. From

the above we have . 0
/ w(s)ds > —/ w(t)dt
0 t_1

The right-hand side of the above depends only on zy. Hence, there exists a
bounded function C(-) € IR such that

/Iw(s)ds > C(zg) > —o0
0

Therefore the available storage is bounded:

0<Vi(w)=  sup {—/Otw(s)ds} < toc.

z=x(0),t1>0,u

Dissipativeness in the sense of Definition 4.22 implies that V,,(0) = 0 and the
available storage V,(z) is itself a storage function, i.e.
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Va(2(8)) — Vi (2(0)) g/o w(s)ds ¥ ¢ >0

or

dt

Since the above inequality holds for all ¢ > 0, taking the derivative in the
above it follows that

0< /0 (w(s) — Ve (s))ds v £ >0

dVaox) a

0 < w(ua y) - dt d(xvu)
Introducing (4.79)
d(z,u) = w(u,y) — —d(‘f;to””)
= wlu, h(z) + j(x)u] — F=(x) [f(2) + g(x)u] (4.86)

>0

Since d(x,u) > 0 and since w(u,y) = y* Qy + 2yT Su + u” Ru, it follows that
d(x,u) is quadratic in u and may be factored as

d(w,u) = [L(x) + W (z)u]" [L(x) + W ()]

for some L(z) € R?,W(z) € RT™ and some integer q. Therefore from the
two previous equations and the system (4.79) and the Definitions in (4.82) we
obtain

d(x,u) = =Gz () [f(2) + g(@)u] + (h(z) + j(2)u)" Q(h(z) + j(x)u)+
+2(h(z) + j(2)u)T Su + uT Ru
= —VV/ (2)f(z) = VV ] (2)g(z)u + h" (x)Qh(x)+
+2h7 (2) [Qj () + SJu+u” [R+ jT(2)S + STj(x) + j7 ()Qj(z)] u
= —VV,/ (2)f(z) = VV] (2)g(x)u + h" (x)Qh(x)+
+2h7 (2)S (z)u + uT R(z)u
= LT (z)L(x) + 2L7 ()W (2)u + uTWT ()W (z)u

(4.87)
which holds for all z, u. Equating coefficients of like powers of u we get:
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V! (@) f(z) = BT (2)Qh(x) — LT () L(x)

39" (@) VVa(x) = 57 (2)h(x) — WT(2)L(x) (4.88)

R(z) = WT(z)W(x)

which concludes the proof. [ |

If cyclo-dissipativity is used instead of dissipativity, then the first two
conditions on the storage function V'(-) can be replaced by the single condition
that V(0) = 0 [209]. Consequently, Lemma 4.87 proves that:

Hill-Moylan’s dissipativity 4 reachability from 2 = 0 + C? available
storage

)

Willems’ dissipativity with one C! storage function V (-) with
V(0) =0.

Actually the Lemma proves the = sense, and the <= sense is obvious. Using
the sufficiency part of the proof of the above Theorem we have the following
Corollary, which holds under Assumptions 3 and 4:

Corollary 4.88. [207] If the system (4.79) is dissipative with respect to the
supply rate w(u,y) in (4.80), then there exists V(z) > 0,V (0) = 0 and some
L:X—R,W:X — R such that

W = — [L(z) + W(2)u]" [L(z) + W (z)u] + w(u, y).
||

Under the conditions of Corollary 4.88, the dissipation function in (4.55) is
equal to D(x(0),u.t) = [ [L(a(s)) + W(a(s))u(s)]” [L(a(s)) + W(x(s))u(s)]
ds. What about generalizations of the KYP Lemma when storage functions
may not be differentiable (even possibly discontinuous)? The extension passes
through the fact that the conditions (4.81) and (4.82) can be rewritten as a
partial differential inequality which is a generalization of a Riccati inequation
(exactly as in Section 3.1.2 for the linear time invariant case). Then relax the
notion of solution to this PDI to admit continuous (or discontinuous) storage
functions. See Section 4.6.

Remark 4.89. The Lemma 4.84 is a special case of Lemma 4.87 for

1
Q=0,R=0,5=Ij=0
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In that case (4.81) reduces to
{VVT(w)f(x) = —L"(z)L(z) = —S(x)
g7 (@)VV (z) = h(z)

Remark 4.90. If j(z) = 0, then the system in (4.79) cannot be ISP (that
corresponds to having R = —el in (4.80) for some € > 0). Indeed if (4.79) is
dissipative with respect to (4.80) we obtain along the system’s trajectories:

Vo) (1) = w(u(t), y(t))

= W7 (@(t)Qh(x(t)) — L(x(t) LT (x(t)) + 2h7 (x(1))S (x(t))u(t)

(4.89)

+2y7 (H)Qj ((t))u(t) + 2y (1) Su(t) — 2u™ (t)57 (x(1)) Qs (= (t) Ju(t)
—2u® (t)j7 (x(t)) Su(t)

— T (HQu(E) + 2y7 (1) Su(t) — cul ()ut)
(4.90)
If j(x) = 0 we get —L(x)LT (z) = —euTu which obviously cannot be satisfied
with = and w considered as independent variables (except if both sides are
constant and identical). This result is consistent with the linear case (a PR
or SPR function has to have relative degree 0 to be ISP).

4.5.3 Time-varying Systems

All the results presented until now deal with time-invariant systems. This
is partly due to the fact that dissipativity is a tool that is used to study
and design stable closed-loop systems, and the Krasovskii-LaSalle invariance
principle is at the core of stability proofs (this will be seen in Chapter 5). As
far as only dissipativity is in question, one can say that most of the tools we
have presented in the foregoing sections, extend to the case:

&(t) = f(z(t,t) + g(z(t), t)u(t)
(X4) (4.91)

y(t) = h(z(t),1) + 5 (2(t), )u(t)
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where the well-posedness conditions are assumed to be fulfilled (see section
3.9.2). The available storage and required supply are now defined as

t1
Va(to,z) = sup —/ w(u(t),y(t))dt (4.92)
a::w(to),u(-),tlzto to
and
to
Vi(to,z) = inf / w(u(t),y(t))dt (4.93)
u(+),t<to Jy

Then one has:

Lemma 4.91. Let Assumptions 3 and 4 hold for (4.91). Suppose moreover
that the required supply V,.(t,x) is continuously differentiable on R"™ x IR.
The system (4.91) is dissipative in the sense of Definition 2.1 with = 0 if
and only if there exists a continuous almost everywhere differentiable function
V:RxR"— R, V(tx) >0 for all (t,z) € R x IR", V(t,0) = 0 for all
t € IR, and such that

~VWT (@) f(x) = G5 ' (z) = 3VVT(x)g(x,t)
>0 (4.94)
h(x) = 59" (2, )YV (x)  j(x,t) + 57 (z,1)

4.5.4 Nonlinear-in-the-input Systems

So far only nonlinear systems which are linear in the input have been consid-
ered in this book. It seems that there is no KYP Lemma extension for systems
of the form

y(t) = h(z(t), u(t)) (4.95)

z(0) = zo
with f(0,0) = 0 and h(0,0) = 0. It is assumed that f(-,-) and h(-,-) are

smooth functions (infinitely differentiable).

Proposition 4.92. [305] Let 2 = {x € R" | %f(x,O) = 0}. Necessary
conditions for the system in (4.95) to be passive with a C? storage function
V() are that

o ()2l f(2,0)<0
(b) %—‘;g(x,O) = h"(z,0) for all x € 2
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o (¢)X¥ %UJ;( ,0).% < % (x,0) + 8h(a: 0) for all x € 02
where f;(x,u) is the ith component of the vector function f(x,u). ]

Proof: [303] Consider an auxiliary function F' : R" x IR™ — IR defined as
F(z,u) = %—‘;f(x,u) — hT (2, u)u. Since the system in (4.79) is passive, it is
clear that F(x,u) <0 for all u € Bm Therefore (a) follows by setting u = 0.
For all x € {2, one has F(x,0) = aq« (2,0) = 0. Thus F(z,u) < F(z,0) =0
for all z € 2 and for all w € IR™. In other words F'(z, ) attains its maximum
at u = 0 on the set (2. Let us now define go(z) = %(x, 0). We obtain for all
x € (2

0=55(r,0) = 575, 0) T (x,0)

x u T
0> 11; (x,0) = —8((8V/8bl(8f/8 ) lu=0 (%(m 0) + % (x,O)) (4.96)
n 9, onT
from which (b) and (c) follow. [ |

4.6 Dissipative Systems and Partial Differential
Inequalities

As we have seen in Section 4.4.5, storage functions are continuous under some
reasonable controllability assumptions. However it is a much stronger assump-
tion to suppose that they are differentiable, or of class C'. The versions of
the KYP Lemma that have been presented above, rely on the property that
V(-) is C*. Here we show how to relax this property, by considering the in-
finitesimal version of the dissipation inequality: this is a partial differential
inequality which represents the extension of the KYP Lemma to the case of
continuous, non-differentiable storage functions.

4.6.1 The linear invariant case

First of all and before going on with the nonlinear affine-in-the-input case,
let us investigate a novel path to reach the conclusions of Section 3.1.2. We
consider the linear time-invariant system

&(t) = Ax(t) + Bu(t)
(4.97)
y(t) = Cz(t) + Dz(t)

Let us define the Hamiltonian function
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H(z,p) = s, [p" (Az + Bu) — w(u, y)] (4.98)

where the supply rate is chosen as w(u,y) = u”y. By rearranging terms one
gets

H(z,p) = pT Az + sup [(p" B — 27CT)u — u” Du) (4.99)
uwelR™

D>0

Let us assume that D > 0 (<= D + DT > 0), so that the maximizing u is
given by

u* = (D+ D"y 1 (BTp - Cx) (4.100)

and the matrix D + D7 arises from the derivation of u” Du. Injecting u* into
H(z,p) and rewriting u” Du as Ju” (D + DT)u, one obtains

1
H(z,p) = pT Az + i(BTp — C2)T(D+ D) "Y(BTp - Cx) (4.101)

Let us now consider the quadratic function V(z) = 127 Pz, P = PT, and

2
H(x,P) = H(x, %—‘;). We obtain

H(z,P)=2"PAx + %(BTPx —Cx)"(D+D")"Y(BT Pz — Cz) (4.102)

Now imposing that H(z,P) < 0 for all # € IR" and using 27 PAxr =
12T (ATP 4+ PA)z we get

ATP+ PA+ (PB-CT)D+ D)"Y (BTP-0) <0, (4.103)

which is the Riccati inequality in (3.17). We have therefore shown that under
the condition D > 0 the inequality H (z, %) < 0 is equivalent to the Riccati
inequality in (4.103), thus to the matrix inequality in (3.3).

D=0

Let us now investigate what happens when D = 0. Following the same rea-
soning one finds that the maximizing input does not exist (the function to
maximize is (p7 B — 2T CT)u) so that it is necessary for the supremum to have
a meaning (to be different from +o00) that p” B — 27CT =0 for all z € R".
Choosing the same storage function as above it follows that H(z, %) <0

yields PA+ ATP <0 and PB =CT.
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D >0

Let f : R™ — IRU {400} be a function not identically +oo, minorized by
an affine function. Then the conjugate function of f(-) is defined by [210,
Definition 1.1.1]

)2 swp o [Tu— f(u) (4.104)
wedom(f)
Doing the analogy with (4.98) one finds f(u) = u? Du, z = BTp — Cx, and
H (z) is the sum of the conjugate of f(u) and p” Az. It is a basic result from
convex analysis that if D 4+ DT > 0 then

f*(z)=2"(D+ D)7z, (4.105)

from which one straightforwardly recovers the previous results and the Riccati
inequality. We also saw what happens when D = 0. Let us now investigate
the case D + DT > 0. We get [210, Example 1.1.4]:

+o0 if 2 ¢ Im(D + DT)
(=) = (4.106)
zT(D+ D7)z if z € Im(D + DT)

where (D + D7) is the Moore-Penrose pseudo-inverse of (D + D). Replacing
z by its value we obtain

H(z,p) = p" Az+

“+o00 if BTp — Cz ¢ Im(D + D7)
+
(BTp — Cz)T (D + DT)(BTp — Cz) if BTp — Cx € Im(D + D7)
(4.107)
Setting p = %—‘; and V = %xTPx with P = PT it follows from H(z,p) < 0

for all z € IR"™, that P is the solution of a degenerate Riccati inequality (DRI):

(i) Im(B"P — C) C Im(D + D7)
(4.108)
(ii) PA+ATP+ (BTP-0O)'(D+D")(BTP-C)<0

Is (4.108) equivalent to the KYP Lemma conditions? The following can be

proved:

o (3.2) = (4.108) (i),
e The conditions in (3.2) are equivalent to



234 4 Dissipative Systems

(i) LLT — LW(WTW)TWTL >0
(4.109)
(i) LW[L, —WTWWTW)I =0
whose proof can be deduced almost directly from Lemma A.65 noticing
that WTW > 0.

Notice that (4.109) (ii) is equivalently rewritten as

PB—-CT =PB—-CT(D+DT)D+ D7)t (4.110)

It follows from (4.110) and standard matrix algebra [272, p.78,p.433] that
Im(BTP — C) =Im[(D + DT)Y(D + DT)(BTP — C)] C Im[(D + DT)T(D +
DT € Im((D + DT)) = Im(D + DT). Thus (4.110) <= (4.109) (ii) <=
(4.108) (i). Now obviously (4.109) (i) is nothing else but (4.108) (ii). We
therefore conclude that the conditions of the KYP Lemma in (3.2) are equiv-
alent to the degenerate Riccati inequality (4.108).

To summarize:

(ARI) in (4.103) [«<= KYP conditions (3.2) |
T (D>0)

Hamiltonian function in (4.98)

D=0 pMIin (3.2) with W =0
4 (D=0)

DRI in (4.108) or RORE in (A.40)

It is worth noting that there is no minimality assumption in (4.97).

Remark 4.93. In the degenerate case D+ DT > 0 with rank(D+D7T) = r < m,
there exists an orthogonal transformation I' = [I'} %] such that

rr Ry 0
(D+ DN L) = (4.111)
rr 00

with Ry > 0. When H(s) is PR the transfer function I'" H(s)I" = I'TC(sI,, —
A)IBIr'+ I'' DI is PR [506].

Remark 4.94 (Singular optimal control). As we saw in Section 3.1.2 and Sec-
tion 3.8, the link between passivity (the KYP Lemma) and optimal con-
trol exists when R = D + DT > 0. The optimal control problem is then
regular. There must exist a link between the KYP Lemma conditions with
D + DT > 0 and singular optimal control problems. We consider the optimal
control with cost function w(u,z) = uTy = u*(Cx + Du) = u? Ru+ 27 Cu.
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Let rank(D + DT) = r < m, and s = m — 7 be the dimension of the singular
control. Let n < s and partition B and C as B = [B; By] and C = {gl},
2
with B € anr, Bs € Rnxs, C, € Brxn’ Cy € IR**™. Then (A,B,C, D) is
PR if and only if D + DT > 0 and there exists P = CB(BB) > 0 satisfying
PB=CT and
—PA—-ATP —PB; +CT

>0 (4.112)

-BIP+C Ry

The proof can be found in [506]. It is based on the fact that when D + D7 is
not full rank, then (3.3) can be rewritten as —PBy + C = 0 and (4.112).

Remark 4.95. In [213] an algorithm is proposed which allows one to construct
a reduced Riccati equation for the case D + DT > 0. The authors start from
the KYP Lemma LMI for the WSPR case (then indeed D is not full rank
otherwise the transfer would be SSPR). We recall this algorithm and this
important result on a degenerate Riccati equation in Appendix A.4.

4.6.2 The Nonlinear Case y = h(x)

We consider in this section the system (X) in (4.74). Let us first state the
following Theorem, which shows what kind of partial differential inequality,
the storage functions of dissipative systems (i.e. systems satisfying (4.25)) are
solutions of. Let us define the Hamiltonian function

H(z,p) = p" f(z) + (SI)ISU[pTg(x)u —w(u,y)] (4.113)
Also let Vi(z) = lim,_,, inf V(2) be the lower semi-continuous envelope
of V(-). A locally bounded function V : X — IR is a weak or a viscosity
solution to the partial differential inequality H(z,VV) < 0 for all z € X,
if for every C! function ¢ : X — IR and every local minimum zy € IR" of
Vi — ¢, one has H (z, %(ﬁ(xo)) < 0. The PDI H(z,VV) <0 for all z € X
is also called a Hamilton-Jacobi inequality. The set U plays an important
role in the study of the HJI, and also for practical reasons (for instance,
if u is to be considered as a disturbance, then it may be assumed to take
values in some compact set, but not in the whole of IR™). Let us present
the following theorem, whose proof is inspired by [304]. Only those readers
familiar with partial differential inequalities and viscosity solutions should
read it. The others can safely skip the proof. The next Theorem concerns the
system in (4.74), where f(-), g(-) and h(-) are supposed to be continuously
differentiable, with f(0) = 0, h(0) = 0 (thus z = 0 is a fixed point of the
uncontrolled system), and %, % and % are globally bounded.
Theorem 4.96. [232] (i) If the system (X) in (4.74) is dissipative in the
sense of Definition 4.23 with storage function V(-), then V() satisfies the
partial differential inequality
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H(z,VV(z)) = VVT(2)f(z) + sup [VVT(z)g(x)u — w(u,y)] <0 in R"
u(-)eU
(4.114)
(ii) Conwversely, if a nonnegative locally bounded function V (-) satisfies (4.114),
then (X)) is dissipative and Vi (x) is a lower semi-continuous storage function.
|

The suprema in (4.113) and (4.114) are computed over all admissible u(-).
It is noteworthy that the PDI in (4.114) is to be understood in a weak sense
(V (+) is a viscosity solution), which means that V'(-) needs not be continuously
differentiable to be a solution. The derivative is understood as the viscosity
derivative, see (4.66) and Appendix A.3.

In short, Theorem 4.96 says that a dissipative system as (X) in (4.74)
possesses a storage function that is at least lower semi-continuous.

Proof of Theorem 4.96:

(i) Let ¢(-) € C*(IR™) and suppose that V, — ¢ attains a local minimum at
the point 2o € IR". Let us consider a constant input u (u(¢) = u for all ¢t > 0),
and let z(t) be the corresponding trajectory with initial condition x(0) = xg.
For sufficiently small ¢t > 0 we get

Vi(o) — Vi(2(t)) < d(xo) — d(x(t)) (4.115)

since V, — ¢ attains a local minimum at the point z¢ € IR". Since the system
(X)) is dissipative in the sense of Definition 4.23 with storage function V'(-),
and since V,(-) satisfies the dissipation inequality each time its associated
storage V'(-) does, it follows that

t
Vialao) = Vela(®) 2 - [ wlu,y(s))ds (1116)
0
Combining (4.115) and (4.116) one obtains
_ 1 [t
M - 2/0 w(u,y(s)ds <0 (4.117)
By letting t — 0, ¢t > 0, one gets
VT (x0) + Vo (20)g(xo)u — w(u, h(zp)) < 0 (4.118)

Since this inequality holds for all w, it follows that

H(x0,V(0)) = Vo (x0) f (o) + Slelg[WT(xo)g(xo)u — w(u, h(zo))] <0
(4.119)
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holds for all u € U. We have therefore proved that V' is a viscosity solution
of (4.114).

(ii) Let us define Ur = {u € U ||| u ||[< R}, R > 0. Let Ug denote the set
of controllers with values in Ug. Since V, () is lower semi continuous, there
exists a sequence {¥;}2°, of locally bounded functions such that ¥; < V, and
v, —» Vyasi— 400, ¥ > V,. Let 7 > 0 and define

Zi(x,8) = sup {%(m(r)) - /T w(u(r)y(r))dr | x(s) = x} (4.120)

ueEUR

Then Z4(+) is continuous and is the unique solution of

Vs 1 (VZ3)T (2,5)f (@) + Subyepry (VZi)T (2, )9 (2)u — w(u,y)] = 0

in R" x (0,7)

Ziy(w,7) = wilw) in R
(4.121)
Compare (4.120) and (4.121) with (4.25) and (4.113) respectively. By def-
inition of a so-called viscosity supersolution, it follows that precisely Vi(:)
is a viscosity supersolution of this partial differential equality (roughly, be-
cause V,(-) upperbounds ¥;(-) and is a viscosity solution of (4.114)). By the
comparison Theorem it follows for all integer ¢ > 1 that

Vi(x) > Zi(x,s) V¥ (x,5) € R™ x [0,7] (4.122)
Setting s = 0 yields

Vi(x) > sup {%(m(r)) - /OT w(u(r),y(r))dr | z(0) = a:} (4.123)

ueEUR

Letting ¢ — +o00 we obtain

Vi(x) > sup {V*(x(r)) - /OT w(u(r),y(r))dr | z(0) = a:} (4.124)

u€EUR

Letting R — 400

Vi(z) > sup {V*(a:(T)) — /OT w(u(r),y(r))dr | x(0) = a:} (4.125)

ueU

where we recall that U is just the set of admissible inputs, i.e. locally square
Lebesgue integrable functions of time (locally £2) such that (4.21) is satisfied.
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This last inequality holds for all 7 > 0, so that (4.25) holds. Consequently (X)
is dissipative and V,(+) is a storage function.
|
When specializing to passive systems then the following holds:

Corollary 4.97. [2532] The system (X) in (4.74) is passive if and only if
there exists a locally bounded non-negative function V(-) such that V(0) = 0
and

VT (z)f(z) + ??SU[VVT(x)g(x)u —uTy] <0in R" (4.126)

In case U= IR™ then (4.126) reads
VVT(2)f(z) <0
(4.127)
VVT(@)g(x) = h(z)
for all x € IR™. [ |

In (4.127), solutions are supposed to be weak, i.e.: if Z(-) € C'(IR") and
V, — £ attains a local minimum at z¢ € IR", then

VET(QTQ)JC(J?()) < 0
(4.128)
VET (20)g(z0) = h(zo).

One sees that the set of conditions in (4.128) is nothing else but (4.76) ex-
pressed in a weak (or viscosity) sense.

4.6.3 The Nonlinear Case y = h(x) + j(x)u

We now consider systems as in (4.79), and the supply rate is w(u,y) =
Y?uTu —y'y (Q = —I,, R = %I,,, S = 0 in Definition 4.55). The dissi-
pation inequality then reads

V(x(t)) = V(2(0)) < /0 [ul (s)u(s) =y (s)y(s)lds (4.129)

If one supposes that V(0) = 0 and x(0) = 0 then it follows from (4.129)
that

0< V(a(t) < / 2T (s)u(s) — y" ()y(s))ds (4.130)

from which one deduces that

/ yT (s)y(s)ds g'yQ/ u”'(s)u(s)ds (4.131)
0 0
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which simply means that the system defines an input-output operator H,
which has a finite £o—gain at most v (see Definition 4.17), and H,—o has
zero bias. An argument of local w—uniform reachability assures that storage
functions are continuous. Let us assume that V(+) is a smooth storage function.
Then the dissipation inequality (4.129) is equivalent to its infinitesimal form

VVE(@)[f(2) +g(@)u] + (h(z) +j(z)u) " (h(x) +j(x)u) =7 u"u < 0. (4.132)

Since the dissipation inequality is required to hold for a certain set U of ad-
missible inputs, the infinitesimal form (4.132) is a Hamilton-Jacobi inequality
H(z,VV(x)) <0, with Hamiltonian function

H(z,p) = sup [p" (f(z) + g(x)u) + (h(z) + j(2)u)" (h(x) + j(z)u) — v*u’u]

uelU
(4.133)
If in addition the term A(x) = v21,,, — j(z)Tj(x) > 0 for all z € X, then
the Hamiltonian can be written in a explicit way as

H(z,p) = p"[f(2) + g(2) A~} ()5 (2)" h(x)] + 1p" g(x) A~ (2)g(x) p+

(@) (L + () A (2)j(2) ()

(4.134)

Let us note once again that if u(-) is considered as a disturbance, and not

a control input, then it makes perfect sense to consider the set U in which
the disturbance is supposed to live. This is also the case if the admissible
inputs are bounded because of physical saturations. Those developments are
then at the core of the H,, theory for nonlinear systems [442]. Similarly to the
above, the obstacle in studying such PDIs is that storage functions may not be
differentiable: in general they are only continuous. How does this machinery
extends to such a case? Once again weak (or viscosity) solutions are the key.

Theorem 4.98. [33] Suppose that V : X — IR™ is continuous. Then V() is
a storage function for the system (X) in (4.79) if and only if it is a viscosity
solution of the Hamilton-Jacobi inequality H(z,VV (x)) < 0 for all x € X,
with H(-,-) given in (4.133). [ |

Under some conditions, the available storage and required supply are
proved to be the viscosity solutions of Hamilton-Jacobi equalities, thereby
extending (4.37).

Assumption 5 Given xg € IR" and t1 < to with to — t1 sufficiently small,
there exists a bounded set By, C IR™ such that

su W (x —ax—tQQUTU_T _
- {Vatatt) = vitw) = [ ) = 7 @) <0

(4.135)
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where x(t) and y(t) correspond to the solution initialized at xo and controlled
by u(-) on [t1,1].

Assumption 6 Given zo € IR" and ty < t1 with t1 — to sufficiently small,
there exists a bounded set By, C IR™ such that

u
u

su " (x0) — Vi (x —t12uTu_T _
- {0 = atate) = [ 02T @t~ o Outeae} =0

(4.136)

where x(t) and y(t) correspond to the solution initialized at xo and controlled
by u(-) on [t1,t].

Theorem 4.99. [33] Assume that the system in (4.79) has finite-gain at most
v and is uniformly controllable, so that V,(-) and V,.(-) are both well-defined
continuous storage functions. Then

Va(+) is a wviscosity solution of —H(x,VV(z)) = 0 if Assumption 6 is
satisfied.

Vi.(+) is a wiscosity solution of H(x,VV (x)) = 0 if Assumption &5 is satis-
fied.

Remark 4.100. @ Storage functions that satisfy (4.81) can also be shown to

be the solutions of the following partial differential inequation:

VT (1) () + (07 (2) ~ 5 VVT (@)g(@)) R () (h(a) ~ 597 (1) 9V (@) < 0
(4.137)
when R = j(z) + j7(z) is full-rtank, R =0, Q = 0, S = 1. The proof
is exactly the same as in the linear time invariant case (Section 3.1.2).
The available storage and the required supply satisfy this formula (that is
similar to a Riccati equation) as an equality (Proposition 4.48).
In the linear invariant case, the equivalent to Hamilton-Jacobi inequalities
are Riccati equations, see Section 3.1.2. This also shows the link with
optimal control. Hamilton-Jacobi equalities also arise in the problem of
inverse optimal control, see section 4.6.5.
In the time varying case (4.91), the PDI in (4.137) becomes

%—‘;(x, t)+VVT(z,t)f(x,t)+

+(BT (,1) = YV (2, 0)g(z, )R~ (2, 1) (h(x,) — 597 (2,0)VV (2,1)) <0
(4.138)
| |
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In order to illustrate the above developments let us present an example,
taken from [116].

Example 4.101. Consider the following system
d1(t) = 21 ([ () — D(r?(t) — 4) +r(@)(r* () — 4u(t)] — 22(t)
Bo(t) = o (t)[(r2(¢) — 1)(r2(t) — 4) + r(t)(r*(t) — 4)u(t)] + 21 (¢) (4.139)

y(t) =r3(t) -1, r=+/22+ 23

In polar coordinates one gets

0(t) =1 mod [27] (4.140)
y(t) =r*(t) - 1
The set S = {z € R* | r = 1} is invariant under the uncontrolled

dynamics (u = 0), and is asymptotically stable. The open set R = {z € IR? |
0 < r < 2} is the largest basin of attraction of S (still with u = 0). Moreover
all points in R are reached from S in finite time by suitable control. Invariance
of S is easy to check as f(x) = 23 +22% — 1 is a first integral of the uncontrolled
system. The objective is to prove that the system in (4.139) is dissipative with
respect to the supply rate w(u,y) = v?uTu — 3Ty, for all v > 1. Let us look
for a storage function of the form V(r?). Thus %(m) = (224 2x2)%. The
pre- Hamiltonian function PH(-) (that is the function to be supremized in
(4.113)) is equal to

dv

PH(r,u) = 2d(7"2)

r2[(r2 =1)(r?* —4) +r(r* —4)u] —*uTu+ (r? —1)% (4.141)

and the maximizing controller is

u= %7‘2(7‘2 - 4)2dc(l;/2) (4.142)
So the Hamilton-Jacobi inequality in (4.114) reads on 0 < r < 2:
H(r V() = [r2(r2 — 4) % + (2 - 1)] -
(4.143)

— (1= %) o2 - a2 (d%))z <0

2
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Obviously this PDI has a solution if and only if v > 1. By inspection one
sees that any solution to the ordinary differential equation 72(r? — 4) d((lrvz) +
(r? — 1) = 0 with minimal set condition V(1) = 0 solves this HJI. One such

solution is given by

Vir) = —i In(r?) — %1n(4 —r?) + Zln(?)) (4.144)

This V(r) is locally bounded on the set R, V(r) > 0, it is radially un-
bounded for all z — JR (all states approaching the boundary of R, in par-
ticular the origin), and V(r) = 0 on the circle S. Therefore the system in
(4.139) is dissipative with respect to supply rates w(u,y) = v>uTu —yTy, for
all v > 1. The exhibited storage function is differentiable. One can check by
calculation that V(r) = — 1(r2—1)% < 0 along trajectories of the uncontrolled

system and for all z € R. One has V(r) =0 forallz € S . [ |

Let us summarize the developments in this section and the foregoing ones,
on the characterization of dissipative systems.

H(z,VV(x)) <0 with Hamiltonian function in (4.113) or (4.133) or
(4.134)

4

PDI in (4.114) or (4.126) or in Theorem 4.98, general lsc storage
functions (viscosity solutions)

4
PDI in (4.137) or (4.76), C! storage functions

)

nonlinear KYP Lemma 4.84 or 4.87 with C' storage functions

U
Riccati inequality (3.17) for LTI systems

0

KYP Lemma for LTT systems

0

PR transfer functions

where the “implications” just mean that the problems are decreasing in math-
ematical complexity.
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4.6.4 Recapitulation

Let us take advantage of the presentation of this section, to recapitulate some
tools that have been introduced throughout the foregoing: Riccati inequalities,
Hamiltonian function, Popov’s functions, and Hermitian forms. A Hermitian
form has the general expression

x
H(z,y) = [xT yT]E (4.145)
Y
QYT
with z € R", y € R", ¥ = , Qe R™™ Y ¢ RV, R¢c R"",
Y R

Q=Q", R=R". Let y = Px for some P = PT ¢ IR"*". Then

H(x, Px) =0 for all x € IR"
if and only if

Q+PY+Y'P+PRP=0 (P=PT).

The proof is done by calculating explicitly H(z, Px). The analogy with
(4.102) and (4.103) is straightforward (with equalities instead of inequalities).
A solution to the ARE is stabilizing if the ODE i(t) = 9f|,=p. = 2(Y +
RP)xz(t) is globally asymptotically stable. The results of Theorems 3.42, 3.43,
3.44 and 4.58 allow us to assert that stabilizing solutions exist in important
cases.

Linking this with the spectral (or Popov’s) function I1(s) in Theorems
2.30 and 3.46, or (3.141) (3.142), we see that taking x = (jwl, — A)~1B and
y = I, in (4.145) (with appropriate dimensions of the matrices Y € R™*"
and R € IR™*™) yields that IT(jw) is a rational Hermitian matrix valued
function defined on the imaginary axis. The positivity of IT(jw) is equivalent
to the passivity of the system with realization (A, B,Y’), which in turn can
be characterized by a LMI (the KYP Lemma set of equations) which in turn
is equivalent to an ARI: the loop is closed!

4.6.5 Inverse Optimal Control

A particular optimal control problem is to find the control input u(-) that
minimizes the integral action [;~[g(z(t)) + u” (t)u(t)]dt under the dynamics
in (4.74), where ¢(z) is continuously differentiable and positive definite. From
standard dynamic programming arguments it is known that the optimal in-
put is u*(x) = —%gT(x)aa—‘gT(x), where V*() is the solution of the partial
differential equation, called a Hamilton-Jacobi-Bellman equation:
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* * * T
88‘; () f(x) — i (%(w)g(m)g (z )68‘; (z )) +4q(x)=0 (4.146)

Moreover V*(z(t)) = inf,(.) [~ [q )+ uT (7)u(r)]dr, V*(0) = 0. One rec-
ognizes that u*(x) is nothlng else but a static feedback of the passive output
of the system (4.74) with storage function V*(-). Applying some of the results
in this section and in Section 5.4 one may additionally study the stability
of the closed-loop system with the optimal input (see in particular Theo-
rem 5.24). Let us consider the linear time-invariant case with quadratic cost
q(z) = 27 Qz. Then one looks for storage functions of the form V (z) = 27 Pz.
The Hamilton-Jacobi-Bellman equation in (4.146) then becomes the Riccati
equation

PA+ATP-PBBTP+Q =0 (4.147)

The optimal controller is classically given by u*(z) = —B” Pz (recall that
VVi(z) = %T(x) = 2Pz). It is worth comparing (4.147) with (3.17) (take
D+ DT =1, C =0, and the cost is PA + AT P + Q). See also (3.138).

Let us now describe the so-called inverse optimal control problem [363,365].
We are given the system

#(t) = f(x(t)) + Bu(t), z(0)= =g (4.148)

where f(-) is smooth, f(0) =0, and B is a constant matrix. We are also given
a performance index

V = lim [n(x(t)) —|—/ (LT (2(s))L(z(s)) + u” (s)u(s))ds (4.149)

t——+oo 0

with n(z) > 0 for all x € X, n(0) = 0, L(0) = 0, and a feedback controller

uw*(z) = —k(z). (4.150)

Let us assume that «*(z) is optimal with respect to the performance index
(4.149), and let us denote the minimum value of V as ¢(zp). In general,
there is not a unique L(z) and n(z) for which the same controller is optimal.
In other words there may exist many different L(x), to which correspond
different ¢(z), for which the same controller is optimal. The inverse optimal
control problem is as follows: given the system (4.148) and the controller
(4.150), a pair (¢(-), L(+)) is a solution of the inverse optimal control problem
if the performance index (4.149) is minimized by (4.150), with minimum value
@d(xo). In other words, the inverse approach consists of designing a stabilizing
feedback control law, and then to show that it is optimal with respect to a
meaningful and well defined cost functional.
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Lemma 4.102. [365] Suppose that the system in (4.148) and the controller in
(4.150) are given. Then a pair (¢(-), L(-)) is a solution of the inverse optimal
control problem if and only if ¢(z) and L(x) satisfy the equations

V¢! (2)[f(x) — 3Bk(z)] = —L" () L(x)

BTV ¢(z) = k(z)
(4.151)
$(0) =0

¢(x) >0 for allz e X [ |
The following should not be surprising to the reader who has followed the
previous developments.

Lemma 4.103. [365] A necessary and sufficient condition for the existence
of a solution to the inverse optimal control problem, is that the system

z(t) = f(x(t)) — %Bk(m(t)) + Bu

(4.152)
y(t) = k(x(t))
be passive. If this is the case, then there exists two solutions (¢q(+), Lo () and
(¢r (), Lr(+)) of (4-151) such that all other solutions satisfy ¢q(x) < P(x) <
¢r(x) for allz € X. [ |

Indeed the equations in Lemma 4.102 are nothing else but the KYP Lemma
conditions for the system (4.152). The interpretation of ¢,(x) and ¢, (z) as
the available storage and required supply, respectively, is obvious as well. One
recovers the HJB equation (4.146) replacing g(z) by B and q(x) by LT (z)L(x).

Remark 4.104. The inverse optimal control problem was first solved by Kalman
[248] in the case of linear systems with linear state feedback. Other works can
be found in [142].

Let us end this section with a result that completes the above ones. We
consider the system

@(t) = f(x(t)) + g(x(t))u(t)
y(t) = h(z(t) +j(x(t))u(t) (4.153)
z(0) = zo

where all the mappings are continuously differentiable and f(0) = 0, A(0) = 0.
Let us define the set of stabilizing controllers:
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S(xo) = {u(-) | u €U and solution of (4.153) satisfies z(t) — 0 ast — 400}

We also consider a nonlinear nonquadratic performance criterion

J(zo,u(-)) = /OOO[L(x(t)) + T (t)Ru(t))dt (4.154)
with L: R" — R™, 0 < R € R™*™,

Theorem 4.105. [363, 502] Consider the system in (4.153) with the per-
formance index in (4.154). Let us assume that there exists a continuously
differentiable and radially unbounded function V : R"™ — IR with V(0) = 0
and V(x) > 0 for all x # 0, salisfying

L(z) + VTV (2)f(z) - ivTV(x)g(x)RflgT(x)VV(x) =0 (4.155)

Moreover let h(x) = L(x) and suppose that the new system in (4.153) is
zero-state observable. Then the origin x = 0 of the closed-loop system

i(t) = F(a(t)) - g@®)d(x(t)), ©(0) =0, t20 (4.156)
is globallly asymptotically stable with the feedback control input

(@) = () = —%RflgT(x)W(x) (4.157)

The action in (4.154) is minimized in the sense that

J(@o,$(a()) = min J(xo,u(), @0 € R" (4.158)
and we have J(zg, ¢(x(-))) = V(xo), xo € R" [

The extension of Theorem 4.105 towards the output feedback case is given
in [99, Theorem 6.2]. The equation in (4.155) is a Hamilton-Jacobi-Bellman
equation. Consider the Hamiltonian function

H(z,p,u) = L(z) + u" Ru+p" (f(z) + g(x)u) (4.159)
One may calculate that the HJB equation in (4.155) is in fact

min H(z,u,VV(z)) =0,
using the strict convexity of the integrand in (4.154) (since R > 0), so that the
minimizing input is u(z) = —%R’lgT(x)p. Various application examples may
be found in [502], like the stabilization of the controlled Lorenz equations,
the stabilization of the angular velocity with two actuators, and with one
actuator.
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4.7 Nonlinear Discrete-time Systems

The material of this section is taken mainly from [90]. The following class of
systems is considered:

w(k+1) = f(z(k)) + g(z(k))u(k)

y(k) = h(z(k)) + j(x(k))u(k)

where z(k) € R", u(k) € R™, y(k) € IR™, and the functions f(-), g(-), k(")
and j(-) are smooth mappings. It is assumed that f(0) =0 and h(0) = 0.

(4.160)

Definition 4.106. The dynamical system in (4.160) is said dissipative with
respect to the supply rate w(u,y) if there exists a nonnegative function V :
R" — IR with V(0) = 0 called a storage function, such that for alll u € R™
and all k € IN one has

Viz(k+1)) = V(x(k) < wlu(k),y(k)), (4.161)
or equivalently
k
V((k+1)) = V(@(0) < w(u(i), y(i)) (4.162)
i=0

for all k, u(k) and x(0). The inequality (4.162) is called the dissipation in-
equality in the discrete-time setting. ]

Similarly to the continuous-time case we have

Definition 4.107. The dynamical system in (4.160) is said passive if it is
dissipative with respect to the supply rate w(u,y) = uly. It is said strictly
passive if V(z(k + 1)) — V(z(k)) < uT'(k)y(k) for all u(k) unless x(k) is
identically zero. Equivalently the system is strictly passive if there exists a
positive definite function S : IR" — IR such that V(x(k + 1)) — V(z(k)) <
uT (k)y(k) — S(z(k)) for all u(k) and all k. It is said lossless if V(x(k +
1)) — V(x(k)) = uT (k)y(k) for all u(k) and all k, equivalently V (x(k 4+ 1)) —
V(z(0)) = Zf:o uT (i)y(i) for all u(k) and all k. [

It is of interest to present the extension of the KYP Lemma for such
nonlinear discrete-time systems, that is the nonlinear counterpart to Lemma
3.100.

Lemma 4.108 (KYP Lemma). [90] The system (4.160) is lossless with a
C? storage function if and only if



248 4 Dissipative Systems
V(f(z)) =V(x)

%_‘Z/(Z”z:f(z)g(x) = hT(x)
(4.163)

9T (@) 5% (2) o myg(x) = §7(x) + j(x)

V(f(z)) + g(x)u) is quadratic in u
||

Proof: Necessity: If the system is lossless there exists a nonnegative storage
function V(x) such that

V(f (k) + g(z(k)u(k)) = V(x(k))

(4.164)
for all u(k) € IR™ and all k € IN. Setting u(k) = 0 one gets the first equality
in (4.108). Now one may calculate that (from now on we drop the k argument
in the functions)

aV(f(m)a;L'— g - %'Z:f(m)+g(z)u = hT(x) + UT[]T(:E) +j(z)] (4.165)

and

AV (f(x T)u 2
% = gT (Z‘) %;2/ |z:f(w)+g(a:)ug(x)

(4.166)
=j(z) + 5" (z)
Equations (4.165) and (4.166) imply the second and third equations in
(4.108). The last condition in (4.108) follows easily from (4.164).

Sufficiency: Suppose that the last condition in (4.108) is satisfied. One deduces
that

V(f(x))+ g(z)u) = A(z) + B(z)u +uT C(z)u (4.167)

for all uw € IR™ and some functions A(z), B(z), C(z). From the Taylor expan-
sion of V(f(z)) + g(x)u) at u =0 we obtain

o T x)u
B(z) = 2U@ba@u)| = V| L g(2) (4.168)

2
O(z) = o) V(f(gi;rg(m)u) luo = %QT(x)%b:f(m)g(x)
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From the first three equations of (4.108) it follows that

V(f(z)+g(x)u) — V(z) = yTu (4.169)

for all u € IR™, which concludes the proof. [ ]
Further results on nonlinear dissipative discrete-time systems may be
found in [185,371,373,374].

4.8 PR tangent system and dissipativity

The topic of this section is the following: consider a nonlinear system with suf-

ficiently regular vector field, and its tangent linearization about some point

(z*,u*). Suppose that the tangent linearization is positive real, or strictly pos-

itive real. Then, is the nonlinear system locally dissipative? Or the converse?
Let us consider the following nonlinear system:

#(t) = f(2(t)) + g(x(t))u(t)
(2) q y(t) = h(xz(t)) (4.170)

z(0) = zo
where f(-), g(-), h(-) are continuously differentiable functions of z, f(0) = 0,
h(0) = 0. Let us denote A = %(0), B = %(x = 0,u = 0) = ¢(0),
C = %(0). The tangent linearization of the system in (4.170) is the linear
time-invariant system
2(t) = Az(t) + Bu(t)
(Zr) { <) =C=(1) (4.171)

2(0) = xo

The problem is as follows: under which conditions are the following equiv-
alences true?

o
(X)) € PR <= (X)) is locally passive

o
(X)) € SPR < (X)) is locally strictly dissipative

It also has to be said whether dissipativity is understood in Willems’ sense
(existence of a storage function), or in Hill and Moylan’s sense. Clearly one will
also be interested in knowing whether or not the quadratic storage functions
for (X}) are local storage functions for (X). Important tools to study the
above two equivalences, will be the local stability, the local controllability, and
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the local observability properties of (X) when (A, B) is controllable, (4, C)
is observable, and A has only eigenvalues with nonpositive real parts. For
instance local w—uniform reachability of (X') (Definition 4.44) is implied by
the controllability of (X;) (Proposition 4.76). One can thus already state that
if A has eigenvalues with negative real parts, and if (A, B) is controllable and
(A, C) is observable, then (X) has properties that make it a good candidate
for local dissipativity with positive definite storage functions and a Lyapunov
asymptoticaly stable fixed point of ©(t) = f(z(t)) (see Lemmas 5.18 and 5.20
in the next chapter).

Example 4.109. Let us consider the scalar system
i(t) = 522 (t) + (x(t) + L)u(t)
(2) { yt) = a(t) (4.172)
z(0) = zo
Then its tangent linearization around xz = 0 is
Z(t) = u(t)
(X)) < C(t) ==2(t) (4.173)
2(0) = xo

The tangent system (X) is an integrator H(s) = 1. It is PR, though the
uncontrolled (X) is unstable (it may even have finite escape times).

Ezxample 4.110. Let us consider the scalar system
i(t) = 22(t) — x(t) 4+ (2 (t) + x(t) + u(t)
(X) < y(t) = 2%(t) + x(t) (4.174)
2(0) = g
Then the tangent linearization around z = 0 is

At) = —2(t) + ul?)

(Ze) { <) = =2(1) (4.175)
z(0) = g
The tangent system has transfer function H(s) = 341-1 € SPR. The un-
2

controlled (X) is locally stable (take V(z) = %-). However (¥) in (4.174)
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is not dissipative with this storage function and the supply rate uy since
Yy # gT(x)%(x). Consider now

(t) = 22(t) — 2(t) + u(t)
() ) =a(t) (4.176)

z(0) =z
whose tangent linearization is in (4.175). This system is locally stable with

Lyapunov function V(r) =%, andy = g7 (x )8V( ). Easy computation yields

that fo y(s)ds > V(x(t )) V(z(0)) for z € (—1,1). Hence V (z) is a storage
function for (4 176), which is locally dissipative in (—1,1) 3 z

|
Let us present a result which states under which conditions the tangent
linearization of a dissipative system, is a SPR system. Consider the system

#(t) = f(2(t)) + g((t))u(t)
(&) q y(t) = h(xz(t) + j(x())u(t) (4.177)

z(0) = g

with the dimensions for signals used throughout this book, f(0) = 0 and
h(0) = 0. The notion of dissipativity that is used is that of exponential dissi-
pativity,i.e. dissipativity with respect to exp(et)w(u(t),y(t)) for some € > 0.

Assumption 7 There exists a function k : IR™ — IR™, k(0) = 0, such that
w(k(y),y) <0,y #0.

Assumption 8 The available storage function V() is of class C3.

Assumption 9 The system is completely reachable if for all xy € IR™ there
exists a finite to < 0, and an admissible input defined on [to,0] which can
drive the state x(-) from the origin x(to) =0 to x(0) = x¢.

Theorem 4.111. [99] Let @ = QT e R™™, S =ST e R™*™, R=R" ¢
R™*™, and assume that Assumptions 7, 8 and 9 hold, and that the system
in (4.177) is exponentially dissipative with respect to the general supply rate
w(u,y) = yTQy + 2yTSu + u” Ru. Then there exists matrices P € IR™™",
Le RP*", W e RP*™, P=PT >0, and a scalar € > 0 such that

ATP+ PA+eP-CTQC+ LTL =0
PB—-CT(QD+S)+ L™W =0 (4.178)

R+STD+ DTS+ DTQD - WTW =0
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with A = %(0), B = ¢4(0), C = %(0), D = j(0). If in addition the pair

(A, C) is observable then P > 0. [ |

A similar result was proved in [187]. Theorem 4.111 proves that under some
conditions a dissipative system possesses a positive real tangent linearization.
What about the converse,i.e. if the tangent linearization is positive real, is
the system (locally) dissipative? The following brings an answer.

Theorem 4.112. [442] Consider the system in (4.177) and suppose that
j(0) = 0. Suppose that the tangent linearization is dissipative with respect to
the supply rate w(u,y) = y* Qy+2yT Su+u” Ru, with R > 0, and w(0,y) <0
for all y. Suppose that the matriz

A-BR-'SC  BRBT
(4.179)
cTQC  —(A- BR'SC)T

has no purely imaginary eigenvalues, and that A is asymptotically stable. Then
there exists a neighborhood N C R™ of x =0 and V : N — IR with v(0) =0,
%—‘;(0) = 0 such that %—Z[f(a:) +g(x)u] < w(u, h(z)+j(x)u) for allz € N and
allu e UC R™, V(z) >0 for all x € N. Consequently the system in (4.177)
is locally dissipative in N with respect to w(u,y). ]

One remarks that the matrix (4.179) corresponds to the transition ma-
trix of the Hamiltonian system of the first order necessary condition of the
Pontryagin principle for the Bolza problem, with a cost function equal to
u? Ru+ 2T CTQCx, under the constraint i(t) = (A — BR™1SC)x(t) + Bu(t).
The two above examples do not fit within the framework of Theorem 4.112 as
the dissipativity of the tangent linearizations holds with respect to the supply
rate w(u,y) = uly, and thus R = 0.

4.9 Infinite-dimensional Systems

4.9.1 An Extension of the KYP Lemma

The first extensions of the KYP Lemma to the infinite-dimensional case have
been achieved by Yakubovich et al. [300,301,520,521]. Let us briefly report
an extension of the KYP Lemma. We consider a system

z(t) = Ax(t) + Bu(t)
(4.180)
y(t) = Cz(t) + Du(t), z(0) =29 € X

where X is a real Hilbert space. The operator A : dom(A) C X — X is the
infinitesimal generator of a Cy-semigroup U (¢). The operators B : R™ — X,
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C:X —IR™ D:R™— IR™, are assumed to be bounded 3. The solution of
(4.180) is
t
x(t) =U(t)zo + / U(t — s)Bu(s)ds (4.181)
0

Definition 4.113. The operator H : Lo — Lo is said (v, &)-passive if

t t
/ 5 (Hu)T (s)u(s)ds > € / &7 [u(s)||2ds (4.182)
0 0
forallu e Ly,. [ |
We have the following:

Lemma 4.114. [509] Let H : Lo, — Lo, be defined by y = H(u) and
(4.180). Suppose that the Co—semigroup associated with H satisfies ||U(t)|| <
Me= for some M > 1 and o > 0. Then for v < 20, £ < omin(D), H
s (v,&)—passive if and only if for each & < &, there exist bounded linear
operators 0 < P=PT : X - X, L. >0:X - X,Q: X — R", and a
matriz W € IR™*™, such that

(A*P+ PA+29yP+ L+ Q*Q)x =0 for all x € dom(A)
B*P =C - W*Q (4.183)
W*W = D + D* — 281,

|

dom(A) is the domain of the operator A. A semigroup that satisfies the
condition of the lemma is said exponentially stable. The notation L(-) > 0
means that L(-) is a positive operator that is bounded invertible (or coercive).

4.9.2 The Wave Equation

This section presents an example of an infinite-dimensional system which is
dissipative: the wave equation. Let 2 C IR" be an open set with boundary
I'. Let us denote @ = §2 x (0,+00) and X' = I' x (0,400). The problem is to
find a function u(x,t) : 2 x [0, +00) — IR such that

3 An operator may here be much more general than a linear operator represented
by a constant matrix A € IR™*": 2 — Axz € IR™. For instance the Laplacian
2 2
A=3" ;—z%, or the D’Alembertian % — A are operators.
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—Au=0 onQ

u=0 on Y
(4.184)
u(z,0) =uo(z) on 2

‘?91; (2,0) = vo(z) on 2

where A = 37 | 8w2 is the Laplacian with respect to state variables, ug(-)
and vg(-) are data. The system in (4.184) is called the wave equation: this
is an hyperbolic equation. When n = 1 and 2 = (0, 1), (4.184) models the
small vibrations of a free rope. For each ¢t > 0, the graph of the function
x € 2 — u(x,t) coincides with the rope configuration at time ¢t. When n = 2,
it models the small vibrations of an elastic shell. From a general point of view,
(4.184) models wave propagation in an elastic homogeneous medium {2 C IR".
The second condition in (4.184) is the Dirichlet boundary condition. It means
that the rope is fixed on the boundary I'. The third and fourth conditions in
(4.184) are the Cauchy initial data for the system (initial position and initial
velocity). It is assumed that the boundary data and {2 satisfy some regularity
conditions, so that the solution of (4.184) exists and is unique as a C2(IR™)
and Lo(£2) function (we do not present here the rigorous definition of the
functional spaces which are needed to correctly define the solution, because
this would bring us much too far in such a brief presentation). The interesting
part for us is:

Lemma 4.115. Along the solutions of (4.184) one has

0]

for allt > 0. [ |

+|[Vu(®)]13,0 = llvol 13,0 + 1| Vuoll3,¢ (4.185)
19

. 2
One has is ||%(t)||27(2 = [ I534(t)|| da and [[Vu(t e = /o ’
The equality in (4.185) means that the system is lossless (energy is conserved).
Notice that the wave equation may be rewritten as a first order system

o a:tH dx.

‘?97: v=0 on@
(4.186)

—Au=0o0nQ

IfX = (U) then (4.186) becomes X+ AX = 0 with 4 = ( OA _OI”> X.

It happens that the operator A 4 I5, is maximal monotone. We retrieve here
this notion that we used also in the case of finite-dimensional nonsmooth
systems in Section 3.9.4.
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4.9.3 The Heat Equation

The notation is kept form the foregoing subsection. The heat equation is given
as

% —Au=0 onQ@
u=0 on ¥ (4.187)

u(z,0) = uo(x) on 2

The variable u may be the temperature in the domain (2. Under the as-
sumption that ug € Lo(§2), there exists a unique solution u(x,t) for (4.187)
in C'(IR") which is itself L£({2). Moreover:

Lemma 4.116. Along the solutions of (4.187) one has

t
1
[tz + [ I9u@E de = Gl (4158)
2
for allt >0, where ||Vu(t)|\§Q =3, ‘ g; (x,t)H dr. ]

The operator A : u — —Au is maximal monotone. The equality in (4.188)
means that the temperature decreases on @) at a fixed position z.

Let us mention more work on infinite dimensional systems that may be
found in [30,39,40,57-59,117-120,172,196,224,307,391,507,509]. The case of
a parabolic equation describing the temperature control problem for a homo-
geneous rod of unit length is provided in [57, §4].

4.10 Further Results

Nonnegative systems: the theory of dissipative systems and the KYP Lemma
have also been applied to nonnegative systems [191,192]. Nonnegative dynam-
ical systems are derived from mass and energy balance considerations that in-
volve states whose values are nonnegative. For instance in ecological models,
the quantity of fishes in a lake cannot be negative (if the mathematical model
allows for such negative values then surely it is not a good model). A matrix
A € R™™ is nonnegative if A4;; > 0forall<i<mnandall<j<m.
It is positive if the strict inequality > 0 holds. A matrix A € IR™*" is called
essentially nonnegative (positive) if —A is a Z-matrix, i.e. if A;; > 0 (> 0) for
alll<i<nandalll<j<nwithi# j. A matrix A € IR™*" is essentially
nonnegative if and only if exp(At) is nonnegative for all ¢ > 0. A sufficient
condition for the solutions of the system #(t) = Axz(t), (0) = x9 > 0, t > 0,
to satisfy z(t) > 0 for all ¢ > 0, is that A be essentially nonnegative.
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Let us now consider a system whose realization is the quadruple (A, B, C, D),
with A € IR™™" being essentially nonnegative, B € IR"*™, C € R™*" and
D e R™>™ being nonnegative matrices. Suppose also that the inputs are re-
stricted to nonnegative values, i.e. u(t) > 0 for all ¢ > 0. Then the system is
nonnegative in the sense that x(¢) > 0 and y(¢t) > 0 for all ¢ > 0 [191, Lemma
2.2].

Theorem 4.117 (KYP Lemma for nonnegative systems). [191] Let g €
R' and r € R™. Consider the nonnegative dynamical system with realization
(A, B,C, D) where A is essentially nonnegative, B, C' and D are nonnegative.
Then the system is exponentially dissipative with respect to the supply rate
w(u,y) = ¢"y +rTu if and only if there exist nonnegative vectors p € IR",
leR", and w € IR™, and a scalar ¢ > 0 such that

ATp+ep—CTq+1=0
(4.189)

BTp—DTqg—r4+w=0
|

Clearly when € = 0 the system is simply dissipative and no longer expo-
nentially dissipative. This result extends to positive nonlinear systems.

The word dissipative is sometimes used in a different context in the theory
of dynamical systems, see e.g. [98].
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Stability of Dissipative Systems

In this chapter, various results concerning the stability of dissipative systems
are presented. First, the input/output properties of several feedback intercon-
nections of passive systems are reviewed. Then the conditions under which
storage functions are Lyapunov functions are given in detail. The chapter ends
with an introduction to H, theory for nonlinear systems that is related to a
specific dissipativity property, and with a section on Popov’s hyperstability.

5.1 Passivity Theorems

In this section we will study the stability of the interconnection in negative
feedback of different types of passive systems. We will first study closed-loop
interconnections with one external input (one-channel results) and then in-
terconnections with two external inputs (two-channel results). The implicit
assumption in the passivity theorems is that the problem is well-posed, i.e.
that all the signals belong to Lo.

Remark 5.1. Different versions of passivity theorems can be obtained depend-
ing on the properties of the subsystems in the interconnections. We will only
consider here the most classical versions.

5.1.1 One-channel Results

Theorem 5.2 (Passivity (one-channel) [207]). Assume that both Hy, Hy
are pseudo-VSP, i.e.

t

/0 yT (s)ur(s)ds + 1 > by / yT (s (s)ds + e / u (5)us (5)ds
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t t t
| o @uards + 522 62 [ i Ga(s)ds + ex [ uf (s)ua(s)as
0 0 0
with
01+€>0,00+€ >0
The feedback closed-loop system (see Figure 5.1) is finite gain stable if

02 > 0,e1 > 0,€e2 + 61 > 0,

where €5 or 61 may be negative. |
n “ Y1
n Y
Y2
Ug
Hy

A

Fig. 5.1. Closed-loop system with one external input

Corollary 5.3. The feedback system in Figure 5.1 is Lo— finite-gain stable if

1. Hy is passive and Hs is ISP i.e. ¢ > 0,e5 > 0,07 > 0,05 > 0
2. Hy is OSP and Hs is passive i.e. € > 0,e5 > 0,61 > 0,02 >0

|
Proof: Let (r|y); = fg r(s)y(s)ds. Then
(rly)e = (u1 4+ y2ly)e
= (u1lyr)e + (y2lua):
(5.1)

> 01+ exllur]|® + 1 llyillF + B2 + ealluzll® + d2ly2I?

> B+ Ba+ (01 +e2)|lyl7,
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where [|y||? = (y|y):. Using the Schwartz’ inequality we have

mmzéﬁ@www{[ﬁ@ﬂéul%mr=WMw

Then
I llellylle = (rly)e > By + Bo + (81 + e2)[[yllF
For any A € IR the following holds

2
R+ 3l = 5 (Sl = VAlgl) + el (59
> Br+ B2+ (61 + €2)lyll?
Choosing A = §1 + €2 we get

Ik (01 +e2), o
I A LN ALY
2001 + e2) > pi+ B2+ 5 lyllz
which concludes the proof. |

5.1.2 Two-channel Results

Consider now the system depicted in Figure 5.2 where r1, 72 can represent dis-
turbances, initial condition responses or commands. Assume well-posedness.

Theorem 5.4. (Passivity (two-channel) [500]) Assume Hy, Hy are pseudo
VSP. The feedback system is Lo— finite-gain stable if

€1+62>0

€2 +61 >0
where €;,§; may be negative. [ |
Corollary 5.5. The feedback system is Lo— finite-gain stable if

1. Hy,Hy are ISP (61 > 0,60 > 0,0, = 0o = 0)

2. Hi,Hs are OSP (61 > 0,02 > 0,61 = €2 =0)

3. Hy is VSP, Hs is passive (e1 > 0,01 > 0,00 = €3 =0)

4. Hy is passive, Hy is VSP (€3 > 0,52 > 0,01 = ¢; =0) [

Proof:
(uily)e + (yoluz)e = (r1 — yalyi)e + (Y2ly1 + r2)e
= (rily1)e + (y2lra):
> B+ erllua]? + 0uflyi [ + B2

+eallual? + 82lly21?
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1 U

1

+

Y2
U9 r2

H2 ——
_|_

Fig. 5.2. Closed-loop system with two external inputs

Note that .
Jurll7 = [y ul (s)us(s)ds

= [o(ri(s) — y2(s))T(r1(s) — y2(s))ds (5.4)

> =2(r1|y2)e + lly2l1?

and similarly
luzllf > 2¢ralys)e + lyall?

Then

(rilyi)e + (y2|ra)e +2e1(r1|y2)e — 2e2(r2ly1)e >

(5.5)
Br+ Bo + (€1 + 82)[1y2[I7 + (e2 + d1) [y [I7
Note that for any A € IR, for i = 1,2 we have
(rilya)e < llyillellrille + 3 (e lrille = VAllyille)?
(5.6)
< g Irll? + B lwill?

We choose \; = 252 and Ay = <f<2:

o Ife; =0 then 261 (r1|y2): <0
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o If e >0 then for any | € R

€1
2e1(r1y2)e < yllhll? + e [ly2l?
1

AII
Let us choose A} = 2 and A} = #. Therefore

€148 ea+d
B+ Bo + CF02) |y 2 4 L2ty 2
(5.7)

4¢2 4¢2
<mlif (s + avsy) T In2lf (s + a5)

which concludes the proof. [ |

Boundedness of the closed-loop signals can be ensured if H; and Hy have
finite gain as can be seen from the following Lemma, which is no longer a
purely input/output result but involves the state of the system.

Lemma 5.6. Consider again the negative feedback interconnection of Hy and
Hy as in Figure 5.2. Assume that the operators Hy and Hy are pseudo VSP
i.e.

t

tuTs's s = Vi(z;)—Vi(z; €
/0 T (s)yi(s)ds = Vi(as)— Vil l<o>>+/

ul (s)u;(s)ds+3; th i (8)ds
) <>d+5/0yz<>y<>d

with V1(-) and Va(+) positive definite functions. Then the origin is an asymp-
totically stable equilibrium point if:

€1+02 >0

and
€ +01 >0

and both Hy and Hs are zero-state observable (i.e. u; =0,y,=0=2;, =0)1

Proof: Consider the positive definite function which is the sum of the two
storage functions for H; and Hs, i.e.:

Vi(z) = Vi(z1) + Va(z2)

Then using the dissipativity inequalities in their infinitesimal form we get
along the trajectories of the system

) 2
V(z(t)) = 3 [uf (0)yi(t) — eiu] (H)ua(t) — Syl (¢)ys(t)]
=1 (5.8)
= —(e1r + &2)uf (ua(t) — (e2 + d1)y{ (H)ya(t)
The result follows from the Krasovskii-LaSalle Theorem and the assump-

tion guaranteeing that y; = 0,u; = 0 = x; = 0. If in addition Vi (-) and Va(+)
are radially unbounded, then one gets global stability. |
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Roughly speaking, the foregoing lemma says that the feedback interconnec-
tion of two dissipative systems is asymptotically stable provided an observabil-
ity property holds. Let us now state a result which uses the quasi-dissipativity
property as defined in Definition 4.27. Each subsystem H; and Hs of the in-
terconnection is supposed to be dissipative with respect to a general supply
rate of the form w;(u;, ;) = vl Qiyi + 2yl Siu; + ul Ryu;, with QT = Q;
and RI' = R;. Before stating the next Proposition, we need a preliminary
definition:

Definition 5.7. A system &(t) = f(z(t),u(t)), y(t) = h(z(t)) has uniform
finite power gain v > 0 if it is quasi-dissipative with supply rate w(u,y) =
’yQuTu — yTy. |

The following holds:

Proposition 5.8. [/03] Suppose that the systems Hy and Hs are quasi-
dissipative with respect to supply rates wi(u1,y1) and wa(usg,ye), respectively.
Suppose there exists p > 0 such that the matriz

Q1+ pRy =Sy + pST
Qp = (5.9)
—ST + pSs Ry + pQ2

is negative definite. Then the feedback system in Figure 5.2 has uniform finite
power gain. |

Proof: taking into account the interconnections vy = r1 —ys and us = ro+y1,
it follows that

wy(u1, Y1) + pwa(uz, y2) =

Y1 Y1
=[vl vl Q, + [yl vd ]S, +
Y2 Yo (5.10)
T1
+ [r{ rg} R,
)

for some matrices S, and R,. Since @, < 0 it follows that there exists p > 0
and n > 0 such that

=0yl y1 + 3 y2) + p(ri e +r3r2) > wi(ug, y1) + pwaluz,y2)  (5.11)

Integrating from ¢ = 0 to ¢ = 7 > 0 and using the fact that H; and Ho
are quasi-dissipative with constants a; > 0 and as > 0, we obtain
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Jo l=nE ®ya(t) + y3 (£)y2(t) + p(rf (E)r () + 73 (E)ra(2)))di+ 5.12)
5.12
+(o1 + pao)T + B+ pf2 > 0

where 31 > 0 and (32 > 0 are the bias for H; and Ho. [ |
This proof is really an input/output system stability result as it does not
mention the state. Let us mention a result in [466] that contains a version of
the passivity Theorem, using the so-called secant condition for the stability of
polynomials of the form p(s) = (s + a1)(s + az)...(s + an) + b1ba...by, with all
a; > 0 and all b; > 0. This p(s) is the characteristic polynomial of the matrix
—a 0 ... 0 —bl
bg —ag .... 0 0
A= ... ... . The secant condition states that A is Hurwitz

0 0 ..b,—ay

provided that 2=t < (seck)” = ey

ay...an

5.1.3 Lossless and WSPR Blocks Interconnection

It is known that the feedback interconnection of a PR and a SPR blocks
yields an asymptotically stable system; see Lemma 3.37. In the case of non-
linear systems, and using a pure input/output definition of passivity (as in
Definition 2.1 where [ is not assumed to depend on the initial state value)
the passivity Theorem provides Lo-stability results for the interconnection of
a passive block with an ISP, OSP or a VSP block (see e.g. [500]). Lyapunov
stability can be obtained when the blocks are passive in the sense of Willems
(i.e. the state intervenes in the definition). The goal of the following lemma is
to present stability results with slightly relaxed requirements on the feedback
block. More precisely, we will deal with the interconnection of lossless blocks
with WSPR blocks. The results presented in this section relax the conditions
of the passivity Theorem as was conjectured in [310].

We now consider the negative feedback interconnection of a lossless (pos-
sibly nonlinear) system with a linear WSPR system and prove the stability of
the closed-loop system.

Lemma 5.9. Assume that Hy in Figure 5.2 is zero-state observable and
lossless with a radially unbounded positive definite storage function Vi (1),
whereas Hy is WSPR. Then the feedback interconnection of Hy and Hs is
Lyapunov globally asymptotically stable. |

Proof: Consider V(z1,x2) = 21 Pyzs +2Vi(z1), where V4 (+) is a radially un-
bounded positive definite storage function for H;. In view of the assumptions
and of the KYP Lemma, there exists matrices Ps, Ly, W5 such that Equations
(3.2) are satisfied for Hs. Then
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V(xl, SCQ) = —x2TL2TL2x2 + 2$gP2B2’LL2 + 2u?y1
= —ngngxg + 2ug(02 — Wng)xg + QU?yl

= —x2TL2TL2x2 - 2u2T(W2TL2Tx2 + D2u2)

— T LT Lows — 2T WI LT 25 — ul(Ds + DT )us 19
= —(ug Wy + 23 L) (Wauz + Loxs)
=302

The above ensures that z7 = [af a:g] = 0 is a stable equilibrium point,

which implies that the state x is bounded. Moreover the transfer function

_FIQ(S) =Wy + LQ(SI — A2)71B2

has no zeros on the imaginary axis (see Lemma 3.18). Note that Ya(s) =
Hoy(s)Us(s). Therefore, when 9(t) = 0, ua(t) can only either exponentially
diverge or exponentially converge to zero. However, if us(t) diverges, it fol-
lows from @a(t) = Waus + Laxs = 0 that xo should also diverge which is a
contradiction. It then follows that us should converge to zero. Note that for
uo = 0 the Hs system reduces to @2 = Asxo with A; Hurwitz. Therefore
if g2(t) = 0, then 9 — 0. On the other hand us = y; and so we also have
y1 — 0. In view of the zero-state observability of H; we conclude that z; — 0.

Hence, from the Krasovskii-La Salle invariance set Theorem, the largest in-
variant set S inside the set g2 = 0 is reduced to x = 0 plus all the trajectories
such that = tends to the origin. Therefore, the origin = 0 is asymptoti-
cally stable. Moreover, when Vj(z1) is radially unbounded any trajectory is
bounded, and the equilibrium is globally asymptotically stable. |

Another proof can be found in [213]. It makes use of the material in Ap-
pendix A.4.1 which possesses its own interest.

5.1.4 Large-scale Systems

Large-scale systems consist of an interconnection of N subsystems H;, which
are all dissipative. It is assumed here that the subsystems are dissipative
in the sense of Definition 4.22 and with respect to a general supply rate
wi(ui, yi) = yZTQlyl + 2yiTSiui + ulTRlul The interconnection relationship is

N
U = Ue; — ZHijyj (5.14)
=1

where u; is the input of subsystem H;, y; is its ouput, u.; is an external
input, and all the H;; are constant matrices. Grouping the inputs, outputs
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and external inputs as N-vectors u, y and u. respectively, one may rewrite
(5.14) as

u=1u,— Hy (5.15)

where H € RN*N | Let us define Q =diag(Q;), S =diag(S;) and R =diag(R;),
and the matrix

Q=SH+H"S" - H"RH - Q (5.16)

Theorem 5.10. [364] The overall system with input ue(-) and output y(-)
and the interconnection in (5.15) is Lo—finite-gain stable if Q) > 0 in (5.16).
|

Proof: For each subsystem H; we have by assumption

/tl wi(ui(t),yi(t))dt Z 0 (517)

to

for all t; > tg. By summation over all i one obtains

/t1 w(u(t),y(t))dt >0 (5.18)

to

Using (5.15) and (5.16) one obtains

ty

/ Il[yT(t)Qy(t) — 29T (1)Q? Suc(t)]dt < / ul (t) Ru,(t)dt (5.19)

to to

with § = Q~2(S — HTR). Let a > 0 be a finite real such that R + S73 <
a?Iy. Clearly one can always find such a scalar. Then one finds after some
manipulation

t1

/ 10 () — Suc@®TIQ () — Suc)dt < o? / T (ue(tydt,  (5.20)

to to
so that
t1 tl
/ yT (t)y(t)dt < k;2/ ul (t)ue (t)dt (5.21)
to to
with & = ||Q72[(a +[|S]])- =

Let us recall that we assumed at the beginning of this section that all
signals belong to the extended space L3, (more rigorously: the inputs are
in £, . and we assume that the systems are well-posed in the sense that the
outputs also belong to L2 ). Under such an assumption, one sees that stating
(5.21) for all t; > to > 0 is equivalent to stating ||y||2.: < k||ue||2,¢ for all
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t > 0, where || - ||2,e is the extended £ norm. One notes that Theorem 5.10
is constructive in the sense that the interconnections H;; may be chosen
or designed so that the Riccati inequality @ > 0 in (5.16) is satisfied. The
literature on large-scale systems stability is abundant, and an early reference
to be read for more informations and results is [499]. Let us end this subsection
with a result which will allow us to make a link between the interconnection
strucuture, and so-called M —matrices.

Theorem 5.11. [364] Let the subsystem H; have a Lo—finite-gain ~; and
suppose that all subsystems are single input single output (SISO). Let I' =diag(y;),
and A = T'H. Then if there exists a diagonal positive definite matriz P such
that

P—ATPA>0 (5.22)
the interconnected system is Lo— finite-gain stable. ]

A sufficient condition for the existence of a matrix P as in the theorem is
that the matrix B made of the entries b;; = 1 —|a;;|, bij = —|a;;| for i # j, has
all its leading principal minors positive. Such a matrix is called an M —matrix.

Further works on large-scale systems may be found in [184,185].

5.2 Positive Definiteness of Storage Functions

In this section we will study the relationship between dissipativeness and
stability of dynamical systems. Let us first recall that in the case of linear
systems, the plant is required to be asymptotically stable to be WSPR, SPR, or
SSPR. For a PR system it is required that its poles be in the left-half plane and
the poles in the jw—axis be simple and have non-negative associated residues.
Consider a dissipative system as in Definition 4.20. It can be seen that if
u =0 ory =0, then V(z(¢)) < V(2(0)). If in addition the storage function
is positive definite, then we can conclude that the system z(t) = f(x(t))
has a Lyapunov stable fixed point x = 0, and the system’s zero dynamics is
stable. Furthermore, if the system is strictly passive (i.e. S(x) > 0 in (4.51))
then the system @(t) = f(x(t)), and the system’s zero dynamics are both
asymptotically stable (see Theorem 4.10).

Let us now consider passive systems as given by Definition 2.1. The two
following Lemmae will be used to establish the conditions under which a
passive system is asymptotically stable.

Definition 5.12 (locally ZSD). A nonlinear system (4.79) is locally zero-
state detectable (ZSD)[locally Zero state observable (ZSO)] if there exists a
neighborhood N of 0 such that for all x(t) € N

u(t) =0,h(z(t)) =0, Vt>0 = lim x(t) =0 [z(t) =0 for allt > 0]

t——+o0
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If N = IR" the system is ZSD [ZSO]. [

Lemma 5.13. [207] Consider a dissipative system with a general sup-
ply rate w(u,y), and let Assumptions 3 and 4 of Section 4.5.2 hold.
Assume that:

1. The system is zero-state observable
2. For any y # 0 there exists some u such that w(u,y) <0

Then all the solutions to the NL-KYP set of equations (4.81) are pos-
itive definite.

Proof: We have already seen that the available storage

t
Vo(z) = sup {—/ w(s)ds}
z=z(0),t>0,u 0

is a (minimum) solution of the KYP-NL set of equations (4.81), see the
necessity part of the proof of Lemma 4.87 and Theorem 4.41. Recall that
0 < Vu(z) < V(). If we choose u such that w(u,y) < 0 on [tg, 00), with strict
inequality on a subset of positive measure, then V,(x) > 0, Vy # 0. Note from
the equation above that the available storage V,,(z) does not depend on u(t)
for t € [tp,00). When y = 0 we can choose u = 0 and therefore x = 0 in view
of the zero-state observability assumption. We conclude that V,(z) is positive
definite and that V' (z) is also positive definite (see Definition A.9). [ |

Lemma 5.14. Under the same conditions of the previous lemma, the free
system © = f(x) is (Lyapunov) stable if Q < 0 and asymptotically stable if
Q < 0, where @ is the weighting matriz in the general supply rate (4.80). W

Proof: From Corollary 4.88 and Lemma 4.87 there exists V(z) > 0 for all
x #0, V(0) =0, such that (using (4.81) and (4.82))

VoD (1) = — [Lx(t)) + W (x(t))u() " [La(t)) + W (z(t)u(t)] +

+yT ()Qu(t) + 25" (1) Su(t) + u” () Ruf(t)
= LT (a(t))L(x(t)) — 2L7 ((£)) W ((t) ju(t) — u” ()W (2(t)) x
< W (@ (t))u(t) + (h(z(t) + j(@()u) " Q(h(x(t)) + j(=(t))u(t))+

+2(h(z(t)) 4 j(2(t))u(t)T Su(t) + uT® Ru(t)
(5.23)
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so that

ATD (1) = =L (a(0) L(t) — uT ()W (@(0))W (1) u(t)+
+ul ()[R + 57 (2(1)Qi(x(t)) + 57 (x(t)S + STj(=(t))Ju(t)+
+2[= LT (2(6)) W (2(t)) + hT ((6))(Q4(x(1)) + S)]u(t)+

+hT (2(t))Qh(x(t))

|
|
~
S
—~
8
=
~
~—
h
—~
8
=
~
~
|
<
~
=
~
=
=B
—~
=
~—
<
—~
~
~
+
<
~
=
~
=

((t))u(t)+

For the free system #(t) = f(x(t)) we have

o
M2 (1) = L7 (@) L) + B (x() Qh(x(t)) < K (x(1) Qh(ax(t)) < 0
IfQ <0 thend(‘gi:m)(t) < 0 which implies stability of the system. If @ < 0
we use Krasovskii-LaSalle Invariance Principle. The invariant set is given by
2 : {£h(§) =y = 0} and therefore () converges to the set §2. In view of the
zero-state observability we conclude that z(t) — 0 asymptotically. One sees
that under the conditions of Lemma 5.13 and with @ < 0, then necessarily
2 = 0 is an isolated fixed point of &(t) = f(x(t)). [ |

Ezample 5.15. Let us come back to Example 4.59. The system in (4.51) is not
zero state detectable, since u = 0 and y = 0 do not imply * — 0 as t — 4o0.
And the uncontrolled (or free) system is exponentially unstable (&(t) = x(¢)).
This shows the necessity of the ZSD condition.

Corollary 5.16. [207] Consider a dissipative system with a general supply
rate w(u,y). Assume that:

1. The system is zero-state observable(i.e. u(t) =0 and y(t) =0 = x(t) = 0)
2. For any y # 0 there exists some u such that w(u,y) <0

Then passive systems (i.e. Q = R = 10,5 = I) and input strictly passive
systems (ISP) (i.e. Q@ = 0,25 = I, R = —¢) are stable, while output passive
systems (OSP) (i.e. Q@ = —0,25 = I, R = 0) and very strictly passive systems
(VSP) (i.e. Q = —6,25 = I, R = —¢) are asymptotically stable. [ |

Before stating the next lemmas let us introduce another notion of zero
state detectability.
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Definition 5.17. A dynamical system is said to be locally zero state detectable
in a region (2, if for any xo € §2,, xo # 0, such that the solution z(t) € 2,
for all 0 < t < 7 for some T > 0, with u(-) = 0, there exists a continuous
function a: R — IR™, a(0) = 0, a(w) > 0 for all w # 0, such that

/0 yT()y(t)dt > ollzol]) (5.25)

for some t < 400 such that 0 < t < 7. If in addition for any sequence
{wn} € 2, one has a(w,) — +o0 as ||wy|| — +o0, the system is said to be
locally uniformly zero state detectable in §2, with respect to (2. ]

Clearly a system that is ZSD according to this definition is also ZSD in
the sense of Definition 5.12. Sometimes a system that satisfies the first part of
Definition 5.17 is called uniformly observable. The local versions of Lemmas
5.13 and 5.14 are as follows:

Lemma 5.18. [404] Let the dynamical system in (4.79) be

e Locally dissipative with respect to a general supply rate (4.80) in a region
2 c R,
Locally w—uniformly reachable in a region (2. with respect to §2
Locally uniformly zero state detectable in (2, with respect to §2

Suppose that 2, N 2. # 0. Then the dynamical system has all its storage
functions V1 2, N 2. — IR continuous, V(0) = 0, and V(x) > 0 for all
x € 2, N 8. Moreover for any sequence {xz,} € 2, N N2, V(x,) — +00 as
[|zn]| — +o0. [ |

We will also say that a system is said to be locally reachable with respect
to 2 in a region (2, C (2, if every state x1 € (2. is locally reachable with
respect to {2 from the origin x = 0 and for all ¢y € IR, with an input that
keeps the state trajectory inside f2.

Definition 5.19. A system is said locally connected with respect to 2 in a
region 2con C §2, if any x1 € Peon 18 locally reachable with respect to 2 from
any g € Leon, and for all tg € IR. [ ]

Now we are ready to state the main result which concerns the local stability
deduced from local dissipativity.

Lemma 5.20. [404] Let the dynamical system in (4.79) be

o Locally dissipative with respect to a general supply rate (4.80) in a region
2CR"
Locally w—uniformly reachable in a region {2, with respect to §2
Locally uniformly zero state detectable in §2, with respect to {2
Locally connected in a region 2.0, with respect to 2



270 5 Stability of Dissipative Systems

e Locally Lipschitz continuous in {2

and be such that there exists a feedback controller u*(x) such that w(u*,y) <0
for all y # 0, u*(0) = 0 and u*(-) drives the system from xo € {2 to x1 € 2
while keeping the trajectory inside (2. Suppose that the region 2. N 2. N Qeon,
contains an open neighborhood of x = 0. Then if @ < 0 the origin x = 0 is
asymptotically stable. ]

The above conditions imply that all the defined regions contain z = 0. We
now state a result which is based on the notion of weak w(u, y)—dissipativity
(Definition 4.29) and is interesting as it applies to systems with multiple
equilibria, and makes no assumption on the differentiability of the storage
functions. This theorem is linked to Theorems 4.31, 4.32 and 4.33. d(z, 2) =
infyeq ||z — y|| denotes the distance from x to (2.

Theorem 5.21. [206] Suppose that G(§2) is w(u,y)—dissipative for some
Q <0. Let X1 ={z | d(x,2) <di} for some dy > 0, be uniformly reachable
from §2 and zero state observable with respect to (2. Then there exists some
dy > 0 (dependent on dy) such that, with input u(-) = 0, all state trajectories
starting in Xo = {z | d(z,02) < da} remain in X1, and asymptotically
approach 2. ]

As an illustration one may consider Example 4.34. Let us now introduce
the following definition:

Definition 5.22 (Proper function). A function V : x — IR is said to be
proper if for each a > 0, the set V=10,a] = {z : 0 < V(z) < a} is compact
(closed * and bounded). [ |

A variant of Lemma 5.14 is as follows:

Lemma 5.23. [442] Let V() > 0 be a solution of (4.76), with S(z) =
ehT (z)h(z), € > 0, V(0) = 0 and V(x) > 0, x # 0, and suppose that the
system in (4.74) is zero-state detectable. Then x = 0 is a locally asymptoti-
cally stable equilibrium of ©(t) = f(x(t)). If additionally V(-) is proper then
x =0 is globally asymptotically stable. ]

5.3 WSPR Does not Imply OSP

In this subsection we prove that if a system is WSPR (Weakly Strictly Positive
Real), it does not necessarily imply that the system is OSP (Output Strictly
Passive). The proof is established by presenting a counterexample. The pas-
sivity Theorems concern interconnections of two blocks, where the feedback
block must be either ISP, OSP or VSP. The interest of the results in Section

L A set is closed if it contains its limit points.
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5.1.3 is that the conditions on the feedback block are relaxed to WSPR. We
prove now that the following transfer function (which is WSPR; see Example
2.59)

s+a+b

H(s)= ——— 5.26
(s) ) (5.26)
is not OSP. This proves that in general WSPR % OSP. A minimal state
0 1
space representation (A, B,C) for H(s) is given by A = ,
—ab —a—b
1
B = , C = (1,0). Let us choose a = 1, b = 2, z(0) = 0, u = sin(wt).
0
Then .
y(t) = / [2exp(T — t) — exp(27 — 2t)] sin(wT)dT (5.27)
0
It can be shown that
y(t) = f1(w) cos(wt) + fo(w) sin(wt) (5.28)
with fi(w) = —(1“’?’% and fo(w) = Wﬁ(‘luﬂ)' It can also be proved
that
t .
/0 w(P)y(r)dr = _%:J)[cos(zwt) 4 2;”) it — Sméi“’t)] (5.29)
and that
fo dT _ fl( ) |: + sln(2wf)j| + f2( ) |:£ . sin(iwt):|
(5.30)
—hi(@)fo(w) [ 1]
Let us choose tn, = Q"T” for some integer n > 0. When w — 400, then
fo T)dT = W, whereas
o 2nm(fE(w) + f3(w)) 1
2 i 2
= 1 -
/0 v (r)ir LD ) ( 2w)

It follows that fg” u(rT)y(T)dr » =« % while fO" (T)dr « 5o 5 for
some positive real a and «y. Therefore we have found an 1nput u(t) = sm(wt)

and a time ¢ such that the inequality fg’ u(r)y(r)dr > 6 fo 7)d7r cannot be
satisfied for any 6 > 0, as w — 4o0.
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5.4 Stabilization by Output Feedback

5.4.1 Autonomous Systems

Consider a causal nonlinear system (X) : u(t) — y(t); u(t) € Lpe,y(t) € Lpe
represented by the following state-space representation affine in the input:

#(t) = (2(t) + g(e(®)u(t)
(&) (5.31)
y(t) = h(z(t)) + j(z(t))u(t)
where z(t) € R", u(t),y(t) € R™, f(-),9(-),h(:), and j(-) are smooth func-
tions of z and f(0) = h(0) = 0. We can now state the following result:
Theorem 5.24 (Global asymptotic stabilization [89]). Suppose (5.31) is
passive and locally ZSD. Let ¢(y) be any smooth function such that ¢(0) =0
and yT (y) > 0, Yy # 0. Assume that the storage function V(z) > 0 is proper.

Then, the control law u = —¢(y) asymptotically stabilizes the equilibrium point
x = 0. If in addition (5.31) is ZSD then x = 0 is globally asymptotically stable.
]

Proof: By assumption, V(z) > 0 for all z # 0. Replacing v = —¢(y) in
(4.42) we obtain

V(a(t)) - V(2(0)) < — / y7 (5)(y(s))ds <0

It follows that V(z(t)) < V(x(0)) < oo, which implies that [|z(t)]] < oo
for all ¢ > 0, and thus ||y(¢)|| < oco. Therefore V(x(+)) is non-increasing and
thus converges. In the limit, the left hand side of the inequality is 0 , i.e.
fg yT(s)p(y(s))ds — 0 as t — oo. Thus y(t) — 0 as t — +oo and u also
converges to 0. Since the system is locally ZSD, then z(¢) — 0 as t — +o0. If
in addition the system is globally ZSD, then x = 0 is globally asymptotically
stable. ]
Lemma 5.25. Suppose the system (5.31) is passive and zero state observable,

with feedback control law w = —¢(y), ¢(0) = 0. Then the storage function of
the closed-loop system is positive definite, i.e. V(x) > 0, for all x # 0. [ |

Proof: Recall that the available storage satisfies 0 < V,,(z) < V(x) and

Valw) = swp {= [y ()uls)ds}

z=x(0),t>0,u

= s Ly ()ey(s))ds}

z=x(0),t>0,u

(5.32)

If Vo(x) = 0, then necessarily y(t) = 0. In view of zero state observability,
y =0= 2 =0. Thus V,(z) vanishes only at x = 0 and so does V' (z). [ |

The asymptotic stabilization by output feedback of nonlinear systems non-
linear in the input as in (4.95) continues to hold [303, Theorem 4.4]. Fur-
ther results on the asymptotic stabilization by output feedback may be found
in [430, Theorem 6].
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5.4.2 Time-varying Nonlinear Systems

In this section we consider systems of the form
w(t) = f(t x(t) + g(t, =(t))u(t)

y(t) = h(t, z(t))

where f(-,-), g(-,-) and h(-,-) are continuous functions R x R" — IR",
f(t,0) = 0 and h(t,0) = 0 for all ¢ > 0. It is further supposed that f(:,-),
g(-,-) and h(-;-) are uniformly bounded functions. Since the system is not
autonomous, it is no longer possible to apply the arguments based on the
Krasovskii-LaSalle invariance principle. An extension is proposed in [286]
which we summarize here. Before stating the main result, some definitions
are needed.

(5.33)

Definition 5.26. [286] Let g : IR" x X — IR™ be a continuous function.
An unbounded sequence v = {t,} in IR™ is said to be an admissible sequence
associated with g(-) if there exists a continuous function g : Rt x X —
R™ such that the associated sequence {gn | (t,x) — g(t + tn, )} converges
uniformly to g(-) on every compact subset of IRT x X. The function g.(-) is
uniquely determined and called the limiting function of g(-) associated with ~y.

Definition 5.27. [286] Let g : IR" x X — IR™ be a continuous function.
It is said to be an asymptotically almost periodic (AAP) function if, for any
unbounded sequence {t,} in IR there exists a subsequence vy of {t,} so that
v is an admissible sequence associated with g(-). ]

The set of all admissible sequences associated with an AAP function g(+)
is denoted as I'(g). As an example, any continuous function g : X — R™,
x +— g(z), has all its limiting functions equal to itself. A function g : IRT x
IR? — IR™ that is continuous and such that g(-,z) is periodic for each fixed
x, has limiting functions which can be written as time-shifting functions gy, :
(t,z) — g(t + to,x) of g(-,-) for some ty > 0.

Lemma 5.28. [286] Suppose that g : IRT x X — IR™ is uniformly continuous
and bounded on IRT x k for every compact k C X. Then g(-,-) is an AAP
function. [ ]

Let f(-,-) and h(-,-) be AAP functions. To the system in (5.33) one asso-
ciates its reduced limiting system

2(t) = fo(t, 2(1))
() = hy (L, 2(1))

The following assumption is made, which is a simplified zero state de-
tectability hypothesis:

(5.34)
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Assumption 10 For any admissible sequence v € I'(f) N I'(h) and any
bounded solution z : IR — X of the reduced limiting system in (5.34) satis-
fying the equation h~(t,z(t)) = 0 for all t > 0, it holds that either the origin
is a w—limit point of z() or z(to) = 0 for some tg > 0. [ |

Let us now recall the KYP property for time-varying systems (this is (4.76)
with the explicit dependence on time):

Assumption 11 There exists a continuously differentiable, positive definite
and proper storage function V : R™ — IRY such that:

OV (2)f(t,z) <0 Vt>0, Ve R"
(5.35)

ht,z) = [2(2)g(t, )], Vt>0, Vo e R"

|
We are now ready for the following proposition:

Proposition 5.29. [286] Consider a system of the form (5.33), with the
output feedback law v = —ky, k > 0. Let Assumption 11 hold, and Assump-
tion 10 hold with the output function h(t,z) = [%—Z(m)[f(t,x),g(t,x)ﬂT. Let
f(G,2) and g(-,-) be both AAP functions. Then the origin of the closed-loop
system is uniformly globally asymptotically stable. Conversely, the uniform
global asymptotic stability implies Assumption 10 when f(-,-) and iL(, -) are
locally Lipschitz continuous, uniformly in t. |

There is in fact a strong link between AAP functions and the condition
of persistency of excitation of a bounded matrix-valued function v : RT —
IRP*9 which states that f:+€ Y(s)T (s)ds > al,, for some € > 0, some o > 0
and all ¢ > 0. The persistency of excitation is a well-known condition which
guarantees the convergence of parameters in adaptive control of linear time
invariant systems, and is consequently a tool which allows to prove the asymp-
totic convergence towards the equilibrium. When h : (t,2) — T (#)z is an
AAP function, the persistency of excitation can be interpreted as a nonzero
property of limiting functions.

5.4.3 Evolution Variational Inequalities

Let us come back on the evolution variational inequalities as in Section 3.9.5.
We consider the linear case, that is a system similar to the system in (3.218)—
(3.222) and its transformed form (3.225). We however consider now the con-
trolled case, i.e.:

(%(t) — RAR™2(t) — RFu(t),v — 2(t)) > 0,Yv € K,, a.e.t >0 (5.36)
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with an output y = Cz + Du= CR ‘2 + Du, K, = {h € R" | (CR™'h +
Du € K}. Remember that R?B = CT. The “input” matrix B is hidden in this
formulation, but we recall that the variational inequality (5.36) is equivalent
to the inclusion

&(t) — Az(t) — Fu € BNk (y(t))
y(t) = Cz(t) + Du (5.37)

yt) e K, Vt>0
via the state transformation z = Rx. We consider a static state feedback
u = Gz. We are therefore back to the case of an output with no feedthrough
term y = (C + DG)r € K and K ={h € R" | CR™'h+ DFGh € K}. The
closed-loop system thus becomes

dz
‘o
There are two steps in the stabilization design:

To render the triple (A + F'G, B,C + DG) positive real
To study the asymptotic stability

(t) — R(A+ FG)R™*2(t),v — 2(t)) >0,Yvo € K, a.e.t >0  (5.38)

One notes that we could also consider an output feedback u = Gy, in which
case the first step would be to test the PRness of the triple (A+ FGC, B,C +
DGC). If F = B and D = 0 the first step can be solved using Theorem 2.64
and involves conditions on the triple (A, B, C).

Lemma 5.30. [82] Let (A+FGC, B,C+DGC) be positive real. If ker[R(A+
FGO)R™'+ RY(A+ FGC)TR N K = {0}, then the trivial solution of the
system

(%(t) — R(A+ FGC)R™'2(t),v — 2(t)) 2 0,V € K, ae. t >0
2(t) e K,t>0
2(0) = Rxzo, R?B=CT (5.39)

K={heR" | CR"'he K}

yt) e K Yt>0
is asymptotically stable. ]

One sees that the output feedback stabilization problem for evolution vari-
ational inequalities of the form (5.36) is consequently more complex than the
usual problem of rendering a system SPR by static output feedback, as it
involves two “input” matrices: F' which is the controller matrix, B which
characterizes the convex set K in which the state z(-) lives.
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5.5 Equivalence to a Passive System

Byrnes, Isidori and Willems [89] have found sufficient conditions for a non-
linear system to be feedback equivalent to a passive system with a positive
definite storage function. See Chapter A for a short review on differential ge-
ometry tools for nonlinear systems. Consider a nonlinear system described
by

K-
—~
~
~—
Il

f(@(t) + g(z(t))u(t), x(0) = w0
y(t) = h(z(t))

Definition 5.31. The system (5.40) is feedback equivalent to a passive system
if there exists a feedback u(x,t) = a(x) + B(x)v(t) such that the closed-loop

system (f(x) + g(z)a(x), g(x)B(z), h(x)) is passive. [

(5.40)

This is an extension to the nonlinear case of what is reported in Sections
3.5 and 2.15.3 (). This is often referred to as the problem of passification of
nonlinear systems [400]. The system has relative degree {1,...,1} at x = 0 if
Lyh(0) = 8}5—&77)9(96”96:0 is a non singular (m x m) matrix. If in addition the
vector field g1(x),..., gm(x) is involutive then the system can be written in
the normal form

(5.41)

where
b(z,y) = Lyh(z)
(5.42)
a(z,y) = Lyh(z)
The normal form is globally defined if and only if

H1: Lyh(z) is non singular for all =

H2: The columns of g(z)[Lyh(z)]~! form a complete vector field

H3: The vector field formed by the columns of g(z)[Lyh(z)] ™! commutes

The zero dynamics describes the internal dynamics of the system when
y = 0 and is characterized by

Define the manifold Z* = {x : h(z) = 0} and

f(z) = f(@) + g(x)u*(x) (5.43)

2 The problem of rendering the quadruple (A, B, C, D) passive by pole shifting is
to find o € IR such that (A + al,, B,C, D) is PR.
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with

u*(2) = ~[Lyh(@)] " Lyh(x) (5.44)

Let f*(z) be the restriction to Z* of f(z). Then the zero dynamics is also
described by

&(t) = f*(z(t)) forall z € Z* (5.45)

Definition 5.32. Assume that the matriz Lyh(0) is nonsingular. Then the
system (5.40) is said to be

1. Minimum phase if z = 0 is an asymptotically stable equilibrium of (5.45),

2. Weakly minimum phase if 3 W*(z) € C",r > 2, with W*(z) positive
definite, proper and such that Ly-W*(z) <0 locally around z =0 [ |

These definitions become global if they hold for all z and H1-H3 above
hold.

Definition 5.33. z° is a regular point of (5.40) if rank{L4h(0)} is constant
in a neighborhood of . ]

Recall that a necessary condition for a strictly proper transfer to be PR
is to have relative degree equal to 1. The next theorem extends this fact for
multivariable nonlinear systems. We will assume in the sequel that rank g(0) =
rank dh(0) = m.

Theorem 5.34. [89] Assume that the system (5.40) is passive with a C?

positive definite storage function V(z). Suppose x = 0 is a regular point.
Then Lgh(0) is nonsingular and the system has a relative degree {1,...,1} at
z=0. ]

Proof: If L,h(0) is singular, there exists u(z) # 0 for = in the neighborhood
N(0) of = 0 such that
Loh(z)u(z) =0

Since rank{dh(x)} = m, for all x € N(0), we have
V(x) = g(@)u(z) # 0

for all z € N(0). Given that the system (5.40) is passive it follows that
L,V (x) = hT(z) so that

L3V (2) = Ly[LgV (2)u(@)] = Ly[u” (2)h(z)]

where
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uT
L futn) = 21,
and
At (@) = |2, 2|
= [%h(x) +ul(z) 2 %h(w) + u” () 2] (5.46)
= hT(x)[g—;‘l, . g—;] + uT(x)[aa—fl, ce 8‘1’1]
= W) + T (@)
Then
LIV (2) = Ly[u” (2)h()]
= hT(z) L u(x) + uT (x) Lyh(x)
(5.47)
= (Lyu(z))"h(z) +u” (z) Ly h(@)
=T (x)h(z)
with

v (@) = (Lyu(@)" +u” (2)L,

Let ¢] (24,) denote the flow of the vector field (), i.e. the solution of £(t) =
v(&(t)) for & = x(tg). Define f(t) = V(¢;(0)). Using Taylor’s Theorem for
n = 2 we have

£(8) = F0) + FOO)t + FO(s),, 2

where 0 < s < t. Note that

f()  =V(e/(0)

FO(t) = 2SO = TGO (e (1)) = L,V (¢7(0) (5.48)

fO() = 2L0¢ = L fO(1) = L2V (67 (0))

Therefore
V(g1(0)) = V(0) + L,V () + L2V(51(0) 5

Given that V(0) = 0 we have
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LV (0) = 2V g(@)u()] 4o
= LyV(2)u(z)]s=0 (5.49)

= hT(0)u(0) =0
Thus 1
V(97(0) = v" (67 (0))A(67(0)) 5t
oh(£)

ah($)g(x)u(x) = 0, for all  and in particular we have =52~ g(§)u(§) =

Recall that s

0 which implies that a%—(f)é =0= h(é)=0= h(f) = a wherea € R is a
constant. Thus h(¢; (0)) = h(0) = 0 and then V(] (0)) = 0 = ¢;(0) =0 =
~(0)) = 0 which is a contradiction. Therefore L,h(0) must be nonsingular. B

Recall that a necessary condition for a strictly proper transfer to be PR is
to be minimum phase. The next theorem extends this fact to general nonlinear
systems. A function V : IR" — IR is non degencrate in a neighborhood of

z = 0 if its Hessian matrix ‘?91‘2/ (z) has full rank n in this neighborhood.

Theorem 5.35. [89] Assume that the system (5.40) is passive with a C?
positive definite storage function V (-). Suppose that either x = 0 is a regular
point or that V(-) is non degenerate. Then the system zero-dynamics locally
ezists at x = 0 and the system is weakly minimum phase. |

Proof: In view of Theorem 5.34 the system has relative degree {1...1} at
xz = 0 and therefore its zero-dynamics locally exists at © = 0. Define the
positive definite function W* = V|z« with Z* = {x : h(z) = 0}. Since
the system is passive we have 0 > L;V(z) and L,V (z) = h”(z). Define
[*(@) = f(z) + g(z)u*(x) and u*(x) = —[Lyh(z)] "' Lyh(x). Thus:

0 Z LfV(x)
= Lp-V(@) ~ LV (@) (2) 550
= Lp-V(z) = BT (2)u* () '
= Lf*V(a:)
along any trajectory of the zero dynamics (h(z) = 0). [ ]

The two theorems above show essentially that any passive system with a
positive definite storage function, under mild regularity assumptions, neces-
sarily has relative degree {1...1} at z = 0 and is weakly minimum phase.
These two conditions are shown to be sufficient for a system to be feedback
equivalent to a passive system as stated in the following theorem.

Theorem 5.36. [89] Suppose © = 0 is a regular point. Then the
system (5.40) is locally feedback equivalent to a passive system with C*?
storage function V() which is positive definite, if and only if (5.40)
has relative degree {1...1} at x = 0 and is weakly minimum phase.




280 5 Stability of Dissipative Systems

This has been extended to the relative degree zero case in [435]. Specifically
one considers systems of the classical form

i(t) = f(2(t) + gle(®)u(t), 2(0) = o

y(t) = h(xz(t)) + j(=(t))u(t)
with z(t) € IR™, u(t) € R™, y(t) € R™, f(-) and g(-) are smooth vector fields,
f(0) =0, h(0) = 0, rank[g(0)] = m. The notion of invertibilty will play a role
in the next result, and is therefore introduced now.

(5.51)

Definition 5.37. The system in (5.51) is invertible at x = 0 with relative
order 1 if

o (i) The matriz j(x) has constant rank m —p in a neighborhood N of z =0
e (ii) If D(z) is a px m matriz of smooth functions such that, for all x € N:
rank[D(z)] = p and D(z)j(x) = 0, then the (m + p) x m matric

has constant rank m for all x € N.

If this property holds for N = IR™ then the system is said uniformly invertible
with relative order 1. |

The following links invertibilty with passivity.

Proposition 5.38. [435] Consider the system in (5.51), let N be a neigh-
borhood of x = 0 and assume that

o (i) j(x) has constant rank m — p for all x € N.

Let D(z) be a p x m matriz the rows of which are linearly independent for
all x € N. Let

and assume that
e (ii) H(x) has constant rank for all v € N.

Suppose that the system is passive with a C? positive definite storage func-
tion V(-). Then there is a neighborhood N C N such that the system is in-
vertible with relative order 1 for all x € N. [ |
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We then have the following proposition on feedback equivalence to a pas-
sive system

Proposition 5.39. [435] Consider a system as in (5.51) and assume that
it satisfies the regularity hypotheses of Proposition 5.38. Then there exists a
reqular static state feedback which locally transforms the system into a passive
system having a C? positive definite storage function, if and only if the system
is invertible with relative order 1 and is weakly minimum phase. ]

The notion of weak minimum phase for (5.51) is similar to that for sys-
tems as in (5.40), except that the input u*(x) is changed, since the output is
changed. The zero-dynamics input is calculated as the unique solution of

j(x)
H(z)u*(z) + =0
Ly[D(x)h(x)]

and is such that the vector field f*(z) = f(x) + g(x)u*(x) is tangent to the
submanifold Z* = {z € N | D(z)h(z) = 0}. The proof of Proposition
5.39 relies on the cross-term cancellation procedure and a two-term Lyapunov
function, so that the results of Section 7.3.3 may be applied to interpret the
obtained closed-loop as the negative feedback interconnection of two dissipa-
tive blocks. Further works on feedback equivalence to a passive system can be
found in [56,99, 130, 156, 161, 236, 303, 414]. The adaptive feedback passivity
problem has been analyzed in [453].

Remark 5.40. Most of the results on feedback equivalence to a passive sys-
tem, relative degree, zero dynamics, are extended to nonlinear discrete-time
systems in [372,374].

5.6 Cascaded Systems

Cascaded systems are important systems that appear in many different prac-
tical cases. We will state here some results concerning this type of systems
which will be used later in the book. Consider a cascaded system of the fol-
lowing form

C(t) = fo(C(1)) + f1(C(8), y()y(t)
&(t) = fz(t) + g(z(t))u(t) (5.52)
y(t) = h(x(t))

The first equation above is called the driven system while the second and
third equations are called the driving system.
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Theorem 5.41. [89] Consider the cascaded system (5.52). Suppose that
the driven system is globally asymptotically stable and the driven system is
(strictly) passive with a C™ , r > 2, storage function V(-) which is positive
definite. The system (5.52) is feedback equivalent to a (strictly) passive system
with a C" storage function which is positive definite. ]

The cascaded system in (5.52) can also be globally stabilized using a
smooth control law as is stated in the following Theorem for which we need
the following definitions. Concerning the driving system in (5.52) we define
the associate distribution [227,381]

D= span{ad’}gi :0<k<n—-1,1<i<m} (5.53)

and the following set

S={zeX: LPL, V(r)=0,forall 7€D, 0<m<r} (5.54)

Theorem 5.42. [89] Consider the cascaded system (5.52). Suppose that the
driven system is globally asymptotically stable and the driven system is passive
with a C" , r > 1, storage function V() which is positive definite and proper.
Suppose that S ={0}. Then the system (5.52) is globally asymptotically stabi-
lizable by the smooth feedback

u'(¢,2) = =Ly, (¢aapU (<) (5.55)
where U(+) is a Lyapunov function for the driven system part of the cascaded
system (5.52). [ |

Some additional comments on the choice of u in (5.55) are given in Sub-
section 7.3.3, where the role of cross-terms cancellation is highlighted. Further
work on the stabilization of cascaded systems using dissipativity may be found
in [101].

5.7 Input-to-State Stability (ISS) and Dissipativity

Close links between passive systems and Lyapunov stability have been shown
to exist in the foregoing sections. This section demonstrates that more can
be said. E.D. Sontag has introduced the following notion of input-to-state
stability (ISS): given a system

&(t) = f(x(t), u(t), =(0)=xo (5.56)

where f(-,-) is locally Lipschitz, f(0,0) = 0, and U is a set of measurable lo-
cally essentially bounded functions from IR" into IR™, one studies the input-
to-state mapping (zo,u(-)) — () and its stability (a notion that will be
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defined next). The material in this section is to be considered as a brief intro-
duction to the field of ISS and is taken from [468,469]. We shall be especially
interested by the relationships with dissipativity, as the reader may expect.

The problem is the following: assume that the equilibrium z = 0 of the free
system z(t) = f(x(¢),0) is globally asymptotically stable. The question is to
determine if this property implies, or is equivalent to: [limy_, 4o u(t) — 0 =
limy 400 2(t) — 0], or to: [u(-) bounded = z(-) bounded |. Equivalence is
known to be true for linear time invariant systems. This is not the case for
nonlinear systems, as the following example proves: @(t) = —z(t) + (z2(t) +
Du(t) with u(f) = (2t + 2)"2. The trajectory which starts at zo = /2 is
given by x(t) = (2t +2)2 which is unbounded, though lim;_, 4 u(t) — 0 and
z(t) = —x(t) is globally asymptotically stable.

Definition 5.43. The system (5.56) is ISS if:

For each g there is a unique solution in CO(IR™, R™)
The map R" x U — CO(IRT, R"), (z0,u) — x(-) is continuous at
(0,0)

e There exists a nonlinear asymptotic gain v(-) of class K so that

lim sup ||z(t, 2o, w)|| < (|| v [|o0)

t——+o0

uniformly on x¢ in any compact set and all w € U.

Continuity in the second item means that for any sequence {zg .} such
that lim,— . Zo,n, = 2o and any sequence {u,} such that lim, 4 un = u,
then the solution x(¢; g n, un) — x(t; xo,u) as n — +o0o0. Then the following
holds:

Theorem 5.44. [468,469] The system (5.56) is ISS if and only if there exists
a class KL-function B(-,-), and two functions vo(+), v1(-) of class K such that

le(t, 20, )] < B(lzoll,6) + 0 ( / 'es—fmnu(s)H)ds) (5.57)

for all t > 0. Equivalently, the system is 1SS if

[|(t, o, w)|| < B([Jzol |, £) + (||ulloc) (5.58)

for some class KL function B(-,-) and some class K function v(-). [ |

Let us now define an ISS-Lyapunov function.
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Definition 5.45. A differentiable storage function V(-) is an ISS-Lyapunov
function if there exists two functions a1(-) and as(-) of class Koo such that

V(@) f(z,u) < ax(|ull) = ax(llz])) (5.59)

for all z € R", uw € IR™. Equivalently, a storage function with the property
that there exist two class-IC functions a(-) and x(-) such that

2]l > x(l[ull) = VVT(2) f(z,u) < —a(]|z|]) (5.60)
holds for all x € IR™ and all uw € IR™, is an ISS-Lyapunov function. ]

One notices that (5.59) means that along trajectories of the system
avor (1) < ay(J|u(t)]|) — aa(]|z(t)]]). One also immediately realizes that (5.59)
is a dissipation inequality (in its infinitesimal form, so that indeed some dif-
ferentiability of the storage function is required). Integrating on any interval
[to, t1] we get that along the system’s trajectories

Vi(x(tr)) — V(z(ty)) < /0 w(u(s), z(s))ds, (5.61)

where the Supply rate w(u7 a;‘) = (| |U,| |) —0(2(| |Z‘| |) The dissipation inequality
(5.61) might be written even if V(+) is not differentiable, using the notion of
viscosity solutions. However, as far as ISS is concerned, the following holds:

Theorem 5.46. [469] The system in (5.56) is 1SS if and only if it admits a
smooth ISS-Lyapunov function. [ ]

This strong result shows that ISS is more stringent that dissipativity. We
recall that smooth means infinitely differentiable.

Ezample 5.47. [468] Consider i(t) = —23(t) + 22(H)ur(t) — z(t)u2(t) +
ug (t)uz(t). When uq and ug are zero, the origin x = 0 is globally asymp-
totically stable. This can be easily checked with the Lyapunov function
V(z) = £ One also has VV7 (2)(—2® + 2%u; — zus + uyug) < —2z*, pro-
vided that 3|ui| < |z| and 3|uz| < 2% This is the case if ||Ju||] < v(]|z]]),
with v(r) = min(j, %) Thus V(z) = 73—22 is an ISS-Lyapunov function with
a(r) = 2r* and x = v~! in (5.60).

Let us now introduce a slightly different property known as the integral
ISS (in short iISS):

Definition 5.48. The system in (5.56) is iISS provided that there exist func-
tions a(-) and y(-) of class Koo, and a function G(-,-) of class KL such that

a([lz(@)]) Sﬂ(llfﬁolI»t)Jr/O Y([[uls)l)ds (5.62)

holds along solutions of the system. |
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An iISS-Lyapunov function is defined as follows:

Definition 5.49. A smooth storage function V (-) is an iISS-Lyapunov func-
tion for the system in (5.56) if there is a function v(-) of class Ko and a
positive definite function o : RT — IR™, such that

V(x(t),u(t)) < —a(llz(@)l]) +~(|lull) (5.63)

for all z(t) € R™ and all u(t) € R™. [ |
Notice that V(z(t),u(t)) = %(f(x(t),u(t)). The fact that (5.63) is a
dissipation inequality (in its infinitesimal form) with supply rate w(z,u) =
—a(||lz(®)]]) +~(]|u||) is obvious. Since every class Ko, function is also positive

definite, an ISS-Lyapunov function is also an iISS-Lyapunov function. But the
converse is not true. Similarly to Theorem 5.46 one has the following:

Theorem 5.50. [/69] The system in (5.56) is 1ISS if and only if it admits
a smooth 1ISS-Lyapunov function. ]

Example 5.51. Let us present an example of a scalar system that is not ISS
but is iISS. Consider

#(t) = —tan"(z(t)) + u(t) (5.64)

s

This system is not ISS because the input u(t) = 7 gives unbounded trajecto-
ries. But it is iISS. Indeed choose V(x) = x tan=!(x). Then
V(x(t),u(t)) < — (tan*1(|x(t)|)2 + 2|u(t)] (5.65)
and consequently this storage function V'(-) is an iISS-Lyapunov function.
More can be said about iISS stability, as the following shows:

Theorem 5.52. The system in (5.56) is iISS if and only if the uncontrolled
system &(t) = f(x(t),0) has a globally asymptotically stable fixed point x =0
and there is a smooth storage function V(-) such that for some function o(-)
of class Koo

V(a(t), u(t) < o(llu(t)])) (5.66)
for all z(t) € R" and all u(t) € R™. [ |

Let us now state a result on ISS in which zero-state detectability (Defini-
tion 5.12) intervenes:

Theorem 5.53. [469] A system is iISS if and only if there exists a continuous
output function y = h(x), h(0) = 0, which provides zero-state detectability and
dissipativity in the following sense: there exists a storage function V(-) and a
function o(-) of class K and a positive definite function a(-) so that

V(z(t),u(t) < o(lu(®)]]) — a(h(z(t))) (5.67)
for all z(t) € R™ and all u € R™. [ |
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The next results may be seen as a mixture of results between the stability
of feedback interconnections as in Figure 5.2, the ISS property, and quasi-
dissipative systems. Two definitions are needed before stating the results.

Definition 5.54. A dynamical system z(t) = f(z(t),u(t)), y(t) = h(z(t)),
with f(-,-) and h(-) locally Lipschitz functions, is strongly finite time de-
tectable if there exists a time t > 0 and a function k() of class Koo such
that for any xo € R™ and for any u € U the following holds:

/OI(uT(S)U(S) +y" (s)y(s))ds > r(l|zol]) (5.68)
|

This property is to be compared to the zero state detectability in Definition
5.17. Roughly, a system that is strongly finite time detectable and starts with
a large initial state, must have either a large input or a large output, or both.
A system that is ZSD in the sense of Definition 5.17 must have a large output
when the initial state is large.

Definition 5.12 <= Definition 5.17 = Definition 5.54 = Definition 5.12

Definition 5.55. [403] The system x(t) = f(xz(t),u(t)), yt) = h(z(t))
is input-to-state ultimately bounded (ISUB), or has input-to-state ultimately
bounded trajectories, if for given a > 0 and r > 0, one has

lz(O)[| <7 and sup,>o [[u(t)]] < a

3
there exist Cy . > 1 such that sup;s [lz(t)|] < Car
(5.69)
and
there exist D > 0 (independent of r) and t,. > 0 (independent of a)
such that sup;s, |[|lz(t)|| < D
|

This definition is closely related to the ISS with respect to a compact
invariant set. However, ISUB implies only boundedness, not stability, and is
therefore a weaker property. The next proposition is an intermediate result
which we give without proof.

Proposition 5.56. [403] Suppose that the system x(t) = f(xz(¢t),u(t)),
y(t) = h(z(t)) has uniform finite power gain, with a locallly bounded radi-

ally unbounded storage function, and is strongly finite time detectable. Then
it is ISUB. ]
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The definition of a finite power gain is in Definition 5.7. Then we have the
following,.

Theorem 5.57. [/03] Suppose that each of the subsystem Hy, and Hs in
Figure 5.2 has the dynamics ©;(t) = fi(xi(t),w;i(t)), yi(t) = hi(xi(t)), i = 1,2,
and s

o Quasi-dissipative with general supply rate w;(u;,y;), with a locally bounded
radially unbounded storage function
e Strongly finite time detectable

Suppose that there exists p > 0 such that the matriz Q, in (5.9) is negative
definite. Then the feedback system is ISUB. [ ]

Proof: From Proposition 5.8 one sees that the feedback system has uniform
finite power gain. Suppose that Vi (-) and Va(-) are locallly bounded radially
unbounded storage functions for H; and Hs respectively. Then Vi (-)+pVa(+) is
a locally bounded radially unbounded storage function of the feedback system.
Let us now show that the feedback system is strongly finite-time detectable.
We have

S (s)r(s) + yE (5)y2(s) + uf (s)ya(s)]ds
> [ uT (s)ur(s) + yT (s)ya(s)lds (5.70)

> w1 ([[z1(0)]])

and
S8 (s)ra(s) + 95 (s)ya(s) + T ()9 ()]s
> ;1 [ud (s)uz(s) + yd (s)ya(s))ds (5.71)

> ra([[x2(0)[])
for some ¢; > 0, t2 > 0, k1(-) and k2(-) € Ko. Combining (5.70) and (5.71)

we obtain
ST (s)r1(s) + 15 (s)ra(s) + w3 ()ya(s) + yT (s)yn ()lds
> glr1([[z1(0)]]) + m2(lz2(0)[])] (5.72)
> fx(max{||z1(0)|], [[z2(0)[[})

where t* = max(t1,¢2), and £.(-) = 2 min{x1(-),51(-)} € Koo. Using Proposi-
tion 5.56, the result follows. [ ]
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The literature on ISS stability is abundant and our objective in this section
was just to mention the connections with dissipativity. The interested reader
should have a look at [469] and the bibliography therein to realize the richness
of this field.

5.8 Passivity of Linear Delay Systems

The above developments focus on particular classes of smooth finite dimen-
sional dynamical systems. Let us investigate another type of systems that
does not fit within these classes, namely time-delayed systems. Stability and
control of linear systems with delayed state are problems of recurring interest
since the existence of a delay in a system representation may induce instabil-
ity, oscillations or bad performances for the closed-loop scheme. In this section
we shall consider the passivity problem of a linear system described by differ-
ential equations with delayed state. The interconnection schemes with passive
systems will be also treated. The proposed approach is based on an appropri-
ate Lyapunov-Krasovskii functional construction. The material presented in
this section follows the analysis given in [377]; see also [291, 380]. The corre-
sponding results may include or not delay information and are expressed in
terms of solutions of some algebraic Riccati equations. The results presented
here can be extended to the multiple delays case by an appropriate choice of
the Lyapunov functional.

5.8.1 Systems with State Delay
Consider the following system

#(t) = Az(t) + Arx(t — 7) + Bu(t)
(5.73)
y(t) = Cul(t)

where z(t) € IR",y(t) € IR?,u(t) € IRP are the state, the output and the input
of the system and 7 denotes the delay. The matrices A € IR"*", 4; ¢ R™*"
and B € IR™™™ are constant. Time-delay systems may be seen as infinite-
dimensional systems. In particular the initial data for (5.73) is a function
¢ : [-7,0] — IR" that is continuous in the uniform convergence topology
(i.e. ||@|| = sup_, << ||@(t)|]). The initial condition is then denoted as x(tg +
) = ¢(0) for all § € [—7,0]. There exists a unique continuous solution [201,
Theorem 2.1] which depends continuously on the initial data (x(0), ¢) in the
following sense: the solution of (5.73) is denoted as

z(t+0)if t+6>0
zy(0) = (5.74)
Pt +0)if —7<t+6<0
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with 6 € [—7,0]. Let {¢n(-)}n>0 be a sequence of functions that converge
uniformly towards ¢(-). Then z,(0) — x(0), and x¢ () converges uniformly
towards ¢ (-). The transfer function of the system in (5.73) is given by G(\) =
CAN—A—A1e7™)71B, with A € p(A+ A1e™7) € € where p(M) ={ € C |
(A, — M) is full rank} for M € R™*™ [178].

The main result of this section can be stated as follows:

Lemma 5.58. If there exists positive definite matrices P > 0 and S > 0 and
a scalar v > 0 such that

I' 2 ATP + PA+ PAS TATP + S < 4CTC
(5.75)
C=BTP

then the system (5.73) satisfies the following inequality:

[ uT (s)y(s)ds > 3 [V (@(t),t) — V(2(0),0)] — 3y [T yT(s)y(s)ds  (5.76)
where

V(z(t),t) = z(t)T Px(t) + f:ﬁT z(s)TSx(s)ds (5.77)

[ |

Remark 5.59. Note that the system (5.73) is passive only if v = 0. Roughly
speaking for v > 0 we may say system (5.73) is less than output strictly
passive. This gives us an extra degree of freedom for choosing P and S in
(5.75) since inequality in (5.75) becomes more restrictive for v = 0. We can
expect to be able to stabilize the system (5.73) using an appropriate passive
controller as will be seen in the next section. Note that for v < 0 the system
is output strictly passive but this imposes stronger restrictions on the system
(see (5.75)).

Proof: From (5.73) and the above conditions we have
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2 [T uT (s)y(s)ds = 2 [ uT (s)C(s)ds
= 2f0 ()BT Px(s)ds

= [JuT(s)BT Pa(s)ds + [, 2(s)T PBu(s)ds
= Jo {(% — Aux(s) — Ava(s — 7)) Pa(s) +
(5.78)
+ 2T (s)P (% — Ax(s) — Ayax(s — 7)) } ds
= Jo { AT _ a()T(ATP + PA)a(s) -

— a(s — 7)T AT Pa(s) — x(s)T PAyx(s — 1)} ds

= Jy {242 — ()T Ta(s) + I(a(s), (s — 7)) } ds
where I" is given by (5.75) and
I(x(t),x(t — 7)) = [STAT Pa(t) —a(t — )] S

x [STTAT Px(t) — x(t — 7)]

Note that V(x,t) is a positive definite function and I(z(t),z(t — 7)) > 0
for all the trajectories of the system. Thus from (5.76) and (5.78) it follows
that:

Jo uT(s)y(s)ds = 5 [V ((t),1) = V(2(0),0)] = § [y« (s)Ix(s)ds

> 5 [V((t),t) = V(x( — 37 [y 2T (s)CT Cax(s)ds
Z—%V( 'yfo s)ds Vt>0
(5.79)
Therefore if v = 0 then the system is passive. ]

5.8.2 Interconnection of Passive Systems

Let us consider the block interconnection depicted in Figure 5.1 where H;
represents the system (5.73) and Hs is the controller which is input strictly
passive as defined above, i.e. for some € > 0

/t ul (s)ya(s)ds > —fF2 + e/t ul'(s)ug(s)ds (5.80)
0 0
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for some B € IR and for all ¢ > 0. Hy can be a finite dimensional linear
system for example. For the sake of simplicity we will consider Hs to be an
asymptotically stable linear system. We will show next that the controller
satisfying the above property will stabilize the system (5.73). From Lemma
5.58, the interconnection scheme and (5.80) we have

Uy =u

1=y (5.81)
U2 = Y1

Y2 = —Uq.

Therefore from (5.76) and (5.80) we have

0= [y ul(s)y1(s)ds + [ ud (s)y2(s)ds
> — 1V (2(0),0) — L[5 yT (s)yr(s)ds — B3 + ¢ [ ud (s)uz(s)ds

> — %+ (e — 39) [y yT (s)ya(s)ds

where 3% = 1V(2(0),0) + 3. If ¢ — 1y > 0 then y; is £5. Since Hy is
an asymptotically stable linear system with an Lo input, it follows that the
corresponding output s is also L. Given that the closed-loop system is com-
posed of two linear systems, the signals in the closed-loop cannot have peaks.
Therefore all the signals converge to zero which means the stability of the
closed loop system.

5.8.3 Extension to a System with Distributed State Delay
Let us consider the following class of distributional convolution systems:

z(t) = Axx(t) + Bu(t)
(5.82)
y(t) = Cu(t)

where A denotes a distribution of order 0 on some compact support [—7,0].
Let us choose

A= A5(0) + Ar6(0 — ) + As(0) (5.83)

where 0(6) represents the Dirac delta functional and Ay(f) is a piece-wise
continuous function. Due to the term As(6) the system has a distributed
delay. For the sake of simplicity we shall consider A5(#) constant. The system
(5.82) becomes

#(t) = Aw(t) + Ayt — 1) + [ Asx(t + 6)d0 + Bu(t)
(5.84)
y(t) = Calt)
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Some details on the well-posedness of such state delay systems are provided
in Section A.6 in the Appendix.

Lemma 5.60. If there exists positive definite matrices P > 0, S; > 0 and
So > 0 and a scalar v > 0 such that

<4CTC (5.85)

{ I(7) 2 ATP 4 PA+ PAST ATP + 8) + 7(PAsS; ' ATP + S)
C =—BTP

then the system (5.84) verifies the following inequality:

Jo u(s)Ty(s)ds = $[V (1) = V(0)] = 37 fy w(s)Ty(s)ds (5.86)
where
V(z(t),t) = z(t)T Px(t) —|—ff LT (s)T'S12(s)ds+
(5.87)
+f ft+0 VI Sax(s)ds)do.
||

Proof: We shall use the same steps as in the proof of Lemma 5.58. Thus
from (5.84) and the above conditions we have

2fg uT(s)y(s)ds = 2f0 (s)Cx(s)ds = 2[0 (s)BT Px(s)ds

= fo s)BT Px(s ds—i—fo (s)PBu(s)ds

= f; 9 _ Ax(s) — Arx(s — 1) —
T (5.88)
— [0 Aga(s + 9)d0} Pa(s)ds+
+ fof z(s)TP{% — Ax(s) — Aya(s —71) —
- fBT Asx(s + 9)d0} ds

We also have
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2 fy T (s)y(s)ds = Ji { G — (o) (ATP + PAYa(s) —
— 2(s = )TAT Px(s) — 2T PAz(s — 1) } ds
— o {7 )P [0, Azu(s + 0)d6 +
+ (S0, a7 (s + 0)ATdo) Pa(s)} ds
= i {5 — a(s)T T (P)als) + Da(als), 25 — ) +

+ L(x(s),z(s +0))} ds

(5.89)
where I'(7) is given by (5.85) and
L(x(t),z(t — 7)) = [ST AT Px(t) — a(t — )] Six
(5.90)
X [SflA{Px(t) —a(t —71)]
L(w(t),a(t +0)) = [°_[Sy AT Pa(t) — a(t + 0)]" Sax
(5.91)

x [S5 T AT Pa(t) — z(t + 0)] do

Note that V(¢) is a positive definite function and Iy (z(t), z(t — 1)) > 0
and Iy(z(t),z(t + 6)) > 0 for all the trajectories of the system. Thus from
(5.85) and (5.87) it follows tha

t

Jo uT(s)y(s)ds = § [V (@(t),1) = V(@(0),0)] = § [y« (s)I'(7)a(s)ds

Y

$[V(x(t),t) — V(2(0),0)] — 1~ fg 2T (5)CT Cx(s)ds

> =3V (2(0),0) = 37 fy y" (s)y(s)ds vt >0
(5.92)
Therefore if v = 0 then the system is passive. ]

Remark 5.61. The presence of a distributed delay term in the system (5.84)
imposes extra constraints in the solution of inequality (5.85). Note that for
7 = 0 we recover the previous case having only a point state delay. Extensions
of the result presented in this section can be found in [413]. Other work may
be found in [15,100,158,192,328,331]. The passification of time-delay systems
with an observer-based dynamic output feedback is considered in [173]. Re-
sults for systems with delay both in the state and the input may be found
in [452]. The stability and Ls-gain of a class of switching systems with delay
with time-continuous solutions have been analysed in [481].
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Remark 5.62. Note also that given that the system (5.84) satisfies the inequal-
ity (5.92), it can be stabilized by an input strictly passive system as described
in the previous section. Furthermore due to the form of the Riccati equation
the upper bound for the (sufficient) distributed delay 7 (seen as a parameter)
may be improved by feedback interconnection for the same Lyapunov-based
construction. Such result does not contradict the theory since the derived
condition is only sufficient, and not necessary and sufficient.

5.8.4 Absolute Stability

Let us end this section on time-delay systems by noting that the absolute
stability problem for systems of the form

#(t) = Az(t) + Bz(t — 7) + Dw(t)
y(t) = Mxz(t) + Nz(t — 1) (5.93)

w(t) = =o(t,y(t))

has been studied in [202], with z(0) = ¢(0) for all § € [—7,0], 7 > 0 is the
constant delay and ¢ : IR x IR™ — IR™ is a static, piecewise continuous in #
and globally Lipschitz continuous in y nonlinearity. This nonlinearity satisfies
the sector condition [p(t,y(t)) — K1y(t)]T[o(t, y(t)) — Kay(t)] < 0 where K
and K5 are constant matrices of appropriate dimensions and K = K; — K»
is symmetric positive definite. One says that the nonlinearity belongs to the
sector [K1, K3]. The following result holds:

Proposition 5.63. [202] For a given scalar 7 > 0, the system (5.98) is
globally uniformly asymptotically stable for any nonlinear connection in the
sector [0, K| if there exists a scalar € > 0, real matrices P >0, Q >0, R >0
such that

ATP+PA+Q—-R PB+R PD-cMTKT rATR

(PB+ R)T -Q—-R —eNTKT 7BTR
<0 (5.94)
(PD — eMTKT)T (—eNTKT)T —2el,, DTR
(TATR)T (rBTR)T (tDTR)T —R
|

Other works on absolute stability of time-delay systems can be found in
[53,159,204,295,298,299,411,464,537].
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5.9 Nonlinear H., Control

In this section we first briefly recall basic results on H, control of linear time
invariant systems, then a brief review of the nonlinear case is done. We finish
with an extension of the finite power gain notion. It has already been seen in
the case of linear time invariant systems that there exists a close relationship
between bounded realness and positive realness; see e.g. Theorem 2.23. Here
we investigate similar properties starting from the so-called Bounded Real
Lemma.

5.9.1 Introduction

Let us recall that the input/output mapping v — y = H(u) of a linear time
invariant system (A4, B,C) with stable transfer function H(s) has the Ho
norm equal to

s _ "
Hlo = sup WOM o () = sup WDl
usiets uls)llz e R MIIOIE

(5.95)

where Hj is the Hardy space of functions € — C™ analytic in Re(s) > 0,

+oo . “+o0o
Lf(s)l]2 = \/% Joo N Gw)lPPdw = [Ifll2 =/ Jy — If(#)][2dt < +oo, by Par-
seval’s equality, provided f € Ly(IR'). Thus the H,, norm exactly corre-

sponds to the Lo-gain of the said operator, and its nonlinear extension corre-
sponds to having

t t
/ yT (T)y(r)dr < 72/ ul (T)u(r)dr (5.96)
0 0
for all t > 0. Let us recall the following, known as the Bounded Real Lemma:
Lemma 5.64 (Bounded Real Lemma). Consider the system ©(t) = Ax(t)+

Bu(t), y(t) = Cxz(t). Let (A, B) be controllable and (A, C) be observable. The
following statements are equivalent:

[H|lo <1
The Riccati equation ATP + PA+ PBBTP + CTC = 0, has a solution
P>0 ]

The Strict Bounded Real Lemma is as follows:

Lemma 5.65 (Strict Bounded Real Lemma). Consider the system (t) =
Ax(t) + Bu(t), y(t) = Cx(t). The following statements are equivalent:

o A is asymptotically stable and ||H||oo < 1
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There exists a matriz P > 0 such that ATP+ PA+ PBBTP+CTC <0
The Riccati equation ATP + PA+ PBBTP + CTC = 0 has a solution
P >0 with A+ BBT P asymptotically stable |

The Strict Bounded Real Lemma therefore makes no controllability nor
observability assumptions. In order to make the link with the bounded realness
of rational functions as introduced in Definition 2.24, let us recall that a
transfer function H(s) € C™*™ is bounded real if and only if all the elements
of H(s) are analytic in Re(s) > 0 and ||H||s < 7, or equivalently v21,, —
H*(jw)H (jw) > 0 for all Re(s) > 0, v > 0. We have only replaced the
upperbound 1 in Definition 2.24 by v. The transfer function H(s) is said to
be strictly bounded real if there exists € > 0 such that H(s — €) is bounded
real. It is strongly bounded real if it is bounded real and v2I,, — DDT > 0,
where D = G(00).

The extension of the above lemmas to the relative degree 0 case where a
direct feedthrough matrix D # 0 exists is as follows:

Lemma 5.66. The transfer matriz H(s) = C(sl,, — A)~"*B+ D of the system
(A,B,C, D) is stable and has an Hoo-norm ||H||s < 7y if and only if there
exists a matriz P = PT > 0 such that

ATP+PA PB (T
BTP —~I,, DT| <0 (5.97)

C D —I,
|

From Theorem A.61 and the LMI (5.97) one is able to recover a Riccati
inequality. We first notice that the inverse of the negative definite matrix
—~1I,, DT
D= is equal to
D -1y

(—=vIm + 2DTD)~t DT(DDT —~21,,)~?
D' =
D(D"D —+*L,)"  (1DD" —4I,)"!

Notice that in particular one has —2I,, + DTD < 0 (& 4%I,, — DTD > 0)
and —v21I,,, + DDT < 0, still using Theorem A.61 applied to D < 0. This
indeed secures that the terms in D~! are defined. One then calculates the
following identities:
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DT(DDT _ ,YQITn)—l — (DTD _ ’}/QIm)_lDT
(—’yQIm + DDT)le = D(DTD — ’)/QIm)f1 (5.98)

V(DDT = 42L) ™t = D(DTD = L)~ = I

From Theorem A.61 we can rewrite the LMI as

- T
ATP+ PA—(PB CT)D™! (BCP> <0,
P = PT > 0. After some manipulations and using the above identities one
gets

ATP+ PA— (PB+CT"D)D'D —~*I1,,) Y (B"P+DTC)+CTC <0

This Riccati inequality tells us that the system is dissipative with respect
to the Ho, supply rate w(u,y) = v?uTu —yT'y. This can be checked using for
instance the KYP Lemma 4.87 with the right choice of the matrices @, R and
S. Using Theorem A.61 one can further deduce that the Riccati inequality is
equivalent to the LMI: find P = PT > 0 such that

ATP+PA+CTC PB+CTD
<0 (5.99)
BTP+DTC DTD-~I,

The equivalence between the LMI in (5.97) and the LMI in (5.99) can be
shown using once again Theorem A.61, considering this time the Schur comple-
ment of the matrix —vI,, in (5.97). We therefore have shown the equivalence
between two LMIs and one Riccati inequality which all express the Bounded
Real Lemma. We once again stress the fundamental role played by Theorem
A.61. The main result of this part is summarized as follows.

Let v2I,, — DTD > 0. The existence of a positive definite solution
P = PT to the ARI

ATP+PA+(BTP+DTC) (41,,— D' D)"Y (BT P+-DTC)+CTC < 0

implies that the system (A, B, C, D) is strictly dissipative with respect

to the supply rate y?u”u—y"y, which in turn implies that ||H||s < 7.

Letting D — 0 and v = 1 one recovers the Riccati equation for (A4, B, C)
in Lemma 5.65. The following results hold also true and somewhat extend the
above:
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Theorem 5.67. [99] Let (A, B,C, D) be a minimal realization of the transfer
function H(s) € C™*™, with input y(-) and output y(-). Then the following
statements are equivalent:

H(s) is strictly bounded real
H(s) is exponentially finite gain, i.e.

/ eXp(ET)yT(T)y(T)dT < WQ/IGXP(ET)UT(T)U(T)CIT
0 0

for all t > 0 and some ¢ > 0
e There exists matrices P = PT >0, L € R"*?, W € IRP*™ and a scalar
€ > 0 such that

ATP 4+ PA+eP+CTC+LLT =0
PB+CTD+LW =0 (5.100)
V2L — DTD — WIW =0

Furthermore H(s) is strongly bounded real if and only if there exists P =
PT >0 and R = R™ > 0 such that

ATP+PA+(BT"P+DTC)T (4*I,,— D" D)"Y (B"P+DTC)+ R =10 (5.101)
|

From Proposition A.63 the set of equations in (5.100) is equivalent to the
LMI

ATP4+ PA+eP+CTC PB+CTD
<0

DTC + BTP DTD — 421,
Similarly the next theorem holds that concerns positive realness.

Theorem 5.68. [99] Let (A, B,C, D) be a minimal realization of the transfer
function H(s) € C™ ™, with input y(-) and output y(-). Then the following
statements are equivalent:

o H(s) is strictly positive real
e H(s) is exponentially passive, i.e. fg exp(er)u” (T)y(r)dr >0, for allt > 0

e The conditions of the Lefschtez-Kalman-Yakubovich Lemma 3.8 in (3.23)
are satisfied
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Furthermore H(s) is SSPR if and only if there exists P = PT > 0 and
R = RT > 0 such that

ATP+ PA+(BTP-O)'(DT" + D)"Y (B"P-C)+R=0 (5.102)
|

The Riccati equations in Theorems 5.67 and 5.68 can be deduced from
Lemma A.62. Notice that the Riccati equations are not identical from one
theorem to the other, since the considered supply rates differ: the first
one concerns the H., supply rate, while the second one concerns the pas-
sivity supply rate. The exponential dissipativity can also be expressed via
the existence of a storage function and the dissipation inequality is then
exp(et)V (z(t))—V (z(0)) < fg‘ exp(er)u” (7)y(r)dr, for all t > 0. If V(-) is con-
tinuously differentiable, then the infinitesimal form of the dissipation inequal-
ity is V(x(t)) + eV (z(t)) < uT(t)y(t) for all t > 0. Another definition of expo-
nential dissipativity has been introduced in [156], which is strict passivity (Def-
inition 4.51) with the storage functions that satisfy aq||z||? < V(x) < ag|z||?
and asl|z||? < S(x) for some a; > 0, as > 0, a3 > 0. Such a definition
was motivated by a result of Krasovskii [263]. If a system is exponentially
dissipative in this sense then the uncontrolled system is exponentially sta-
ble. The definition in Theorem 5.68 is more general since the exponential
dissipativity implies the strict dissipativity: in case the storage function satis-
fies a1 ||z]|? < V(x) < az||z||? then the second condition is also satisfied with
S(z) = V(x). The exponential finite gain property has been used in [481,539]to
study the stability of switched systems with delay and time-continuous solu-
tions.

Notice that the material presented in Section 3.8.3 finds application in the
H, problem, via the so-called four-block Nehari problem. This may be seen
as an extension of the Bounded Real Lemma; see [224, Lemma 2, Theorem
3]. Further results on Ho, control in the so-called behavorial framework, may
be found in [491].

Remark 5.69 (Finite L£,-gain). A system has a finite £,-gain if it is dissipative
with respect to a supply rate of the form
w(u,y) = 7||ul[” = d]ly||” (5.103)

for some v > 0, § > 0. It is noteworthy that such supply rates satisfy the
condition 2 in Lemma 5.13 in a strong sense since w(0,y) < 0 for all y # 0.

The paper [305] concerns the standard Ho, problem and relationships be-
tween LMI, ARE, ARI, and is worth reading.
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5.9.2 Closed-loop Synthesis: Static State Feedback

Let us make an aside on the problem of designing a feedback u(t) = v(t) +
Kx(t) applied to the linear time invariant system

z(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t) (5.104)

x(0) = xo

so that the closed-loop system is dissipative with respect to the supply rate
w(v,y) = v Ru — y* Jy. Such systems, when they possess a storage function
2T Pz, are named (R, P, J)—dissipative [478]. The feedback gain K has to be
chosen in such a way that the closed-loop system (A+ BK, B,C + DK, D) is
(R, P, J)—dissipative. This gives rise to the following set of matrix equations:

ATP + PA+CTJC = KTRK
PB+CTJD=—-KTR (5.105)

DTJD =R

A suitable choice of the matrices P, R and J allows one to obtain several
standard one-block or two-block results, to which Riccati equalities corre-
spond. This is summarized as follows, where the dimensions are not given
explicitly but follow from the context. The notation y = z means that the

signal y is split into two subsignals, one still called the output y, the other
one being the input u. The following ingredients (LMI and Riccati equalities)
have already been seen in this book, under slightly different forms. This is once
again the opportunity to realize how the supply rate modifications influence
the type of problem one is solving.

_ly | C 10 | Im O . .
° Lety—[u],C—{O},D—{IMJ,J—{O R . The matrix R in J and

R in (5.105) are the same matrix. With this choice of input and matrices
one obtains from (5.105) the standard LQR Riccati equation. Indeed one
gets

ATP 4+ PA+CTC = KTRK
(5.106)
BTP = —RK

with R >0, J >0, P > 0. If R > 0 then one can eliminate K to get the
Riccati equation

ATP+ PA+CTC—-PBR'BTP=0 (5.107)
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. Letyz{i}C’:{g},D:[ID},J:[I(T)"IO . This time one gets

the normalized coprime factorization problem, still with J > 0, P > 0,
R > 0. From (5.105) it follows that

ATP 4+ PA+CTC = KTRK
PB+CTD=—KTR (5.108)

DD +1I,=R

If R > 0 then both R and K can be eliminated and we obtain the normal-
ized coprime factorization Riccati equation

AT P+PA+CTC—(PB+CTD)(I,,+D" D)"Y (BT P+DTC) =0 (5.109)

Let y = [Z], C = [g], D = [}:J, J = [I(’)” _’Yg-[m:|. We obtain the

Bounded Real Lemma, and (5.105) becomes
ATP+ PA+CTC=KTRK
CT'D+ PB=-KTR (5.110)

R=D"D —+2I,,
If v is such that R < 0 and P > 0, one can eliminate R and K from the
above and obtain the Bounded Real Lemma Riccati equality

ATP+PA+CTC+(PB+CTD)(v*I-D* D)~ (BT P+D*C) =0 (5.111)

Let y = Lﬂ,cz {g},Dz [ID],J: —L.O Ién].We obtain the

Positive Real Lemma, and (5.105) becomes the set of equations of the
KYP Lemma, i.e.

ATP + PA=KTRK
CT - PB=KTR (5.112)

R=—(D+ D7)

One has R < 0 and it is required that P > 0. If the matrix D + D7 is
invertible, then one can eliminate both R andf K to obtain the Positive
Real Lemma Riccati equation

ATP4+PA+CTC+ (PB-C)D'D) " (BTP-C)=0  (5.113)
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L R e KR R

B = [B; Bs]. With such a choice we obtain the Hy, full information
problem. In this problem P > 0. If D12 = 0 then (5.105) becomes:

ATP 4 PA+CTC = [KT KR [?]
2
K] _ ([Bf D},
R{KQ] = <[BQT]P+[ o |© (5.114)
DI,Dy; 0
R =
0 _’YQIm

A system that is dissipative with respect to this choice of the supply rate
is called J—dissipative. For more details on the J—dissipative approach
and its application in H.,—control, one is referred to [397].

5.9.3 Closed-loop Synthesis: PR Dynamic Feedback

The problem that is of interest here, and which is in a sense of the same
nature as the problem treated in Section 3.8.5, is about the design of a robust
controller that is also PR. Let us consider the dynamical system

&(t) = Az(t) + Biw(t) + Bau(t)
Z(t) = Cll‘(t) + Dlgu(t) (5115)

y(t) = Cax(t) + Darw(t)
The signal u(-) is the controller, w(:) is a disturbance. Let us denote
Hi(S) = Ci(SIn — A)_lBj + Dij7 S € C. Since D11 = 0 and DQQ = O,
the transfer matrices Hii(s) and Haz(s) are strictly proper. In a compact

notation one has
(20) = o (1) )

with H(s) = (g;) (sI, — A)~"Y(By Ba) + Dom D012

the control task is to construct a positive real controller with transfer matrix
K (s) such that

). The objective of

1w (8)lloc = [|H11(s) + Hi2(8) K (5) (I — Ha(5)K (5)) ™" Hau ()]l <y
(5.117)
for some v > 0. Some assumptions are in order:
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Assumption 12 e (i) D13 = Day = 0.
o (i) The pair (A, By) is stabilizable, the pair (A, C1) is detectable.
o (iii) The pair (A, B2) is stabilizable, the pair (A, Cy) is detectable.
o (iv) DL, (Cy Di2) = (0 R) with R invertible.
o (v) (DB;) DI = (;37 with N invertible. [ |
Assumptions (ii) and (iii) will guarantee that some Riccati equations in
(5.120) and (5.121) possess a solution, respectively. Assumptions (iv) and (v)
concern the exogeneous signal w(-) and how it enters the transfer H(s): w(-)
includes both plant disturbances and sensor noise, which are orthogonal, and
the sensor noise weighting matrix is nonsingular. Assumption (iv) means that
Cix and D1su are orthogonal so that the penalty on z = Cyx + D12u includes
a nonsingular penalty on the control .
Let us disregard for the moment that the controller be PR. We obtain the
so-called central controller

K(S) = _FC(SIn - Ac)ilchc (5.118)

where the various vectors and matrices satisfy
(7/) Ac =A+ ’772B1B¥1Pc + B2Fc + ZchCQ

(i) F.=—R'BIP,

(5.119)
(i#i) Lo = —Y,CT N~
(Z’U) Zc = (Im - ’772chPc)71

with P. = PT >0, Y, = Y > 0, p(Y.P.) < 72, and these matrices are
solutions of the Riccati equations

ATP, + P.A+ Py ?B,Bl — BoR™'BI|P.+CfCy =0 (5.120)

and

ATY, + Y. A+ Y. [y 2CiCf —CoNTICTY. + BI B, = 0. (5.121)

The next step is to guarantee that the controller is PR. To this end an
additional assumption is made:

Assumption 13 e The triple (A, By, Co) satisfies the assumptions of The-
orem 3.29.

o The transfer matriz Haz(s) is PR, equivalently there exists P = PT > 0
and Q = QT > 0 such that ATP+ PA+Q =0 and BI P = Cs.
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Proposition 5.70. [238] Let ByBT = P~1QP~! — y2P-1CTCi P71 +
CoN~ICY, and N = R. Then the controller transfer matriz —K(s) given
in (5.119) through (5.121) is PR if

Qr=CTCy — (V7' =4 2P.Y.P.)BR'Bf (Y. ! =y ?P.Y.P.)—
—y?ATP.P.A — 4 Y. P.P.Ye~
—v?*P(In — vy 2YP)B1 BT (I, =y 2P.Y.) P+ (5.122)
HZ TP+ Y, DI BoR'BY(Z-TP. + Y, 1)+
+(AP. + YP.)T(AP. + YcP.) + v SP.Y.P.B\ Bl P.Y.P.
is positive definite. [ ]

Proof: The proof consists of showing that with the above choices of By and
of the matrix @, > 0, then there exists P, = PTT >0 and Q. = QZ > ( such
that

AP+ P A+ Q. =0 (5.123)

and

CyY.Z'P, = BI P, (5.124)
where in fact Q. = Q,. The fact that Cy = B P implies that

BYpY, (1, —~72P.Y.)"'P, = BIP, (5.125)

A solution to this equation is given by

PY.Z'P. = P. (5.126)

Now let us consider

(i) Ye=P"
(5.127)
(i) P = Z;TPC
We can remark that

P.=2TP.= (I, — vy ?P.Y.)P.
(5.128)
=P, -~y %PY.P.=PT

and that Y. = P~1 is a solution of equation (5.121), i.e.
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AP7Y 4 Pp71AT P (y2CTCy - CINTICy) P  + BB =0 (5.129)
Indeed let us pre- and postmultiply (5.129) with P. This gives

PA+ ATP 4+ ~72CTCy — CIN"'Cy + PByBTP =0 (5.130)

The choice made for By B reduces (5.130) to the KYP Lemma Equation
ATP + PA+ @Q = 0. This shows that Y. = P~! is a solution of equation
(5.121). Now inserting (5.119)(i), (5.122) and (5.127)(ii) into (5.123) reduces
this equation to (5.120). This proves that the above choices for 4., P, @,
guarantee that (5.123) is true with Q. = @,. In other words we have shown
that with the choices for the matrices A., P, and @, the KYP Lemma first
Equation (5.123) is satisfied as it reduces to the KYP Lemma equation AT P+
PA + @ = 0 which is supposed to be satisfied. The second equation is also
satified because BI P = C5 is supposed to hold. [

Let us end these two subsections by mentioning the work in [20,21] in
which the H., problem is solved with a nonsmooth quadratic optimization
problem, making use of the same tools from nonsmooth analysis that we saw
in various places of this book (subderivatives, subgradients). The Bounded
Real Lemma has been extended to a class of nonlinear time-delayed systems
in [15]; see also [378,379] for details on the Ho, control of delayed systems.
Other, related results, may be found in [430] using the y—PRness property
(see Definition 2.61). A discrete-time version of the Bounder Real Lemma is
presented in [470].

5.9.4 Nonlinear H

A nonlinear version of the Bounded Real Lemma is obtained from (4.81) (4.82)
setting Q = —1I,,, S =0, R = ¥21,,,. One obtains

R(z) =9I — jT(2)j(x) = WT (2)W (x)
1gT(2)VV (2) = =57 (x)j(z) — WT(2)L(x) (5.131)

VVT(2)f(x) = —hT(2)h(z) — LT () L(x)

V(z) >0, V(0)=0

which we can rewrite as the LMI
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. . T
VVT () f(x) + h" (@)h(z) [597 (x)VV (2) + 57 (2)(2)]

397 (@)VV (x) + j7 (x)j(x) L 457 ()5 (2)
(5.132)

From (5.132) one easily gets a Hamilton-Jacobi inequality that is a general-
ization of the above ones, using Proposition A.63.

Let us now pass to the main subject of this subsection. Given a plant of
the form

&(t) = A(z(t)) + Bi(z(t))w(t) + Ba(x(t))u(t)

z(t) = C1(x(t) + Dra(z(t))u(t)

(5.133)
y(t) = Co(x(t)) + Do (x(t))w(t)
z(0) = xg
with A(0) = 0, C1(0) = 0, C2(0) = 0, Ca(-) and Dy (+) are continuously dif-
ferentiable, the nonlinear H,, control problem is to construct a state feedback

¢(t) = a(¢(1)) +b(C())y(t)

u(t) = c(C(1))

with continuously differentiable a(-), b(-), ¢(-), a(0) = 0, ¢(0) = 0, dim({(t)) =
[, such that there exists a storage function V : IR™ x R' — R* such that

(5.134)

V(x(t1),C(t1)) — V(z(to),((to)) < /t 1{72wT(t)w(t) = 2T (t)=(t)}dt (5.135)

for any ¢1 > tp, along the closed-loop trajectories. The controller u(-) may be
static, i.e. u = u(z). One may also formulate (5.135) as

/ L)) dt < A2 / T () + Aato) (5.136)

to to

for some non negative function 3(-) with 5(0) = 0.

Theorem 5.71. Let By(-) and Ba(-) be bounded, all data in (5.133) have
bounded first derivatives, szDlg = I, Dnggl = 1I,;, D21 and D13 be con-
stant. Consider the state feedback u(x). If the closed-loop system satisfies
(5.136) there exists a storage function V(x) > 0, V(0) = 0, such that the
Hamilton-Jacobi equality
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VV(2)(A(z) — B2(2)Ci(x)) — 5VV(2)[Ba2(2) B () — v*B1 (2) BY (2)]VV" (x)

—|—%01T(I— Dlngz)Cl(a:) =0

(5.137)
is satisfied, where the function V(-) may be continuous but not differentiable
so that the PDE (5.137) has to be interpreted in the viscosity sense. Con-
versely, if (5.137) has a smooth solution V(x) > 0 for x # 0, V(0) =0, then
the state feedback controller u(x) = —(DI,Cy(x) + BE (2)VVT (x)) makes the
closed-loop system satisfy (5.136). The stability of the closed-loop system is
guaranteed provided that the system

i(t) = A(z(t)) + Ba(a(t))u(z(t)) + By (x(t))w(t)
(5.138)
z(t) = C1(x(t)) + Dra(z(t))u(x(t))

is zero state detectable. [ |

Much more material can be found in [33,129,288,397] and the books
[257,442]. Extensions of the strict Bounded Real Lemma 5.65 to the nonlinear
affine in the input case, where storage functions are allowed to be lower semi
continuous only, has been proposed in [233].

5.9.5 More on Finite-power-gain Systems

We have already introduced the notion of finite power gain in Definition 5.7.
Here we refine it a little bit, which gives rise to the characterization of a
new quantity (the power bias) with a partial differential equality involving a
storage function. The material is taken from [129]. In particular an example
will show that storage functions are not always differentiable and that tools
based on viscosity solutions may be needed. We consider systems of the form

a(t) = f(x(t) + g(x(t))u(t)

y(t) = h(z(t) +j(x(t))u(t)
with the usual dimensions of vectors, and all vector fields are continuously
differentiable on IR". It is further assumed that ||g(z)||ec < +00, ||J(7)||co <

~+00, and that %(m), %(x), %(x), %(x) are (globally) bounded.

(5.139)

Definition 5.72. The system (5.139) has finite power gain < ~ if there exists
finite non-negative functions A : R™ — IR (the power bias) and 3 : R" — IR
(the energy bias) such that
t t
/ yT (s)y(s)ds < 72/ u” (s)u(s)ds + \(z)t + B(z) (5.140)
0 0

for all admissible u(-) (here u € La,), allt >0 and all z € R". [ |
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The presence of the term A(z)t may be explained as follows: defining the
norm

s = \/“mtiipw & [ vremtsas) (5.141)

and dividing both sides of (5.140) by ¢ and letting ¢ — 400 one obtains

1yl rp < 7?Mullrp + A2) (5.142)

It is noteworthy that (5.140) implies (5.142) but not the contrary. Moreover
the link between (5.140) and dissipativity is not difficult to make, whereas it
is not clear with (5.142). Since (5.142) is obtained in the limit as t — 400,
possibly the concept of ultimate dissipativity could be suitable. This is why
finite power gain is defined as in Definition 5.72.

Proposition 5.73. [129] Any system with finite power gain < v and zero
power bias has an Lo—gain < 7. Conversely, any system with Lo—gain < ~y
has a finite power gain with zero power bias. ]

From (5.140) let us define the quantity

¢(t,x) = sup {/0 (" (s)y(s) — v*ul (s)u(s))ds | $(0)=$} (5.143)

uELo e

This represents the energy that can be extracted from the system on [0, ¢].
It is non decreasing in ¢ and one has for all ¢ > 0 and all z € IR™:

o(t,z) < Ma)t + B(z) (5.144)

Definition 5.74. The available power A\, (x) is the most average power that
can be extracted from the system over an infinite time when initialized at x,
i.e.

Ao(z) = lim sup {M} (5.145)

t——too t
|

Proposition 5.75. [129] Suppose that the system has finite power gain < 7y
with power bias and energy pair (A, 3). Then the available power is finite, with
Aa(2) < A(z) for all x € R™. [ |

One realizes that the framework of finite power gain systems tends to
generalize that of dissipative systems.
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Ezample 5.76. [129] Consider the scalar system #(t) = ax(t) + bu(t), y(t) =
c(z(t)), where ¢(-) is a saturation

—ceifz < —e
clx) =< cx if|z| <e (5.146)

ce ifxz>e

For this system one has

e (6232 —72) ify <] %]
Ao = (5.147)
0 if y > ||

The power gain v* = inf {v > 0 | (5.140) holds} thus depends on the
power bias:

|L|Ve2e2 — Xif A € [0,c%€?)
v = (5.148)
0 if A € [c?€2, +00)

We are now going to characterize the property of finite power gain through
a partial differential equation, similarly to what has been developed in Section
4.6.

Theorem 5.77. [129] Let the system in (5.139) satisfy

i (@)j(x) = 7 Im <0 (5.149)

Suppose that the system has finite power gain < . Then there erists a
finite viscosity solution pair (N, V') of the partial differential inequality

H(z,VV(z)) <A (5.150)
where H(z,p) = max, . pm H(x,p,v) and
H(z,p,v) = p" (f(2)+g(x)v)+(h(z)+j(2)0)" (h(z)+j(z)v) —7*vTv (5.151)

Conwversely, if there is a viscosity solution pair (A, V') to the partial dif-
ferential inequality in (5.150), then the system has finite power gain < -y.
If V(-) is continuously differentiable, the worst case disturbance is given by
v* = argmaz, . pm H(z, VV (2),v). [ |

The following may be useful for calculations:
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Theorem 5.78. [129] Suppose there exists a Lipschitz continuous solution
pair (A, V') of the partial differential equality

H(z,VV(x)) =\ (5.152)

Then the power bias X\ is minimal, i.e. A, = A and is consequently unique.
| |

Example 5.79. Let us continue with the above example. The system is scalar,
so that the partial differential equality (5.152) reduces to a quadratic in
VV (z). One may compute that for v > 2|

2 2 .
= (1 — /1 —p?) if |z| < e

V() =
5 2 210 2 .2 +y/T2—p2e2 \ .
_2faz® | o ;lel 22 — 22 — 15 log (”” W) if |z| > €

b2 6+6\/17},L2
(5.153)
where pu = |%|, and for v < ||:

—’72;2732 - %\//ﬂ -1 (|;v|\/e2 — 22 + €% arcsin (@)) if |z] < e

Viz) =

2 2 2(11' 2(162 x Tr<—e€
2
-/ -1 if |[z| > €
(5.154)

It is expected from these expressions that the function V' (z) may not be
differentiable everywhere, so that viscosity solutions have to be considered.

Let us end with a generalized version of the small gain theorem.

Theorem 5.80. [129] Consider a feedback interconnection as in Figure 5.2.
Suppose that the subsystems H1 and Hs are both causal and with finite power
gain < v1 and 2, respectively, and power bias A1 and Ao, respectively. If
mye < 1 then for all inputs ||r1||fp < 4+00 and ||r2||fp < 400, the closed-
loop interconnection is stable in the sense that ||ui||fp < +00, ||us||fp < +00,
Ny1llfp < 400, ||y2]|p < 400, where the norm || - ||fp is defined in (5.141). ®

5.10 Popov’s Hyperstability

The notion of hyperstable system has been introduced by Popov in 1964
[405,409]. It grew out of the concept of absolute stability which was reviewed
in Section 3.9. Let us consider the system
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z(t) = Ax(t) + Bu(t)

(5.155)
y(t) = Cz(t) + Du(t)
and the quadratic functional
. t QS x(s)
7(0,t) = [xT(s)Aa:(s)}O +/ [T (s) u” (s)] ds  (5.156)
0 ST R u(s)

for all ¢ > 0. It is assumed that (A, B) is controllable.

Definition 5.81. The pair (5.155) (5.156) is hyperstable if for any constant
v>0,6 >0, and for every input u(-) such that

n(0,6) <72 +3 sup [la(m)ll, V=0 (5.157)

0<r<t

there exists a k € IRT such that

Le()I] < k(y + 6+ [[2(O)]]), ¥¢>0 (5.158)
Moreover if lim;—, 40 ||(t)]| = O the pair (5.155) and (5.156) is asymp-
totically hyperstable. ]

Definition 5.82. The pair (5.155) and (5.156) has the minimal stability
property if for any initial condition x(0) there exists a control input wm,/(+)
such that the trajectory of (5.155) satisfies

o T s Jo(t)]] = 0
e 17(0,t) <0, forallt >0 u

The following theorem is taken from [145], and generalizes the results
in [13,223,276,277].

Theorem 5.83. [145] Suppose that the pair (5.155) and (5.156) has the
manimal stability property. Then the pair (5.155) and (5.156) is

e Hyperstable if and only if the spectral function

(s) = [B" (—=sl, — A")™" ] {SC?T ]SJ (5.159)

18 nonnegative

o Asymptotically hyperstable if this spectral function is nonnegative and
II(jw) >0 for allw € R [ |
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It is worth recalling here Proposition 2.31, Theorem 3.46, as well as the
equivalence at the end of Section 3.8.6 between the spectral function positivity
and the KYP Lemma set of equations solvability.

Proof: Let us prove the first item of the Theorem.
Hyperstability implies positivity:

Let us consider the Hermitian matrix

Q S (sI, — A)~!
Y(s) =[BT (s, — AT)™! I,
ST R+ (s+35)A 1,

(5.160)
and let us prove that X > 0 for all Re[s] > 0 is implied by the hyperstability.
Indeed suppose that for some so with Re[so] > 0, X(sg9) < 0. Then there
exists a nonzero vector ug € C™ such that u§X(so)ug < 0. For the input
u(t) = ugexp(sot) with the initial data x(0) = (sol,, — A)~*Bug, one has
z(t) = (sol, — A)"1Bugexp(sot). Clearly ||z(t)|| is increasing with the same
rate as exp(Re[sg]t), and it cannot satisfy an inequality as (5.158). On the
other hand the constraint (5.157) is satisfied since for all t > 0 one has 1(0,t) =
ud X (s0)uo fg exp(rRe[so]7)dr < 0. Consequently X(s) is Hermitian positive
for all s with Re[s] > 0. By continuity one concludes that IT (jw) = X(jw) > 0
for all w € R.

Positivity implies hyperstability:

Take any symmetric matrix G and notice that the functional in (5.156) can
be rewritten as

t Q-ATG-GA S—-GB
90,0 =7 (4 + G+ [ 17 ] HE
0 ST — BT@ R "
(5.161)
If one considers the matrix G = P, that is the maximal solution of the
KYP Lemma set of equations (see e.g. the arguments after Proposition 4.48),
then

1(0,8) = [27 (A + Pz /||)\* ) + vru(r)||dr (5.162)

for some A* and v*. Let u,,(-) be an input which renders 7(0,¢) < 0, in-
troduced via the minimal stability assumption. If x,,(-) is the corresponding
state trajectory with initial condition z,,(0) = zg, then zl (A + P.)zo >
2T (#)(A + P.)z(t) for all t+ > 0, which implies, since lim;_ o, x(t) = 0
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for u(:) = um(’)), that 2 (A + P.)xg > 0 for all 5. Thus the matrix
A + P, is semi positive definite. Suppose that there exists xzy such that
28 (A + P.)zo = 0. The condition that n(0,¢) < 0 for the input w,,(-) im-
plies that \*xz(7) + v*u,, (7) = 0. In other words the state trajectory x,,(-) of
the dynamical system

#(t) = Ax(t) + Bu(t)
(5.163)
y(t) = A x(t) + v um(t)

with initial state ©,,,(0) = o and the input wu,,(-), results in an identically

zero output y(-). The inverse system of the system in (5.163), which is given
by

@(t) = (A= B(v*)"'A\")z(t) + B(v*) " 'y(t)
(5.164)
u(t) = =)\ (t) + ()~ ly(t)

has an unstable transfer function. It is deduced that one has . ligrn [|zm ()] # 0
— 400

when applying an identically zero input y(-) to (5.164). The assumption is
contradicted. Thus A + P, is positive definite. There exists two scalars o > 0
and [ > 0 such that

0 <[zl <2"(A+ Poa < 62|z (5.165)
If the input u(-) satisfies the constraint (5.157), one has

o[2()]2 <8 sup [[a(7)]] + B[z(0)|” + 2 (5.166)
0<r<t
and
a?lla@)|P < 5031% llz()]] + (Bl|z(0)]] +~)* (5.167)

from which it follows that

()] < w < sup (i g) [y + 6+ [|=(0)]] (5.168)

and the proof is done. [ |
Further work on hyperstability may be found in [97,354,446,449-451]. The

name “hyperstability” is used in a different context than Popov’s one in other
fields of science; see e.g. [262].
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Dissipative Physical Systems

In this chapter we shall present a class of dissipative systems which corre-
spond to models of physical systems and hence embed in their structure the
conservation of energy (first principle of thermodynamics) and the interaction
with their environment through pairs of conjugated variables with respect to
the power. First, we shall recall three different definitions of systems obtained
by an energy based modeling: controlled Lagrangian, input-output Hamilto-
nian systems and port controlled Hamiltonian systems. We shall illustrate
and compare these definitions on some very simple examples. Second we shall
treat a class of systems which gave rise to numerous stabilizing control us-
ing passivity theory and corresponds to models of robotic manipulators. In
each worked case we show how the main functions associated to a dissipative
system (the available storage, the required supply, storage functions) can be
computed analytically and related to the energy of the physical system.

6.1 Lagrangian Control Systems

Lagrangian systems arise from variational calculus and gave a first general
analytical definition of physical dynamical systems in analytical mechanics
[1,271,294]. They also allow to describe the dynamics of various engineering
systems as electromechanical systems or electrical circuits. They also gave rise
to intensive work in control in order to derive different control laws by taking
into account the structure of the system’s dynamics derived from energy based
modeling [437,439]. In this section we shall present the definition of controlled
Lagrangian systems and particular attention will be given to the expression
of the interaction of a system with its environment.
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6.1.1 Definition and Properties

In this section we shall briefly recall the definition of Lagrangian systems
with external forces on IR™ and the definition of Lagrangian control systems
derived from it.

Definition 6.1 (Lagrangian systems with external forces). Consider a
configuration manifold @Q = IR" whose points are denoted by q € IR" and are
called generalized coordinates. Denote by TQ = IR®" its tangent space and its
elements by (¢,q) € IR*™ where ¢ is called generalized velocity. A Lagrangian
system with external forces on the configuration space Q = IR™ is defined by
a real function L(q,q), from the tangent space T'Q to IR called Lagrangian
function and the Lagrangian equations:

& (5ea) - Scwa =r (6.1)

where F'(t) € IR™ is the vector of generalized forces acting on the system and
81;7;‘77) denotes the gradient of the function F(x) with respect to x. ]

Remark 6.2. In this definition the configuration space is the real vector space
IR"™ to which we shall restrict ourselves hereafter, but in general one may
consider a differentiable manifold as configuration space [294]. Considering
real vector spaces as configuration spaces corresponds actually to considering
a local definition of a Lagrangian system.

If the vector of external forces F(+) is the vector of control inputs, then the
Lagrangian control system is fully actuated. Such models arise for instance
for fully actuated kinematic chains [366] .

Ezample 6.3 (Harmonic oscillator with external force). Let us consider the
very simple example of the linear mass-spring system consisting in a mass
attached to a fixed frame through a spring and subject to a force F'. The
coordinate g of the system is the position of the mass with respect to the
fixed frame and the Lagrangian function is given by L(q,q) = K(¢) — U(q)
where K(q¢) = %mq'2 is the kinetic co-energy of the mass and U(q) = %kq2 is
the potential energy of the spring. Then the Lagrangian system with external
force is

m(t) + kq(t) = F(t) (6.2)
||

Lagrangian systems with external forces satisfy, by construction, a power
balance equation that leads to some passivity property.

Lemma 6.4 (Lossless Lagrangian systems with external forces). A
Lagrangian system with external forces (6.1) satisfies the following power bal-
ance equation:
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an
dt
where the real function H(-) is obtained by the Legendre transformation of

the Lagrangian function L(q,q) with respect to the generalized velocity ¢ and
is defined by

FT4= (6.3)

H(q,p) =q"p— L(q,9) (6.4)

where p is the vector of generalized momenta:
oL
¥ = 6~5
p(a,9) <8q (g, Q)) (6.5)

and the Lagrangian function is assumed to be hyperregular [294] in such a
way that the map from the generalized velocities ¢ to the generalized momenta
p is bijective. If moreover the function H(-) is bounded from below, then the
Lagrangian system with external forces is lossless with respect to the supply
rate: FTq with storage function H(-). ]

Proof: let us first compute the power balance equation by computing F7¢
using the Lagrangian equation (6.1) and the definition of the generalized mo-
mentum (6.5). We get

§J"F = 4" [ (aq(q Q)) - a*q(q,Q)}

=" g — "
=& (d"p) —d"p+ "5 — $L(g,4) (6.6)

4 (gTp— L(q.q))

_ dH
dt

Then, using as outputs the generalized velocities and assuming that the func-
tion H(-) is bounded from below, the Lagrangian system with external forces
is passive and lossless with storage function H(-). [ |

Remark 6.5. The name power balance equation for (6.3) comes from the fact
that for physical systems, the supply rate is the power ingoing the system due
to the external force F' and that the function H(-) is equal to the total energy
of the system. ]

Ezxample 6.6. Consider again Example 6.3 of the harmonic oscillator. In this
case the supply rate is the mechanical power ingoing the system and the
storage function is H(p,q) = K(p) + U(q) and is the total energy of the
system, i.e. the sum of the elastic potential and kinetic energy.
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Actually the definition of Lagrangian systems with external forces may be
too restrictive, as, for instance, the external forces F' may not correspond to
actual inputs. For example they may be linear functions of the inputs u:

F=J"(q)u (6.7)

where J(g) is a p x n matrix depending on the generalized coordinates g. This
is the case when for instance the dynamics of a robot is described in general-
ized coordinates for which the generalized velocities are not colocated to the
actuators’ forces and torques. Then the matrix J(gq) is the Jacobian of the
geometric relations between the actuators’ displacement and the generalized
coordinates [366]. This system remains lossless with storage function H(q,p)
defined in (6.4) by choosing the outputs: y = J(q)q.

In order to cope with such situations, a more general definition of La-
grangian systems with external controls is given and consists in considering
that the input is directly modifying the Lagrangian function [437,439].

Definition 6.7 (Lagrangian control system). Consider a configuration
space Q = IR™ and its tangent space TQ = IR*™, an input vector space U =
IR?. A Lagrangian control systems is defined by a real function L(q,q,u) from
TQ x U to IR, and the equations

d (0L oL, . .
| |

This definition includes the Lagrangian systems with external forces (6.1)
by choosing the Lagrangian function to be

Li(q,¢,F) = L(¢,§) + ¢"F (6.9)

It includes as well the case when the the external forces are given by (6.7)
as a linear function of the inputs where the matrix J(q) is the Jacobian of
some geometric function C(g) from R™ to IR?:

_ac

J(Q)—afq

(q) (6.10)

Then the Lagrangian function is given by
Li(¢,4, F) = L(g,4) + C(a)"u (6.11)

However it also encompasses Lagrangian systems where the inputs do not
appear as forces as may be seen on the following example.

Ezxample 6.8. Consider the harmonic oscillator, but assume now that the
spring is no longer attached to a fixed basis but to a moving basis with its
position u considered as an input. Let us choose as coordinate ¢, the position
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of the mass with respect to the fixed frame. The displacement of the spring
then becomes ¢ — u and the potential energy becomes: U(q,u) = 2k(q — u)2

— 2
and the Lagrangian becomes

. 1 . 1

The Lagrangian control systems then becomes
mg(t) + kq(t) = ku(t) (6.13)

Lagrangian control systems also allow one to consider more inputs that
the number of generalized velocities as may be seen on the next example.

Ezample 6.9. Consider again the harmonic oscillator and assume that the ba-
sis of the spring is moving with controlled position u; and that there is a
force uy exerted on the mass. Consider a gain as generalized coordinate, the
position g € IR of the mass with respect to an inertial frame. Then considering
the Lagrangian function

, 1 1
L(q,q,u) = §m(Q)2 - 5’6(61 —u1)® + qua (6.14)

one obtains the Lagrangian control system
m(t) + k(q(t) —u1(t)) — uz(t) =0 (6.15)
This system has two inputs and one generalized coordinate. |

Lagrangian control systems were derived first to treat mechanical control
systems, as robots for instance, but they may also be derived for other types
of systems like electrical circuits or electromechanical systems [243]. However
for such systems the definition of the configuration space is no more based on
some geometric configuration like for mechanical systems. The choice of the
configuration variables is based on the definition of some potential functions
associated with the different energies involved in the physical system. In par-
ticular for electrical circuits, the definition of Lagrangian systems describing
their dynamical behaviour has led to numerous different definitions [47,103].
Furthermore the Lagrangian formulation is in competition with two other for-
mulations: the Brayton-Moser formulation and the Hamiltonian formulation
which will be treated in the next section. Therefore we shall not present the
different formulations of the dynamics of LC-circuits, but only present one of
them as an example.

Ezample 6.10 (An LC circuit of order 3). Consider the LC circuit depicted in
Figure 6.1.

We shall follow the procedure proposed by Chua and McPherson [103],
in order to establish a Lagrangian formulation of its dynamical behaviour.
The first step consists in defining the space of generalized velocities. One



320 6 Dissipative Physical Systems

Fig. 6.1. LC circuit

considers a maximal tree in the circuit graph (called spanning tree) that is a
maximal set of edges without loops, and that furthermore contains a maximal
number of capacitors. The generalized velocities are then defined as the vector
of voltages of the capacitors in the tree and currents in the inductors in the
co-tree. Denoting the edges by the element which they connect, the circuit
may be partitioned into the spanning tree: I' = It U I = {C} U {S,} and
its cotree: A = A; U Ay = {L1} U {L2}. Hence one may choose as vector of
generalized velocities the voltages of the capacitors in the tree I and the
currents of the inductors in the cotree As:

q:(ﬁn (6.16)

where ve denotes the voltage at the port of the capacitor and i1, denotes the
current in the inductor labeled Ls. The vector of generalized coordinates is
hence obtained by integration of the vector of generalized velocities:

q:(gi> (6.17)

Note that this definition of the variables is somewhat unnatural as it
amounts to associate flux-type variables with capacitors and charge-like vari-
ables with inductors (see the discussions in [344, 482]). The second step
consists in the definition of the Lagrangian function which describes both
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the electro-magnetic energy of the circuit and the Kirchhoff’s laws. The La-
grangian function is constructed as the sum of four terms:

L(g.¢,u) = € (4) — € (¢) +C(¢.4) + I (¢, u) (6.18)

The function & (¢) is the sum of the electric coenergy of the capacitors in
the tree I'y and the magnetic coenergy of the inductors in the cotree Ay which
is, in this example, in the case of linear elements:

N | 1. I o, 1 .
E(¢) = =Cuc? + = Lyip,? = =C¢% + = Log? (6.19)
2 2 2 2
The function £ (¢) is the sum of the magnetic energy of the inductors in

the cotree A; and the electric energy of the capacitors in the tree I's which is

E(q) = me = L(cn + q10)° (6.20)

2L, 2L,
where the relation between the flux ¢, of the inductor L; was obtained by
integrating the Kirchhoff’s mesh law on the mesh consisting of the capacitor
C and the inductor L; yielding ¢, = (¢1 + q10) and ¢1p denotes some real
constant which may be chosen to be null. The function C (g, ¢) accounts for
the coupling between the capacitors in the tree I} and inductors in the cotree
As depending on the topological interconnection between them and is

C(q:9) =i, 6c = doqn (6.21)

The function Z (¢, u) is an interaction potential function describing the
action of the source element and is:

I(Qa ’U,) = 4r,u = q2u (622)

The Lagrangian control system is then :

Clilt) = &6) + - (an(®) + 10) =0 (6.23)
Ladia(t) + da(£) — u(t) = 0 (6.24)

Note that this system is of order 4 (it has 2 generalized coordinates) which
does not correspond to the order of the electrical circuit which, by topological
inspection, would be 3; indeed one may choose a maximal tree containing
the capacitor and having a cotree containing the 2 inductors. We shall come
back to this remark and expand it in the sequel when we shall treat the same
example as a port controlled Hamiltonian system. |

This example illustrates that, although the derivation of Lagrangian sys-
tem is based on the determination of some energy functions and other physical
properties of the system, its structure may not agree with the physical insight.
Indeed the Lagrangian control systems are defined on the state space T'Q), the



322 6 Dissipative Physical Systems

tangent space to the configuration space. This state space has a very special
structure; it is endowed with a symplectic form which is used to give an intrin-
sic definition of Lagrangian systems [294]. A very simple property of this state
space is that its dimension is even (there are as many generalized coordinates
as generalized velocities). Already this property may be in contradiction with
the physical structure of the system.

Lagrangian control systems, in the same way as the Lagrangian systems
with external forces, satisfy, by construction, a power balance equation and
losslessness passivity property [68].

Lemma 6.11 (Lossless Lagrangian control systems). A Lagrangian con-
trol system, (Definition 6.7), satisfies the following power balance equation

ulz = % (6.25)
where , )
" 9°H OH <~ 0°H OH
D D v e el ) D v 6.26
; 0q;0u; Op; ; Op;jOu; O0g; ( )

and the real function E is obtained by the Legendre transformation of the
Lagrangian function L(q,q) with respect to the generalized velocity ¢ and the
inputs and is defined by:

B p.u) = Hig.p.u) ~u' O (6.27)
u
with
H(g,p,u) = ¢"p — L(g, 4, u) (6.28)
where p is the vector of generalized momenta
plado = (5ea.0) (6.20)

and the Lagrangian function is assumed to be hyperregular [294] in such a
way that the map from the generalized velocities ¢ to the generalized momenta
p is bijective for any u.

If moreover the Hamiltonian (6.28) is affine in the inputs (hence the func-
tion E is independent of the inputs), the controlled Lagrangian system will be
called affine Lagrangian control system. And assuming that E(q,p) is bounded
from below, then the Lagrangian system with external forces is lossless with
respect to the supply rate uT z with storage function E(q,p). |

As we have seen above, the affine Lagrangian control systems are lossless
with respect to the storage function F(q,p) which in physical systems may be
chosen to be equal to the internal energy of the system. However, in numerous
systems, dissipation has to be included. For instance for robotic manipulator,
the dissipation will be due to the friction at the joints and in the actuators.
This may be done by modifying the definition of Lagrangian control systems
and including dissipating forces as follows:
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Definition 6.12 (Lagrangian control system with dissipation). Con-
sider a configuration space Q = IR" and its tangent space TQ = IR*", an
input vector space U = IRP. A Lagrangian control systems with dissipation
is defined by a Lagrangian function L(q,q,u) from TQ XU to IR, a function
R(q) from TQ to IR, called Rayleigh dissipation function and which satisfies

1 OR

5 @20 (6:30)

and the equations

d [(OL oL OR
3 - Y - = . 1
pn <8q' (q,q,U)> 94 (q,q,u) + 2 " (6.31)

Ezample 6.13. Consider the example of the vertical motion of a magnetically
levitated ball. There are three types of energy involved: the magnetic energy,
the kinetic energy of the ball and its potential energy. The vector of generalized
coordinates may be chosen as a vector in IR> where ¢; denotes a primitive of
the current in the inductor (according to the procedure described in Example
6.10); g2 = z is the altitude of the sphere. The Lagrangian function may then
be chosen as the sum of three terms:

The function &, (g,4q) is the magnetic coenergy of the inductor and de-
pends on the currents in the coil as well on the altitude of the sphere:

“ ) 1 .
Em (0,:4) = 5L (a2) a3 (6.33)
where
k

L(Q2)=Lo+q2_Z0

(6.34)

The function & (¢) is the kinetic coenergy of the ball

5. 1 .
& (q) = imqg (6.35)

The function U (q) denotes the potential energy due to the gravity
U(q) = 9q2 (6.36)
The interaction potential is
Z(q,u)=qu (6.37)

In order to take into account the dissipation represented by the resistor
R, one also define the following Rayleigh potential function:
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. 1.5
R(q) =, Rii (6.38)

This leads to the following Lagrangian control system with dissipation:

L(g2()) Gu(t) + oL (g2(1)) G2 (t)q1 (t) + Ra (t) —u(t) =0 (6.39)

g2
1 0L

mio(t) = 55 (@) 0 +9 =0 (6.40)

6.1.2 Simple Mechanical Systems

An important subclass of Lagrangian contol systems is given by the so-called
simple mechanical systems where the Lagrangian function takes a particular
form.

Definition 6.14 (Simple mechanical systems with external forces).
The Lagrangian system for a simple mechanical system is a Lagrangian system
with external forces according to Definition 6.1 with Lagrangian function:

where U(q) is a real function from the configuration space Q on IR and is
called potential energy and T'(q,q) is a real function from TQ on IR, called
kinetic energy and is defined by

1

T(q,4) = 54" M()d (6.42)

where the matriz M(q) € IR™™" is symmetric positive definite and is called
the inertia matrix. [ ]

Considering the special form of the Lagrangian function, the Lagrangian
equations (6.1) may be written in some special form which is particularly
useful for deriving stabilizing controllers as will be presented in the subsequent
chapters.

Lemma 6.15 (Lagrangian equations for simple mechanical systems).
The Lagrangian equations (6.1) for a simple mechanical system may be written

M(q()4(t) + Cla(t), ()4 (t) + g(q(t)) = F(¢) (6.43)

where g(q) = 42 (q) € R",

Clq,4) = Zﬂ'jk% (6.44)
k=1
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and Iy, are called the Christoffel’s symbols associated with the inertia matriz
M(q) and are defined by

1 (aMij LMy aMkj> (6.45)

Tiip = —
T2\ ag dq; 0q;
=

A property of Christoffel’s symbols which is easily derived but is of great
importance for the derivation of stabilizing control laws, is given below. What
is denoted as M (q) is the time derivative of the time function M (g(t)).

Lemma 6.16. The Christoffel’s symbols (6.45) satisfy the following property:
the matriz M(q) —2C(q, q) is skew-symmetric. Equivalently M (q) = C(q,q)+
CT(q,9). L]

The notation M(q) is, without any dependence on time in M(q), a lit-

tle meaningless. Its meaning is that M(q) = (%q’)l , so that M(q(t))
i

4 M(qg(t)). Let us note that an immediate consequence is that M(q) =
Cla.4) +C" (. 9)-

Remark 6.17. A consequence of the Lemma is that:
i" (M(q) = 2C(q.4)) 4 = 0 (6.46)

and hence reflects that the generalized inertial forces [M (q) —2C(q,4)| ¢ do

not work. This may be seen as follows:

714 =4 (q,p) = {"M(q)§ + 34" M(q)g + 9(q)
=" [-C(¢, @i —9(q) + 7] + 3¢"M(9)g + 9(a)  (6.47)

=qTr+ 347 |M(q) —2C(q,4)| d

from which (6.46) follows. Such forces are sometimes called gyroscopic [351].
It is noteworthy that (6.46) does not mean that the matrix M(q) — 2C(q, §)
is skew-symmetric. Skew-symmetry is true only for the particular definition
of the matrix C(g, ¢) using Christoffel’s symbols.

Remark 6.18. The definition of a positive definite symmetric inertia matrix for
simple mechanical systems, may be expressed in some coordinate independent
way by using so-called Riemannian manifolds [1]. In [442, Chapter 4] the
properties of the Christoffell’s symbols, that shall be used in the sequel for
the synthesis of stabilizing controllers, may also be related to properties of
Riemannian manifolds.

A class of systems which typically may be represented in this formula-
tion is the dynamics of multibody systems, for which systematic derivation
procedures were obtained (see [366] and the references herein).
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6.2 Hamiltonian Control Systems

There is an alternative to the Lagrangian formulation of the dynamics of
physical controlled systems that is the Hamiltonian formalism. This formal-
ism has been derived from the Lagrangian one in the end of the nineteenth
century and has now become the fundamental structure of the mathematical
description of physical systems [1,294]. In particular it allowed one to deal
with symmetry and reduction and also to describe the extension of classical
mechanics to quantum mechanics.

6.2.1 Input-output Hamiltonian Systems

Lagrangian systems may be transformed to standard Hamiltonian systems by
using the Legendre transformation [1,294].

Lemma 6.19 (Legendre transformation of a Lagrangian system).
Consider a Lagrangian system with external forces and define the vector of
generalized momenta:

. oL, . n
p(g:4) = (y(q,q)> €ER (6.48)
q
Assume that the map from generalized velocities to generalized momenta

is tnvertible, and consider the Legendre transformation with respect to ¢ of
the Lagrangian function, called Hamiltonian function:

Ho(g,p) = ¢"p— L(g,9) (6.49)

Then the Lagrangian system with external forces is equivalent to the following
standard Hamiltonian system:

q(t) = %2 (a(t), p(t))

B(t) = =% (a(t), p(1)) + F(t)

(6.50)

There is an alternative way of writing these equations as follows (we drop

the arguments):
oHy

q dq On
=J, + F (6.51)
p G I

where Js is the following matrix, called symplectic matrix:

O I
Js = (—In 0n> (6.52)
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This symplectic matrix is the local representation, in canonical coordi-
nates, of the symplectic Poisson tensor field which defines the geometric struc-
ture of the state space of standard Hamiltonian systems (the interested reader
may find an precise exposition to symplectic geometry in [294].)

In the same way as a Lagrangian system with external forces may be ex-
pressed as a control Lagrangian system (for which the inputs are an argument
of the Lagrangian function), the standard Hamiltonian system with external
forces (6.51) may be expressed as Hamiltonian system where the Hamiltonian
function depends on the inputs H(q,p,u) = Ho(q,p) — ¢ F which yields

. OH, OH
q 8(10 —1I, aqo On,
=Js + F|l=J + F  (6.53)
. OH, OH
p apo On apo -[n

As the simplest example let us consider the harmonic oscillator with an
external force.

Ezample 6.20 (Harmonic oscillator with external force). First let us recall
that in its Lagrangian representation (see Example 6.3), the state space is
given by the position of the mass (with respect to the fixed frame) and
its velocity. Its Lagrangian is L(q, ¢, F) = %qu — %kq2 + ¢ F. Hence the

(generalized) momentum is p = %—5 = myq. The Hamiltonian function, ob-

tained through the Legendre transformation is H(q,p, F) = Ho(q,p) — ¢* F
where the Hamiltonian function Hy(g,p) represents the total internal energy
Hy(q,p) = K(p) + U(q), the sum of the kinetic energy K(p) = %% and the
potential energy U(q). The Hamiltonian system becomes

(- @ e
|

Hamiltonian systems with external forces may be generalized to so-called
input-output Hamiltonian systems [68] for which the Hamiltonian function
depends on the inputs. In the sequel we shall restrict ourselves to systems for
which the Hamiltonian function depends linearly on the inputs, which actually
constitute the basis of the major part of the work dedicated to the system
theoretic analysis and the control of Hamiltonian systems [68,381,439].

Definition 6.21 (Input-output Hamiltonian systems). An input-output
Hamiltonian system on IR*" is defined by a Hamiltonian function

m

H(z) = Ho(z) = > Hi(z)u; (6.55)
i=1

composed of the sum of the internal Hamiltonian Ho(x) and a linear combina-
tion of m interaction Hamiltonian functions H;(x) and the dynamic equations
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Z]l:Hi(x), 1= 1,..,m ’
denoting the state by 7 = (¢7,pT) € IR*" and the gradient of a function H
by dH = “2 ¢ R*". [

One may note that an input-output Hamiltonian system (6.56) is a non-
linear system affine in the inputs in the sense of [227,381]. It is composed
of a Hamiltonian drift vector field JsdHy(gq,p) and the input vector fields
JsdH;(q,p) are also Hamiltonian and generated by the interaction Hamilto-
nian functions.

The outputs are the Hamiltonian interaction functions and are called natu-
ral outputs [68]. We may already note here that these outputs, although called
“natural”, are not the outputs conjugated to the inputs for which the system
is passive as will be shown in the sequel.

Example 6.22. Consider again Example 6.9. The state space is given by the
displacement of the spring and its velocity. Its Lagrangian is

. 1. 1
L(q7 q, F) = Em(q + U1)2 - EkCIQ + quso (657)
Hence the generalized momentum is: p = % = m(q + u1) The Hamiltonian

function, obtained through the Legendre transformation with respect to ¢ is
H(q,p,u1,u2) = 4" p — L(q, ¢, u1,uz) = Ho(q,p) — puy — qua (6.58)

where the Hamiltonian function Hy(g,p) = %% + %qu represents, as in the
preceding example, the sum of the kinetic and the elastic potential energy.
The interaction potentials are the momentum of the mass Hi(q,p) = p, for
the input u; which represents the controlled velocity of the basis and the the
displacement of the spring Hy (g, p) = ¢ for the input us which is the external
force exerted on the mass. The dynamics is now described by the following
input-output Hamiltonian system:

(38)- () () (Doior Qo
|

Note that the definition of the generalized momentum p corresponds
to a generalized state space transformation involving the input u;. Conse-
quently in the Hamiltonian formulation (6.59) the derivative of the input no
longer appears, contrary to the Lagrangian dynamics in (6.15). Moreover, like
affine Lagrangian control systems, input-output Hamiltonian systems satisfy
a power balance equation, however considering, instead of the natural outputs
¥i (6.56), their derivatives.
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Lemma 6.23 (Lossless input-output Hamiltonian systems). An input-
output Hamiltonian system (according to Definition 6.21), satisfies the follow-
ing power balance equation:

. dH,
uT 0

If, moreover, the Hamiltonian function Ho(z) is bounded from below, then
the input-output Hamiltonian system is lossless with respect to the supply rate:
uT'j with storage function Ho(q,p). [ |

Let us comment on this power balance equation using the example of the
harmonic oscillator with moving frame and continue Example 6.22.

Example 6.24. The natural outputs are then the momentum of the system:
71 = Hi(q,p) = p which is conjugated to the input w; (the velocity of the
basis of the spring) and the displacement of the spring g2 = Ha(q,p) = ¢
which is conjugated to the input us (the external force exerted on the mass).
The passive outputs defining the supply rate are then

i =p=—kq+us (6.61)

and ) »
gg = q = — — Ul (662)
m

Computing the supply rate, the terms in the inputs cancel each other and one
obtains . . »
grur + Youz = kquy + uz (6.63)

This is precisely the sum of the mechanical power supplied to the mechanical
system by the source of displacement at the basis of the spring and the source
of force at the mass. This indeed is equal to the variation of the total energy
of the mechanical system. However it may be noticed that the natural outputs
as well as their derivatives are not the variables which one uses in order to
define the interconnection of this system with some other mechanical system:
the force at the basis of the spring which should be used to write a force
balance equation at that point and the velocity of the mass m which should
be used in order to write the kinematic interconnection of the mass (their
dual variables are the input variables). In general, input- output Hamiltonian
systems (or their Lagrangian counterpart) are not well suited for expressing
their interconnection.

Example 6.25. Consider the LC circuit of order 3 in Example 6.10. In the
Lagrangian formulation, the generalized velocities were ¢; = V¢ the voltage
of the capacitor, ¢s = i1, the current of the inductor Ly and the generalized
coordinates were some primitives denoted by ¢1 = ¢¢ and qg2 = Qr,. The
Lagrangian function was given by L(q, ¢, u) = E (@) —E(q)+C(q,q)+Z (q,u)
where & (¢) is the sum of the electric coenergy of the capacitor and of the
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inductor Ly, £ (q) is the magnetic energy of the inductor Li, C(q,q) is a
coupling function between the capacitor and the inductor Lo and Z (g, u) is
the interaction potential function.
Let us now define the generalized momenta. The first momentum variable
is
OL 0 ~OC O
i ¢y 9¢1 O ¢y @=Q ( )
and is the electrical charge of the capacitor, i.e. its energy variable. The second
momentum variable is
OL  9f = OC
— 2 L o6 = 6.65
P2 = 50 B0, + s 202 + 1 = ¢L, + ¢c (6.65)
and is the sum of the the total magnetic flux of the inductor Lo (its energy
variable) and of the fictitious flux at the capacitor ¢¢. The Hamiltonian func-
tion is obtained as the Legendre transformation of L(g, ¢, u) with respect to
q:
H(q,p,u) = qip1 + d2p2 — L(q, ¢, w) = Ho(q,p) — Hi(q)u (6.66)

where H; = g2 and Hy is

1 1 1
Holq,p) = 2—L16ﬁ + 55 + 5, P2 @1)° (6.67)

Note that the function Hy(p, q) is the total electromagnetic energy of the cir-
cuit as the state variables are equal to the energy variables of the capacitors
and inductors. Indeed using Kirchhoff’s law on the mesh containing the induc-
tor Ly and the capacitor C, up to a constant ¢1 = ¢c = ¢, is the magnetic
flux in the inductor, by definition of the momenta p; = Q¢ is the charge of
the capacitor and ps — g1 = ¢, is the magnetic flux of the inductor Ls. This
input-output Hamiltonian system again has order 4 (and not the order of the
circuit). But one may note that the Hamiltonian function Hy does not depend
on ¢2. Hence it has a symmetry and the drift dynamics may be reduced to
a third order system (the order of the circuit) and in a second step to a sec-
ond order system [294]. However the interaction Hamiltonian depends on the
symmetry variable gz, so the controlled system may not be reduced to a lower
order input-output Hamiltonian system. The power balance equation (6.60)
becomes 4o = g, = ¢ 1,% which is exactly the power delivered by the source

dt
as the current iz, is also the current flowing in the voltage source. |

The preceding input-output Hamiltonian systems may be extended by
considering more general structure matrices than the symplectic structure
matrix J; which appear in the reduction of Hamiltonian systems with sym-
metries [294]. Indeed one may consider so-called Poisson structure matrices
that are matrices J(z) depending on z(t) € IR*" , skew-symmetric and satis-
fying the Jacobi identities:
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- J; 0.Ji,; 0.Ji
> (sz @)+ @) (@) + T (x)) —0 (6.68)

k=1

Remark 6.26. These structure matrices are the local definition of Poisson
brackets defining the geometrical structure of the state-space [1,294] of Hamil-
tonian systems defined on differentiable manifold endowed with a Poisson
bracket. Such systems appear for instance in the Hamiltonian formulation
of a rigid body spinning around its center of mass (the Euler-Poinsot prob-
lem) [294].

Remark 6.27. Poisson structure matrices may be related to symplectic struc-
ture matrices as follows. Note first that, by its skew-symmetry, the rank of
the structure matrix of a Poisson bracket at any point is even, say 2n (then
one says also that the Poisson bracket has the rank 2n). Suppose moreover
that the structure matrix has constant rank 2n in a neighborhood of a point
2o € M. Then the Jacobi identities (6.68) ensure the existence of canonical
coordinates (¢, 0,7) = (q1, -y qn, P1, s PnsT1, -, 1) Where (2n + 1) = m, such
that the m x m structure matrix J(g,p,r) is given as follows:

On In 0n><l
J(Q7p7r) = _In On 0n><l (669)
Oixn Oixn Oixi

One may hence see a symplectic matrix appear associated with the first 2n
coordinates. The remaining coordinates correspond to so-called distinguished
functions or Casimir functions which define an important class of dynamical
invariants of the Hamiltonian system [294]. [

With such structure matrices, the input-output Hamiltonian systems may
be generalized to Poisson control systems as follows [381].

Definition 6.28 (Poisson control systems). A Poisson control system on
IR" is defined by a Poisson structure matriz J(x), a Hamiltonian function
H(z) = Ho(z) — Y%, Hi(x) u; composed of the sum of the internal Hamilto-
nian Ho(z) and a linear combination of m interaction Hamiltonian functions
H;(z) and the dynamic equations:

m

& = J(x)dHo(x) — Y J(x)dH;(z) u; (6.70)

i=1
|
6.2.2 Port Controlled Hamiltonian Systems

As the examples of the LC circuit and of the levitated ball have shown,
although the input-output Hamiltonian systems represent the dynamics of
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physical systems in a way that the conservation of energy is embedded in the
model, they fail to represent accurately some other of their structural prop-
erties. Therefore another type of Hamiltonian systems, called port controlled
Hamiltonian systems was introduced which allow to represent both the energy
conservation as well as some other structural properties of physical systems,
mainly related to their internal interconnection structure [342,442].

Definition 6.29 (Port controlled Hamiltonian system). A port con-
trolled Hamiltonian system on IR" is defined by a skew-symmetric structure
matriz J(x), a real-valued Hamiltonian function Ho(x), m input vector fields
gi(x) and the dynamic equations

&= J(x)dHo(z) + > gi(2)U;
(6.71)
yi = g (z)dHo(z)

One may note that port controlled Hamiltonian system, as the input out-
put Hamiltonian systems, are affine with respect to the inputs [227, 381].

Remark 6.30. The system-theoretic properties of port controlled Hamiltonian
systems were investigated in particular concerning the external equivalence,
but as this subject goes beyond the scope of this book, the reader is referred
to [441] [442, Chapter 4].

The systems (6.71) have been called port controlled Hamiltonian system in
allusion to the network concept of the interaction through ports [342,441,442].
In this case the Hamiltonian function corresponds to the internal energy of
the system, the structure matrix corresponds to the interconnection structure
associated with the energy flows in the system [343-345] and the interaction
with the environment of the network is defined through pairs of port vari-
ables [342,441]. Moreover, the underlying modeling formalism is a network
formalism which provides a practical frame to construct models of physical
systems and roots on a firmly established tradition in engineering [62] which
found its achievement in the bond graph formalism [63,342,398].

Port controlled Hamiltonian systems differ from input-output Hamilto-
nian systems in three ways which we shall illustrate below on some examples.
First, the structure matrix J(x) does not have to satisfy the Jacobi identi-
ties (6.68); such structure matrices indeed arise in the reduction of simple
mechanical systems with non-holonomic constraints [440]. Second the input
vector fields are no more necessarily Hamiltonian, that is they may not derive
from an interaction potential function. Third, the definition of the output is
changed. The most simple examples of port controlled Hamiltonian system
consist in elementary energy storing systems, corresponding for instance to a
linear spring or a capacitor.
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Ezample 6.31 (Elementary energy storing systems). Consider the following
first order port controlled Hamiltonian system:

(6.72)

y = o (g)

where x(t) € IR" is the state variable, Hy(z) is the Hamiltonian function and
the structure matrix is equal to 0. In the scalar case, this system represents
the integrator which is obtained by choosing the Hamiltonian function to be:

Hy = %xQ. This system represents also a linear spring , where the state
variable z(+) is the displacement of the spring and the energy function is the
elastic potential energy of the spring (for instance H(x) = %qu where k is

the stiffness of the spring). In the same way (6.72) represents a capacitor with
x being the charge and Hj the electrical energy stored in the capacitor, or an
inductance where x is the total magnetic flux and Hy is the magnetic energy
stored in the inductance.

In IR? such a system represents the point mass in the three-dimensional
Euclidean space with mass m where the state variable z(t) € IR® is the mo-
mentum vector, the input u € IR? is the vector of forces applied on the mass,
the output vector y(t) € IR? is the velocity vector and the Hamiltonian func-
tion is the kinetic energy Ho(z) = ;--a7x.

It may be noted that such elementary systems may take more involved
forms when the state variable belongs to some manifold different from IR", as
it is the case for instance for spatial springs which deform according to rigid

body displacements [143,144, 308, 345]. [ ]

Like affine Lagrangian control systems and input-output Hamiltonian sys-
tems, port controlled Hamiltonian systems satisfy a power balance equation
and under some assumption on the Hamiltonian function are lossless.

Lemma 6.32 (Losslessness of port controlled Hamiltonian systems).
A port controlled Hamiltonian system (according to Definition 6.29), satisfies
the following power balance equation:

dH
T 0
= — 6.73
uty = (6.73)

If moreover the Hamiltonian function Ho(z) is bounded from below, then
the port controlled Hamiltonian system is lossless with respect to the supply
rate u''y with storage function Hy(x). [ |

Again in the case when the Hamiltonian function is the energy, the balance
equation corresponds to a power balance expressing the conservation of energy.
Let us now consider a slightly more involved example, the LC circuit of order
3 treated here above, in order to comment on the structure of port controlled
Hamiltonian sytems as well as to compare it to the structure of input output
and Poisson control systems.
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Ezample 6.33 (LC circuit of order 3). Consider again the circuit of Example
6.10. According to the partition of the interconnection graph into the span-
ning tree: I' = {C} U {S,} and its cotree: A = {L1} U {L2}, one may write
Kirchhoff’s mesh law for the meshes defined by the edges in A and the node
law corresponding to the edges in I" as follows:

ic 0—1 -1 0 vo
v, | _[10 0 0 ir,
VL, - 10 0 -1 7;L2 (674)
—1ig 00 1 O Vg

Now, taking as state variables the energy variables of the capacitor (the
charge Qc¢, the total magnetic fluxes ¢, and ¢, in the two inductors) one
identifies immediately the first three components of the left hand side in (6.74)
as the time derivative of the state vector x = (Q¢, ¢L1,¢L2)T. Denoting by
Ho(Qe), Hr, (¢r,) and Hy,(¢r,) the electric and magnetic energies stored in

the elements, one may identify the coenergy variables as follows: vg = ‘gQLg,
OHp,

7;L1 = bz, andiL2 = 8q5
the right hand side of Equatlon (6.74) may be interpreted as the components
of the gradient of the total electromagnetic energy of the LC circuit Hy(z) =
Ho(Qe)+ Hy, (é1,) + Hr,(¢r,). Hence the dynamics of the LC circuit may
be written as the following port controlled Hamiltonian system:

L(t) = JdHo(x(t)) + gu(t)

y =g dHy(z)

(6.75)

where the structure matrix J and the input vector g are part of the matrix
describing Kirchhoff’s laws in (6.74) (i.e. part of the fundamental loop matrix
associated with the tree I"):

0-1-— 0
J=110 O and g=10 (6.76)
100 1

The input is u = vg and the output is the current with generator sign con-
vention y = —ig. In this example the power balance equation (6.73) is simply
interpreted as the time derivative of the total electromagnetic energy being
the power supplied by the source. Actually this formulation is completely
general to LC circuits and it may be found in [344] as well as the compari-
son with the formulation in terms of Lagrangian or input-output Hamiltonian
systems [47,344].

The port controlled Hamiltonian formulation of the dynamics of the L.C
circuit may be compared with the input-output formulation derived in the
Example 6.25. First, one may notice that in the port controlled Hamiltonian
formulation, the information on the topology of the circuit and the information
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about the elements (i.e. the energy) is represented in two different objects: the
structure matrix and the input vector on the one side and the Hamiltonian
function on the other side. In the input-output Hamiltonian formulation this
information is captured solely in the Hamiltonian function (with interaction
potential), in the same way as in the Lagrangian formulation in Example
6.10. Second, the port controlled Hamiltonian system is defined with respect
to a non-symplectic structure matrix and its order coincides with the order
of the circuit, whereas the input-output system is given (by definition) with
respect to a symplectic (even order) structure matrix of order larger than the
order of the circuit. Third, the definition of the state variables in the port
controlled system corresponds simply to the energy variables of the different
elements of the circuit whereas in the input-output Hamiltonian system, they
are defined for the total circuit and for instance the flux of capacitor Ly does
not appear as one of them. Finally, although the two structure matrices of
the port controlled and the input output Hamiltonian systems may be related
by projection of the dynamics using the symmetry in ¢ of the input output
Hamiltonian system, the controlled systems remain distinct. Indeed, consider
the input vector g; it is clear that it is not in the image of the structure matrix
J. Hence there exist no interaction potential function which generates this
vector and the port controlled Hamiltonian formulation cannot be formulated
as an input output Hamiltonian system or Poisson control system. [ |

In order to illustrate a case where the energy function defines some in-
terdomain coupling, let us consider the example of the iron ball in magnetic
levitation. This example may be seen as the one-dimensional case of general
electromechanical coupling arising in electrical motors or actuated multibody
systems.

Ezxample 6.34. Consider again the example of the vertical motion of a mag-
netically levitated ball as treated in Example 6.13. Following a bond graph
modeling approach, one defines the state space as being the variables defining
the energy of the system. Here the state vector is then « = (¢, z,pb)T where
¢ is the magnetic flux in the coil, z is the altitude of the sphere and py is the
kinetic momentum of the ball. The total energy of the system is composed of
three terms: Ho(z) = Hpmg(¢, 2) + U(2) + Hyin(py) where Hy,g(¢, 2) denotes
the magnetic energy of the coil and is

1 1

=310 ¢* (6.77)

Hpng (¢, 2)

where L(z) is given in (6.34), U(z) = gz is the gravitational potential energy
and Hgin(py) = ime is the kinetic energy of the ball. Hence the gradient

2
of the energy function Hy is the vector of the coenergy variables: 850 =

(v, f,vp) where vy, is the voltage at the coil:
_O0Hpy @
99 L(2)

v (6.78)
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The sum of the gravity force and the electromagnetic force is given by f =
g — fmg:
1 ¢* oL
Jmg = 2 L2%(2) 0z
and vy = 2 is the velocity of the ball. Then from Kirchhoff’s laws and the
kinematic and static relations in the system, it follows that the dynamics
may be expressed as a port controlled Hamiltonian system (6.71) where the
structure matrix is constant:

(2) (6.79)

000
J=1001 (6.80)
0-10
and the input vector is constant:
1
g=10 (6.81)
0

Note that the structure matrix is already in canonical form. In order to take
into account the dissipation represented by the resistor R, one also defines the
following dissipating force vg = —Rir = —Riy which may be expressed in a
Hamiltonian-like format as a Hamiltonian-system with dissipation [121].

Let us compare now the port controlled Hamiltonian formulation with the
Lagrangian or input output Hamiltonian formulation. Therefore recall first the
input output Hamiltonian system obtained by the Legendre transformation
of the Lagrangian system of Example 6.13. The vector of the momenta is

p= % (¢:9) = (;Z) (6.82)

and the Hamiltonian function obtained by Legendre transformation of the
Lagrangian function, defined in Example 6.13, is

H(q,p) = Ho(z) — qiu (6.83)

Hence the state space of the input-output representation is the state space of
the port controlled system augmented with the variable ¢; (the primitive if
the current in the inductor). Hence the order of the input output Hamiltonian
system is 4 and larger than 3, the natural order of the system (a second
order mechanical system coupled with a first order electrical circuit), which is
precisely the order of the port controlled Hamiltonian system. Moreover the
state variable “in excess” is ¢; and is precisely the symmetry variable of the
internal Hamiltonian function Hy(z) in H(g,p). In an analogous way as in
the LC circuit example above, this symmetry variable defines the interaction
Hamiltonian, hence the controlled input-output Hamiltonian system may not
be reduced. And again one may notice that the input vector g does not belong
to the image of the structure matrix .J, hence cannot be generated by any
interaction potential function. |
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Now we shall compare the definitions of the outputs for input-output
Hamiltonian or Poisson control systems and port controlled Hamiltonian sys-
tems. Consider the port controlled system (6.71) and assume that the input
vector fields are Hamiltonian, i.e. there exists interaction Hamiltonian func-
tions such that g;(z) = J(x)dH;(x). The port conjugated outputs are then
yi = dHT (2)gi(z) = dHI (z)J(2)dH;(z). The natural outputs are §; = H;(z).
Using the drift dynamics in (6.71), their derivatives are computed as

ji=dHT (@) =y + Y udH] (2)J(x)dH; (x) (6.84)
Jj=1,5#i

Hence the passive outputs of both systems differ, in general, by some skew
symmetric terms in the inputs. This is related to the two versions of the
Kalman-Yakubovich-Popov Lemma where the output includes or not a skew
symmetric feedthrough term.

Ezample 6.35 (Mass-spring system with moving basis). Consider again the
mass-spring system with moving basis and its input-output model treated
in Examples 6.22 and 6.24. The input vector fields are Hamiltonian, hence
we may compare the definition of the passive outputs in the input-output
Hamiltonian formalism and in the port controlled Hamiltonian formalism.
The derivatives of the natural outputs derived in Example 6.24 are g, =

¢= 2% —wu; and Thuy + Jous = ui(kq) + ugZ. The port conjugated outputs
are y; = (—1,0) <k£q) = —kq and yo = (0,1) <]z]> = 2. These outputs,
m m

contrary to the natural outputs and their derivatives, are precisely the in-
terconnection variables needed to write the kinematic and static relation for
interconnecting this mass-spring system to some other mechanical systems.®

The mass-spring example shows how the different definitions of the pairs
of input-output variables for input-output and port controlled Hamiltonian
systems, although both defining a supply rate for the energy function as stor-
age function, are fundamentally different with respect to the interconnection
of the system with its environment. One may step further and investigate the
interconnection of Hamiltonian and Lagrangian systems which preserve their
structure. It was shown that the port controlled Hamiltonian systems may
be interconnected in a structure preserving way by so-called power continu-
ous interconnections [121, 346]. Therefore a generalization of port controlled
Hamiltonian systems to implicit port controlled Hamiltonian systems (en-
compassing constrained systems) was used in [121,346,441,442]. However this
topic is beyond the scope of this section and we shall only discuss the inter-
connection of Lagrangian and Hamiltonian systems on the example of the ball
in magnetic levitation.

Ezxample 6.36 (Levitated ball as the interconnection of two subsystems). We
have seen that the dynamics of the levitated ball may be formulated as a
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third order port controlled Hamiltonian system where the coupling between
the potential and kinetic energy is expressed in the structure matrix (the
symplectic coupling) and the coupling through the electromagnetic energy in
the Hamiltonian function. However it also allows one to express this system
as the coupling, through a passivity preserving interconnection, of two port
controlled Hamiltonian systems. Therefore one may conceptually split the
physical properties of the iron ball into purely electric and purely mechanical
ones. Then the electromechanical energy transduction is represented by a
second order port controlled Hamiltonian system:

é(t) 0 1\ [ Zaz((t), 2(t)) 1 0
- + u(t) + ui(t) (6.85)
(1) —10/ \ e (g(t), (1)) 0 1

with output equations

aH'mg
0¢
is = (1,0) (6.86)
aH'mg
Oz
(6.87)

aH'mg
¢
Y1 = fmg = (0,1) (6.88)
aH'mg
Oz

The second subsystem simply represents the dynamics of a ball in vertical
translation submitted to the action of an external force us:

q(t) 0 1\ [ B2(q(t),p()) 0
= + ua(t) (6.89)
p(t) —10/ \ %2 (q(t),p(1)) 1
where the Hamiltonian Hs is the sum of the kinetic and the potential energy

of the ball: Ha(q,p) = ﬁpQ + gq and the conjugated output is the velocity of
the ball:

OHo

9q
y2 = (0,1) (6.90)

OH,

Op

Consider the interconnection defined by:

Ur = Y2 (691)
U2 = —Y1 (692)

It is clear that this interconnection satisfies a power balance: w1y + usys = 0.
Hence it may be proved [121, 346, 442] that the interconnection of the two
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port controlled Hamiltonian systems leads to a port controlled Hamiltonian
system (actually much more general interconnection relations may be consid-
ered, involving also constraints). In this example a simple elimination of the
variables involved in the interconnection leads to the port controlled Hamil-
tonian system with Hamiltonian function Hyoy = Hp,g + Ho and structure
matrix

00 00O
00 01

Jiot = 00 0 1 (6.93)
0-1-10

Considering lines 2 and 3 of the structure matrix, one deduces that the vari-
ations of z and ¢ satisfy
2—q¢=0 (6.94)

This is precisely a Casimir function, i.e. a dynamical invariant of any Hamil-
tonian system defined with respect to the structure matrix Ji,;. Hence it is
possible to identify (up to an arbitrary constant) the two positions z and g,
thus to reduce this system to the three-dimensional port controlled Hamilto-
nian system presented here above. It is clear that this splitting is not possible
using the input output Hamiltonian system or Poisson control systems as the
subsystem 1 in (6.85) has a non-symplectic (null) structure matrix and the
input vector hence are not Hamiltonian (else they would be null too).

As a conclusion to this section we shall present an extension of lossless
port control Hamiltonian systems to dissipative system, called port controlled
Hamiltonian systems with dissipation introduced in [121]. The main difference
is that the skew-symmetry of the structure matrix .J is no more required, hence
the structure matrix is in general an addition of a skew-symmetric matrix and
a symetric positive matrix.

Definition 6.37 (Port Controlled Hamiltonian system with dissipa-
tion). A port controlled Hamiltonian system on IR" is defined by a skew-
symmetric structure matriz J(x), a symmetric positive matriz R(z), a real-
valued Hamiltonian function Ho(x), m input vector fields g;(x) and the dy-
namic equations

&= (J(@), R(z) G (@) + L1y gi(@)Us

(6.95)

Of course such a system is no more lossless, but it still satisfies a power
balance equation and under some assumption on the Hamiltonian system, a
passivity property.
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Lemma 6.38 (Dissipativity of Port Controlled Hamiltonian systems).
A port controlled Hamiltonian system with dissipation (according to Definition
6.37) satisfies the following power balance equation:

dHy OH," OH,
T & _ 0 0 0
CYE oz ()R () oz

If, moreover, the Hamiltonian function Ho(z) is bounded from below, then
the port controlled Hamiltonian system with dissipation is dissipative with re-
spect to the supply rate uTy with storage function Hy(x). ]

(x). (6.96)

As an example recall the levitated ball as the interconnection of two sub-
systems.

Example 6.39. Consider first the magnetic part. Considering the losses in the
coil amounts to add to the skew symmetric structure matrix defined in (6.85)

the symmetric positive matrix:
—-RO
ne () oo

Then the total system also becomes a port controlled Hamiltonian system
with a symmetric matrix R;,; = diag(—R 03). [

6.3 Rigid Joint—Rigid Link Manipulators

In this section and in the next ones we shall recall the simple models corre-
sponding to electromechanical systems, which motivated numerous results on
passivity-based control. We shall recall and derive their passivity properties,
and we illustrate some concepts introduced in the previous sections and chap-
ters. Actually the results in the next sections of the present chapter will serve
as a basis for introducing the control problem in Chapter 7. Our aim now is
to show how one can use the passivity properties of the analyzed processes,
to construct globally stable control laws. We shall insist on the calculation of
storage functions, and it will be shown at some places (see for instance Section
7.3) that this can be quite useful to derive Lyapunov functions for closed-loop
systems.

The dynamics of the mechanism constituting the mechanical part of a
robotic manipulator is given by a simple mechanical system according to Def-
inition 6.14 and Lemma 6.15:

M (q(t))i(t) + Cla(t), 4()q(t) + g(q(t)) = 7(¢) (6.98)
From Lemma 6.11, it follows that they are lossless systems with respect
to the supply rate 77¢ with storage function E(q,q) = %q'TM(q)q +V(g) and

9(q) = %—‘; is the gradient of the gravitation potential energy V(q).



6.3 Rigid Joint—Rigid Link Manipulators 341
6.3.1 The Available Storage

We have seen that storage functions play an important role in the dissipativity
theory. In particular the dissipativity of a system can be characterized by the
available storage V,(q,¢) and the required supply V,.(q,¢) functions. Let us
focus now on the calculation of the available storage function (see Definition
4.35), which represents the maximum internal energy contained in the system
that can be extracted from it. More formally recall that we have

t
Valando) == it [ 7T ()i(s)ds
7:(0,90,90)— Jo
(6.99)
t
= sup — / 71 (5)4(s)ds
7:(0,90,40)— 0
The notation inf means that one performs the infinimization over all

7:(0,90,40)—
trajectories of the system on intervals [0, ], ¢ > 0, starting from the extended
state (0, qo,do), with (go,4do) = (¢(0),¢(0)), with admissible inputs (at least
the closed-loop system must be shown to be well-posed). In other words the
infinimization is done over all trajectories ¢(t; 0, qo, §o, 7), t > 0. From (6.99)
one obtains

Vildordo) =  sup —{[q'TM@)q'] U, (g() —Ug<q<o>>}

7:(0,q0,40)—
= 14(0)™ M(g(0))4(0) + U,((0))

= E(qo,4o)

where we have to assume that Uy(q) > —K > —oo for some K < 400, so
that we may assume that the potential energy has been normalized to secure
that Ugy(g) > 0 for all ¢ € IR™. It is not surprizing that the available storage
is just the total initial mechanical energy of the system (but we shall see in a
moment that for certain systems this is not so evident).

Remark 6.40. We might have deduced that the system is dissipative since
Va(g, 4) < 400 for any bounded state; see Theorem 4.41. On the other hand,
Va(g, ¢) must be bounded since we already know that the system is dissipative
with respect to the chosen supply rate.

Remark 6.41. In Section 6.1 we saw that the addition of Rayleigh dissipation
enforces the dissipativity property of the system. Let us recalculate the avail-
able storage of a rigid joint-rigid link manipulator when the dynamics is given
by

M(q(t))4(t) + Cla(t),4(1)q(t) + g(a(t)) + () = 7(t) (6.101)
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One has:
t
Va(qo,do) =  sup —/ ' ds
7:(0,90,40)— 0
1 ¢ b 1OR
T . t T
= sup — |54 M(Q)Q} — Ug(@)]p — / q" —-ds
7:(0,90,40)— { |:2 0 ! 0 0 9q
= 54(0)" M (q(0))4(0) + Uy(q(0))
= E(qo, qo)
(6.102)
since q'T%—R > §G7 ¢ for some § > 0. One therefore concludes that the dissipa-

tion does not modify the available storage function, which is a logical feature
from the intuitive physical point of view (the dissipation and the storage are
defined independently).

6.3.2 The Required Supply

Let us now compute the required supply V,.(g,¢) as in Definition 4.36, with
the same assumption on Uy(g). Recall that it is given in a variational form

by:
0

Vi (qo, 4o) = inf / 77 (5)q(s)ds (6.103)
7:(—t,q¢,4t)—(0,q0,40) J —¢
where (g¢,¢) = (q(=1),4(=1)), (g0 4o) = (4(0),¢(0)), ¢ = 0. Thus this time
the minimization process is taken over all trajectories of the system, joining
the extended states (_ta qt, qt) and (07 qo, (]0) (le ((]0» (]0) = ¢(0a _ty qt, qtv T))
For the rigid manipulator case one finds

Vi (qo, do) = inf ~ [E(qo0,d0) — E(q(—=1),4(—1))]
7:(—t,q9¢,4t)—(0,90,40)

(6.104)
= E(0) — E(—t)

Note that V,.(-) hence defined is not necessarily positive. However if we
compute it from (—¢,q:,¢:) = (—t,0,0) then indeed V,.(-) > 0 is a storage
function. Here one trivially finds that V;.(go, go) = E(qo, o) (= Va(qo0, do))-

Remark 6.42. The system is reachable from any state (qo, do) (actually, this
system is globally controllable). Similarly to the available storage function
property, the system is dissipative with respect to a supply rate if and only if
the required supply V;. > —K for some K > —o0; see Theorem 4.41. Here we
can take K = E(—t).
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6.4 Flexible Joint—Rigid Link Manipulators

In this section we consider another class of systems which corresponds to mod-
els of manipulators whose joints are no longer assumed to be perfectly rigid,
but can be fairly modelled by a linear elasticity. Their simplified dynamics
can be written as

M(q1(t))di(t) + Cqr(t), q1(t))q1(t) + g(q1(t)) = K(q2(t) — q1(t)) ( )
6.105
JGa(t) = K(qu(t) — qa(t)) + u(?)

where ¢;(t) € IR" is the vector of rigid links angles, g2(t) € IR" is the vector
of motor shaft angles, K € IR"*" is the joint stiffness matrix and J € IR™*"
is the motor shaft inertia matrix (both assumed here to be constant and
diagonal). It is a simple mechanical system in Lagrangian form (6.43), we can

say that M(q) = (ngﬂ 3) Clg,q) = (C(q(l)’ch) 8), T = (O>, 9(q) =

u

9(q1) + K(g2 — ) . Actually the potential energy is given by the sum of
0 K(q1 —q2)

the gravity and the elasticity terms, Uy (¢q1) and Ue(q1, ¢2) = %(qg—ql)TK(qg—
g1) respectively. The dynamics of flexible joint-rigid link manipulators can
be seen as the interconnection of the simple mechanical system representing
the dynamics of the rigid joint-rigid link manipulators with a set of linear
Lagrangian systems with external forces representing the inertial dynamics of
the rotor, interconnected by the rotational spring representing the compliance
of the joints. It may be seen as the power continuous interconnection of the
corresponding three port controlled Hamiltonian systems in a way completely
similar to the example of the levitated ball (Example 6.36). We shall not
detail the procedure here but summarize it on Figure 6.2. As a result it follows
that the system is passive, lossless with respect to the supply rate u” gy with
storage function being the sum of the kinetic energies and potential energies
of the different elements. We shall see in Section 6.6 that including actuator
dynamics produces similar interconnected systems, but with quite different
interconnection terms. These terms will be shown to play a crucial role in the
stabilizability properties of the overall system.

Remark 6.43. The model in (6.105) was proposed by Spong [471] and is based
on the assumption that the rotation of the motor shafts due to the link angular
motion does not play any role in the kinetic energy of the system, compared
to the kinetic energy of the rigid links. In other words the angular part of the
kinetic energy of each motor shaft rotor is considered to be due to its own ro-
tation only. This is why the inertia matrix is diagonal. This assumption seems
satisfied in practice for most of the manipulators. It is also satisfied (mathe-
matically speaking) for those manipulators whose actuators are all mounted
at the base, known as parallel-drive manipulators (the Capri robot presented
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e () (o))

Elasticity

M(q1)i + Clq1, ¢1)dr + 9(q1)

JGa 0
U

Fig. 6.2. Flexible joint-rigid link: interconnection as two passive blocks

in chapter 9 is a parallel-drive manipulator). If this assumption is not satis-

fied [488], the inertia matrix takes the form M (q) = (]\]/‘\[/[T(((];)) Ml?](ql) )
12{q1

The particular feature of the model in (6.105) is that it is static feedback
linearizable and possesses a triangular structure [325] that will be very useful
when we deal with control.

Let us now prove in some other way that the system is passive (i.e. dissi-
pative with respect to the supply rate 77¢ = u”'¢y). We get for all ¢ > 0:

Jo T ()da(s)ds = [ [Jiz(s) + K(ga(s) — ar(s))]" da(s)ds+

+ fot(@(é‘) — q1(s)) T K1(s)ds
(6.106)

— [3d8 Tda]! + [L(a2 — q) K (a2 — )], +
+ fo(a2(s) — a1 ()" K i (s)ds

The last integral term can be rewritten as

/0 (g2 — )" Kgrds = /0 i [M(q1)i + Clar,d1)dr + g(qr)]ds  (6.107)

Looking at the rigid joint-rigid link case, one sees that

t

t
) 1. )
/ (g2 — )" Kguds = [2qipM(ql)ql +Uy(qr) (6.108)
0 0
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Therefore grouping (6.106) and (6.108) one obtains
3 uTgads > —142(0)7 Jd2(0)
—51(0)" M(q1(0)41(0) (6.109)

—3142(0) = q1(0)]" KTg2(0) — q1(0)] — Uy(q1(0))
The result is therefore true whenever Uy (¢1) is bounded from below.

Remark 6.44. One could have thought of another decomposition of the system
as depicted in Figure 6.3. In this case the total system is broken down into two
Lagrangian control systems with input being the free end of the springs with
respect to each submodel. The subsystem with generalized coordinate ¢; (i.e.
representing the dynamics of the multibody system of the robot) is analogous
to the harmonic oscillator of Example 6.12 and with input go. The dynamics of
the rotors (with generalized coordinates gz) is again analogous to an additional
external force u. But the interconnection of these two subsystems is defined
by : u1 = ¢2 and ug = ¢ involving the generalized coordinates which are not
passive outputs of the subsystems.

“ Ji» + K¢ = K1+ M(g)i + Clar,d)dr + gla)+
g +u +Kq = Kgo

q1

K -

Fig. 6.3. Flexible joint-rigid link manipulator

Remark 6.45. Let us point out that manipulators with prismatic joints cannot
be passive, except if those joints are horizontal. Hence all those results on
open-loop dissipativity hold for revolute joint manipulators only. This will
not at all preclude the application of passivity tools for any sort of joints
when we deal with feedback control —for instance it suffices to compensate
for gravity to avoid this problem—.
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6.4.1 The Available Storage

Mimicking the rigid joint-rigid link case, one finds that
Valq,q) = E(q,4) = 54T M(q1)d1 + 343 Jdo

(6.110)
+3la = a2l Ko — a2] + Uy(ar)

6.4.2 The Required Supply

From Subsection 6.3.2 one finds that the energy required from an external
source to transfer the system from the extended state

(=t q1(=1), q2(—t),41(—1), G2(—1)) = (=1, q1¢, Ga¢, dut, Got)

to
(0,41(0), ¢2(0),41(0), 42(0)) = (0, q10, 920, G10, G20),

is given by
Vi(91(0), ¢2(0), 41(0), 42(0)) = E(q1(0), ¢2(0), ¢1(0), 42(0))—

—E(q1(—1),q2(—1), 41(—1), 42(—1))

(6.111)

The KYP Lemma Conditions

Recall from the Positive Real (or Kalman-Yacubovich-Popov) Lemma 4.84
that a system of the form

&= f(z) + g(x)u

y = h(x)

(6.112)

is passive (dissipative with respect to the supply rate u”y) if and only if
there exists at least one function V (¢, ) > 0 such the following conditions are

satisfied: ov
Wt (z) = G (2)g(x)

o (@) f(2) =0

The if part of this Lemma tells us that an unforced system that is Lyapunov
stable with Lyapunov function V(-) is passive when the output has the partic-
ular form in (6.113). The only if part tells us that given an output function,
then passivity holds only if the searched V (-) does exist.

Now let us assume that the potential function Uy(g¢1) is finite for all ¢ € C.
Then it follows that the available storage calculated in (6.110) is a storage
function, hence it satisfies the conditions in (6.113) wheny = JJ " 1¢s = ¢ and

(6.113)
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u is defined in (6.105). More explicitly the function E(q,q) in (6.110) satisfies
the partial differential equations (in (6.105) one has g% (z) = (0,0,0, J71))

oET 11 _ T
0 1T =@

T, T _ o
SR qu+ 5 M(q) M [=Cla1,d0)dn — g(qn) + K(g2 —q)] + (6.114)

T. —
+o2 G+ 52T K (g1 — 2)] = 0

6.5 A Bouncing System

We may conclude from the preceding examples that in general, for mechanical
systems, the total mechanical energy is a storage function. However the cal-
culation of the available storage may not always be so straightforward as the
following example shows. Let us consider a one degree-of-freedom system com-
posed of a mass striking a compliant obstacle modelled as a spring-dashpot
system. The dynamical equations for contact and non-contact phase are given
by

—fq(t) — kq(t) if q(£) > 0
md(t) = 7(t) + (6.115)
0 if ¢(t) <0

It is noteworthy that the system in (6.115) is nonlinear since the switch-
ing condition depends on the state. Moreover existence of a solution with ¢
continuously differentiable is proved in [392] when 7 is a Lipschitz continuous
function of time, ¢ and ¢. The control objective is to stabilize the system at
rest in contact with the obstacle. To this aim let us choose the input

T = —)\2(1 — )\1(q — Qd) +v (6116)

with ¢4 > 0 constant, Ay > 0, A2 > 0 and v is an auxiliary signal. The
input in (6.116) is a PD controller but can also be interpreted as an input
transformation. Let us now consider the equivalent closed-loop system with
input v and output ¢, and supply rate w = vq. The available storage function
is given by

t
Va(zo,0) =  sup —/ v(s)q(s)ds (6.117)
7:(0,q0,d0)— to

Due to the system’s dynamics in (6.115) we have to consider two cases:

e Case qo < 0: Let us denote 2; = [to;, t2;+1] the time intervals such that
q(t) <0, and 22,41 = [t2i4+1, t2i+2] the intervals such that ¢(¢) > 0,7 € IN.
From (6.116) and (6.115) one has
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Va(Q()) q()) =
= s =S i) () + dwals) - hadits)ds
Ti(quo#jO)" i>0 $22;
> {/ (mg(s) + A2q(s) + (A + k)q(s) — /\1Qd)61'(8)d8}
i>0 22441
q»Q tait1 /\1 tait1
= sup Z - [m} - {(x - xd)Q} - )\2/ G (t)at
T:(07QO7{10)_’ i>0 2 to; 2 to; £29;
.9 o7 t2it2
¢ Mtk A1ga 2
+Y 10— [m—— (q— > —(A2+f)/ q-(t)dt
0 2 2 A+ k _— D9i41
(6.118)

In order to maximize the terms between brackets it is necessary that the
integrals — le G2 (t)dt be zero and that ¢(t2;+1) = 0. In view of the sys-
tem’s controllability, there exists an impulsive input v that fulfils these
requirements [246] (let us recall that this impulsive input is applied while
the system evolves in a free-motion phase, hence has linear dynamics). In

o t1o., .
order to maximize the second term — [%(q — qd)z} f(l) it is also necessary

that ¢(t1) = 0. Using similar arguments, it follows that ¢(t2;+2) = 0 and
that g(t2) = ;111‘2. This reasoning can be iterated to obtain the optimal

path which is (go,4o) — (0,0) — (?113_‘2,0) where all the transitions are

instantaneous. This leads us to the following available storage function:

)
. q0
Va(ao, do) = m -2
(g0, Go) = m— + 19490 + 200 + k)

2 2

Case gy > 0: Using a similar reasoning one obtains

2 Mtk A 2
Va(qo, do) = m® 4 Qi) (qo _ Al ) (6.120)

2 2 M+ k
Notice that the two functions in (6.119) and (6.120) are not equal. Their

concatenation yields a positive definite function of (¢, ¢) = (0,0) with § = ¢ —

;111‘2, that is continuous at ¢ = 0, but not differentiable (this is in accordance

with [33, Proposition]).

Remark 6.46. Let us now consider the following systems

mq(t) + A2q(t) + A (q(t) — ga) = v(t) (6.121)

and
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mi(t) + O + Fat) + M (a(t) — aa) + ka(t) = v(?) (6.122)

that represent the persistent free motion and the persistent contact motion
dynamics respectively. The available storage function for the system in (6.121)
is given by (see Remark 6.41)

. 1 5 1
Va(a,4) = 5md” + M (a — qa)* (6.123)
whereas it is given for the system in (6.122) by
. 1 . 1 1
Valg,q) = §mq2 + 5/\1(q —qa)* + ikq2 (6.124)

It is clear that the functions in (6.119) and (6.123), (6.120) and (6.124), are
respectively not equal. Notice that this does not preclude that the concate-
nation of the functions in (6.123) and (6.124) yield a storage function for the
system (in which case it must be larger than the concatenation of the func-
tions in (6.119) and (6.120) for all (g, ¢)). In fact an easy inspection shows that

the functions in (6.123) and (6.124) are obtained by adding %i\lliqg to those
in (6.119) and (6.120) respectively. Thus their concatenation indeed yields a
storage function for the system in (6.115) with input (6.116). [ |

An open issue is to study the conditions under which the available storage

function of the piecewise continuous system

#(t) = fi(a(t), ut)) if Cia(t) >0

z(t) = gi(z(t), u(t)) if Ciz(t) < 0 (6.125)

ie{1,--,m}

can be deduced as a concatenation of the available storages of the independent
systems & = f;(x,u) and & = g¢;(z,u). More generally one should study the
dissipativity of switching systems. An important contribution can be found
in [540], where a suitable definition of dissipativity is proposed that involves
several supply rates and storage functions !. Other contributions are in [534,
535].

6.6 Including Actuator Dynamics

6.6.1 Armature-controlled DC Motors

In all the foregoing examples it has been assumed that the control is directly
provided by the generalized torque 7. In reality the actuators possess their

1 It is noteworthy that the class of systems considered in [534, 535, 540] does not
encompass the nonsmooth systems which are examined elsewhere in this book,
like unbounded differential inclusions, variational inequalities. They are different
types of dynamical systems.
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own dynamics, and the torque is just the output of a dynamical system. In
practice the effect of neglecting those dynamics may deteriorate the closed-
loop performance [79]. In other words, the dynamics in (6.43) are replaced by
a more accurate armature-controlled DC motor model as:

M(q(t))q(t) + Clq(t),4(£))d(t) + g(q(t)) = 7 = K I(t)

RI(t) + LEL(t) + Ky(t) = u(t)

(6.126)

u Ki | . q
()| state() Lol state (q, §)

A

Kt

Fig. 6.4. Manipulator 4+ armature-controlled DC motor

where R, L, K, are diagonal constant matrices with strictly positive entries,
R ¢ IR™™" is a matrix whose jth entry is the resistance of the jth motor
armature circuit, L € IR™"™ has entries which represent the inductances of
the armature, K; € IR"™™" represents the torque constants of each motor,
u € IR™ is the vector of armature voltage, I € IR" is the vector of armature
currents. For the sake of simplicity we have assumed that all the gear ratios
that might relate the various velocities are equal to one. Moreover the inertia
matrix M(q) is the sum of the manipulator and the motorschaft inertias.
The new control input is therefore u, see Figure 6.4. For the moment we are
interested in deriving the passivity properties of this augmented model. We
shall see further that the (disconnected) dynamics of the motor are strictly
output passive with respect to the supply rate u”'I.

Remark 6.47. One may consider this system as the interconnection of two
subsystems as in Figure 6.5. One notes at once a strong similarity between the
model in (6.126) and the example of the magnetic ball in Example 6.34. The
difference is that there is no coupling through the energy function (no state
variable in common) but that the simple mechanical system, representing the
dynamics of the mechanical part, is non-linear. The interconnection structure
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Ky lu Ki |

motor
dynamics

manipulator
dynamics

dissipation

| |
| |
: - — —»| Rayleigh - = :
[ I
[ I
[ I

S |

(to be added if dissipation in the
manipulator)

Fig. 6.5. Negative feedback interconnection in two dissipative blocks

is best seen on the formulation using port controlled Hamiltonian systems
as follows and illustrated in Figure 6.5. The Legendre transformation of the
simple mechanical system leads to the definition of the momentum vector
p = ‘g—g = M(q)q, the Hamiltonian function H(q,p) = $p" M~ (q)p + Ul(q)
and the following port controlled Hamiltonian system:

(g>:(—();n é::) (%_g>+(9:)7 (6.127)

(6.128)

oH
Ymech = (On, 1) (3_;;,) =g (6.129)
Op

where the input 7 represents the electromechanical forces. The dynamics of
the motors is described by the following port controlled Hamiltonian system
with dissipation with state variable being the total magnetic flux ¢ = LI and
the magnetic energy being Hy,g = 5= ¢%:

. 0H,,
¢=—-R 8¢g + U+ Umg (6.130)
Ymg = 8ng =1 (6131)
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where u,4 represents the electromotive forces. Note that the structure matrix
consists only of a negative definite part, thus it is purely an energy dissipating
system. The interconnection between the two subsystems is defined by the
following power continuous interconnection:

7= KiYmg (6.132)
Umg = —KtYmech (6.133)

A simple elimination leads to the following port controlled Hamiltonian
system with dissipation

OH
_ 9q
q On In On 02n 02n><n
p = _In On Kt + %71;[
(b On _Kt On 0n><2n —R
) OHm,
Blmg (6.134)
On
+ {0, |u
I,
OH
0q
OHmyg
99

From this formulation of the system as interconnected port controlled
Hamiltonian with dissipation, the interconnected system is seen to be pas-
sive with supply rate u” I and storage function H(g,p) + Humg(®).

Passivity with Respect to the Supply Rate uTT

Let us calculate directly the value of (u, I');, where the choice of this supply
rate is motivated by an (electrical) energy expression:

(u, 1), = [{ IT [RI + LI + K, 4]
= [ I(s)"RI(s)ds + & [I(s)"LI(s)],

+3 [d(5)T M (q(s))d(s)] y + [Uya()]h (6.136)
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where we used the fact that R > 0, L > 0. One sees that the system in
(6.126) is even strictly output passive when the output is y = K;I. Indeed
ITRI > Muin(R)yTy where Amin(R) denotes the minimum eigenvalue of R.

Available Storage and Required Supply

Using the same supply rate as in Subsection 6.6.1, one gets

V(g 4, 1) = 17 LT + 54" M(q)¢ + Uy(q)
(6.137)

Necessity and Sufficiency for the Supply Rate to be u”T

The supply rate u” I has been chosen according to the definition of conjugated
port variables of port controlled Hamiltonian systems. In the sequel, we shall
prove that no other form on the port variables may be chosen to define a
supply rate for another storage function. Therefore let us introduce a more
general supply rate of the form u” AT BI for some constant matrices A and
B of suitable dimensions. Our goal is to show that if the system is dissipative
with respect to this new supply rate, then necessarily (and sufficiently) A =
éU’lel and B = aKU, where a # 0 and U is a full-rank symmetric
matrix. Let us compute the available storage associated to this supply rate,
i.e.

t
Va(qo,do, Io) = sup —/ u”' (s)AT BI(s)ds
u2:(0,90,do0,10) 0
1 t
= sup —{—[ITLATBI]5+ / ITRATBIds (6:138)
u2:(0,40,40,10) 2 0

+ [y T K AT BE (M (q)i + Cla, d)d + 9(a)] ds |

It follows that the necessary conditions for V,(q, d, ) to be bounded are that
LATB > 0 and RATB > 0. Moreover the last integral concerns the dissi-
pativity of the rigid joint-rigid link manipulator dynamics. We know storage
functions for this dynamics, from which it follows that an output of the form
K;'BT AK,§ does not satisfy the (necessary) Kalman-Yakubovic-Popov prop-
erty, except if K; ' BT AK; = I,,. One concludes that the only supply rate with
respect to which the system is dissipative must satisfy

K 'BTAK, =1,
LATB >0 (6.139)

RATB >0
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Hence A = éUﬁth_l and B = aK,U for some a # 0 and some full-rank
matrix U = UT.

6.6.2 Field-controlled DC Motors

Now consider the model of rigid joint-rigid link manipulators actuated by
field-controlled DC motors:

L+ R =y

Ly G2 + Rolz + Ki(11)§ = us (6.140)

t

M(q)j+C(q,9)q+9(q) + Kog =7 = Ki(I1) 12
where I, Iy are the vectors of currents in the coils of the n motors actuating
the manipulator, L; and Lo denote their inductances, Ry and Ry are the
resistors representing the losses in the coils. The matrix K;(I1) represent the
electromechanical coupling and is defined by a constant diagonal matrix K;
as follows:

Kt(Il) = diag(kﬂln, e ,k‘tnlln) = Ktll (6141)

with ky; > 0. The last equation is the Lagrangian control system represent-
ing the dynamics of the manipulator with n degrees of freedom defined in
(6.98) where the diagonal matrix K, is positive definite and represents the
mechanical losses in the manipulator.

In order to reveal the passive structure of the system, we shall again,
like in the preceding case, assemble it as the interconnection of two passive
port controlled Hamiltonian systems. Therefore let us split this system in
two parts: the magnetic part and the mechanical part and interconnect them
through a power continuous interconnection. The first port controlled Hamil-
tonian system with dissipation represents the magnetic energy storage and
the electromechanical energy transduction. The state variables are the to-
tal magnetic fluxes in the coils ¢ = (¢1,¢2)” defining the magnetic energy

Hpg =1 (%q@ + L%q@) and becomes
OHmg

. _ 9p1 1
0= (0 ) iy | 7 (0) = (1)
noTR/\ 2Hmg (6.142)

02

0
+ Kt% umg

with the conjugated outputs associated to the voltages u; and us:

OHmg OHmg
01 01
y1=(1,0) = land y2 = (0,1) =1 (6.143)
OHmg OHmg

Oda 02
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and the output conjuguated to the electromotive force uy, is

OHmg
$1 O¢1
Ymg = <O,Kt—> (6.144)
Ll O0Hmg
02

where the two conjugated port variables u,,, and ¥,y define the intercon-
nection with the mechanical system. The second port controlled Hamiltonian
system with dissipation represents the dynamics of the manipulator and was
presented above:

. OH

a OH n

p -1, K, op
OH
9q

Ymech = (Ona In) = q (6146)

OH
Jdp

where one notes that the dissipation defined by the matrix K; was included
in the structure matrix. The interconnection of the two subsystems is defined
as an elementary negative feedback interconnection:

Umech = Ymg (6147)
Umg = —Ymech (6.148)

Again a simple elimination of the interconnection variables leads to the
port controlled Hamiltonian system with dissipation, with Hamiltonian being
the sum of the Hamiltonian of the subsystems: Hiot(¢p,q,p) = Hmg(@) +
H(q,p) and structure matrice with skew-symmetric part

0, O, 0n
Jtot - On On _Kt% (6149)
On Kit 0,

and symmetric positive structure matrix:
Ryt = diag(— Ry, —Ra, —K,) (6.150)

Hence the complete system is passive with respect to the supply rate of
the remaining port variables: u1y; + yous and with storage function being the
total energy Hiot.
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Passivity of the Manipulator Plus Field-controlled DC Motor

Motivated by the preceding physical analysis of the field-controlled DC motor,
using the integral formulation of the pabbivity, let us prove the dissipativity
with respect to the supply rate uf I; + ul I5:

(ur, I)¢ + (ug, Io)y > — 31, (0)TL11;(0) + fo IT(s)R111(s)ds

_%1'2(())TL2]2 —|—f0 1T (s)RoIz(s)ds+

+ [5 7 (s) Ko (I(5)) o (s)ds (6.151)
> —11(0)TL111(0) — L 12(0)T LoL5(0)

—34(0)" M (q(0))d(0) — Uy(q(0))
which proves the statement.

Remark 6.48 (Passivity of the motors alone). The dynamics of a field-controlled
DC motor is given by

Ly 4 (t) + Ry (t) = ua (t)
Lo (t) + Roo(t) + Ko(I1(t))q(t) = ua(t) (6.152)
JG(t) = Ki(11 (1) 12(t) — Kug(2)

where J € IR"™" is the rotor inertia matrix. It follows that the (disconnected)
actuator is passive with respect to the supply rate ul Iy + ul I,. Actually
we could have started by showing the passivity of the system in (6.152) and
then proceeded to showing the dissipativity properties of the overall system in
(6.140) using a procedure analog to the interconnection of subsystems. Similar
conclusions hold for the armature-controlled DC motor whose dynamics is
given by

JG(t) = K I(t)

(6.153)
RI(t) + L9L(t) + Kg(t) = u(t)

and which is dissipative with respect to u”I. This dynamics is even output

. . . I .
strictly passive (the output is y =1 or y = <Il )) due to the resistance.
2

The Available Storage

The available storage function of the system in (6.140) with respect to the
supply rate uf'I; + ul'I; is found to be, after some calculations:
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. 1 1 1. .
Va(li, I2,q,q) = §IlTLlll + §IQTLQIQ + EQTM(Q)(H' Uy(q) (6.154)
This is a storage function and a Lyapunov function of the unforced system in
(6.140).

Remark 6.49. Storage functions for the disconnected DC motors are given by
Vaae(I,4,4) = $d"Jq + 31" LI and Vyge(h, I2,4,4) = 34" T4+ 517 Lily +
%IQT LsI5. Notice that they are not positive definite functions of the state
(¢,4,I) but they are positive definite functions of the partial state (¢,I).
Hence the fixed point (¢, ) = (0,0) (or (¢, I1, I2) = (0,0,0)) is asymptotically
stable. |

Notice that the actuator dynamics in (6.152) with input (u1,us) and out-
put (I1,I3) (which are the signals from which the supply rate is calculated,
hence the storage functions) is zero-state detectable: ((u1,u2) = (0,0) and
I =1, = 0) = ¢ = 0 (but nothing can be concluded on ¢), and is strictly
output passive. From Lemma 5.13 one may conclude at once that any func-
tion satisfying the Kalman-Yacubovich-Popov conditions is indeed positive
definite.

Remark 6.50. The model of field-controlled DC motors in (6.152) is similar to
that of induction motors, that may be given in some reference frame by (here
we show the model for one motor whereas in (6.152) the dynamics represent
a system composed of n motors):

L(t) + C(2(t), us(t))2(t) + Rq(t) = E (Z;Eii) + ) (6.155)

y(t) = Ler(I2(t)13(t) — 11 () 14(1))

where 2T = [I}, I5, I3, 14, 4] € R, uT = [uy,us,us] € R?, d¥ =[0,0,0,0,ds),
Ce(“b’vd) _C(d)
L = diag(Le,vJ) € R°*°, C(z,u3) = € R F =
)

[OIQ } € R°*?, R = diag(R.,vb) € R**®. L, € R** is a matrix of in-
3x2

ductance, v € IR is the number of pole pairs, J € IR is the rotor inertia,
R. € IR*™* is the matrix of resistance, b € IR is the coefficient of motor
damping, u; and us are stator voltages, us is the primary frequency, I; and
I, are stator currents, I3 and I are rotor currents, ¢ is the rotor angular veloc-
ity, ds = —vy; where yy, is the load torque. Finally y(¢) € IR is the generated
torque, where Lg, € IR is the mutual inductance.

It can be shown that this model shares properties with the Euler-Lagrange
dynamics. In particular [385] the matrix C(z,ug) satisfies the skew-symmetry
requirement for a certain choice of its definition (which is not unique), and
2TC(z,u3)z = 0 (similarly to workless forces). Also this system is strictly
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passive with respect to the supply rate Iyu; + lous, with storage function
H(z) = 327 Lz and function S(z) = 2T Rz (see Definition 4.51).

6.7 Passive Environment

In this section we shall briefly treat systems which may be considered as
models of manipulators in contact with their environment through their end-
effector or some other body (for instance in assembly tasks or in cooperation
with other robots). These systems are part of a more general class of con-
strained dynamical systems or implicit dynamical systems which constitute
still an open problem for their simulation and control. More precisely we
shall consider simple mechanical systems which are subject to two types of
constraints. First, we shall consider ideal, i.e. workless, constraints on the
generalized coordinates or velocities which again may be split into integrable
constraints which may be expressed on the generalized coordinates and non-
holonomic constraints which may solely be expressed in terms of the gen-
eralized velocities. Second we shall consider the case when the environment
itself is a simple mechanical system and hence consider two simple mechanical
systems related by some constraints on their generalized coordinates.

6.7.1 Systems with Holonomic Constraints

Let us consider first a robotic manipulator whose motion is constrained by
some m bilateral kinematic constraints, for instance following a smooth surface
while keeping in contact. Its model may be expressed as a simple mechanical
system (6.43) of order 2n with m < n kinematic constraints of order zero, and
defined by some real function ¢ from the space of generalized coordinates IR"
in IR™:

¢(q) =0 (6.156)

Let us assume moreover that the Jacobian J(q) = g—‘f; is of rank m everywhere

and the kinematic constraints (6.156) define a smooth submanifold Q. of
IR". Then by differentiating the constraints (6.156) one obtains kinematic
constraints of order 1, defined on the velocities:

J(@)g=0 (6.157)

The two sets of constraints (6.156) and (6.157) define now a submanifold
S on the state space TIR™ = IR*™ of the simple mechanical system (6.43):

S ={(q,4) € R*™ : ¢(q) =0, J(q)d =0} (6.158)

The dynamics of the constrained simple mechanical system is then de-
scribed by the following system:
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M (q(t))d(t) + Cla(t), d(t))d(t) + g(a(t)) = 7(t) + I (q(t))A(¢)

J(q(t)g(t) =0

where A € IR™ is the m dimensional vector of the Lagrangian multipliers
associated with the constraint (6.156). They define the reaction forces F, =
JT(g)\ associated with the constraint which enforce the simple mechanical
system to remain on the constraint submanifold S defined in (6.158).

(6.159)

Remark 6.51. Note that the constrained system (6.159) may be viewed as
a port controlled Hamiltonian system with conjugated port variables A and
y = J(¢)¢ interconnected to a power continous constraint relation defined by
y =0 and A € R™. It may then be shown that this defines an implicit port
controlled Hamiltonian system [121,346]. More general definition of kinematic
constraints were considered in [345,347].

Remark 6.52. Constrained dynamical systems are the subject of numerous
works which are impossible to present here in any detail, and we refer the
interested reader to [337] for a brief historical presentation and presentation
of related Hamiltonian and Lagrangian formulation as well as to [438] for a
Hamiltonian formulation in some more system theoretic setting.

Remark 6.53. Note that the kinematic constraint of order zero (6.156) is not
included in the definition of the dynamics (6.159). Indeed it is not relevant to
it, in the sense that this dynamics is valid for any constraint ¢(¢q) = ¢ where
c is a constant vector and may be fixed to zero by the appropriate initial
conditions. ]

One may reduce the constrained system to a simple mechanical system
of order 2(n — m) by using an adapted set of coordinates as proposed by
McClamroch and Wang [324]. Using the Theorem of implicit functions, one
may find, locally, a function p from IR"™™ to IR™ such that

o(p(g2),q2) = 0 (6.160)

Then define the change of coordinates:

2= O(g) = (cn - p(q2)> (6.161)

q2

Its inverse is then simply

g=0(z) = <Z1 - p(22)> (6.162)

Z2

In the new coordinates (6.161), the constrained simple mechanical system
becomes
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FIG(0)200) + CG0,20)20) + 3(:(0) = 37070 + (o ) 200
Z1(t) = (Im Op—m) 2(t) = 0

(6.163)
where the inertia matrix is defined by
- 20T 00
M(z) = 97 (Q(z))M(Q(Q))a—q.(Q(z)) (6.164)

and §(z) is the gradient of the potential function U(Q(z)). The kinematic
constraint is now expressed in a canonical form in (6.163) or in its integral
form z; = 0. The equations in (6.163) may be interpreted as follows: the sec-
ond equation corresponds to the motion along the tangential direction to the
constraints. It is not affected by the interaction force since the constraints are
assumed to be frictionless. It is exactly the reduced-order dynamics that one
obtains after having eliminated m coordinates, so that the n—m remaining co-
ordinates z5 are independent. Therefore the first equation must be considered
as an algebraic relationship that provides the value of the Lagrange multiplier
as a function of the system’s state and external forces.

Taking into account the canonical expression of the kinematic constraints,
the constrained system may then be reduced to the simple mechanical system
of order 2(n—m) with generalized coordinates z2, and inertia matrix (defining
the kinetic energy) being the submatrix M, (z2) obtained by extracting the
last n — m columns and rows from M (z) and setting z; = 0. The input term
is obtained by taking into account the expression of @ and computing its

Jacobian:
agT o Im Om>< (n—m)
82 - % (Q(Z) In—m

The reduced dynamics is then a simple mechanical system with inertia
matrix M, (z) and is expressed by

(6.165)

M, (2(t)2(t) + Cr(2(t), 2(£)2(t) + Gr(2(t)) = (—@(22(1%)), Inm) T(t)

(6.166)
The port conjuguated output to 7 is then

Op
ye(t) = <_8q2(‘”(t))> Zo(t) (6.167)

In—m

Hence the restricted system is passive and lossless with respect to the sup-
ply rate 77y, and storage function being the sum of the kinetic and potential
energy of the constrained system.

Remark 6.54. We have considered the case of simple mechanical systems sub-
ject to holonomic kinematic constraints, that means kinematic constraints of
order 1 in (6.157), that fulfil some integrability conditions which guarantee
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the existence of kinematic constraints of order 0 (6.156). If this is not the
case, the constraints are said to be non-holonomic. This means that the sys-
tem may no more be reduced to a lower order simple mechanical system. As
we shall not treat them in the sequel, we do not give a detailed presentation
and give a sketch of the results indicating only some references. These sys-
tems may still be reduced by choosing an adapted set of velocities (in the
case of a Lagrangian formulation) or momenta in the case of a Hamiltonian
formulation) and then projecting the dynamics along a subspace of velocities
or momenta [95,337,440]. This dynamics cannot be expressed as a controlled
Lagrangian systems, however it has been proved that it may still be expressed
as a port controlled Hamiltonian system for which the structure matrix does
not satisfy the Jacobi identities (6.68) [264,440].

6.7.2 Compliant Environment
The General Dynamics

The general dynamical equations of a rigid joint-rigid link manipulator in
permanent contact with an obstacle (that is also a Euler-Lagrange system
and can be for instance another —uncontrolled— kinematic chain) are given by

M(q()4(t) + Cla(t),4(1)q(t) + g(q(t)) = 7(t) + Fy(t)

Me(a(8))E () + Ce(a(t), #(8))E(t) + % (t) + ge(@(t)) + Kea(t) = Fy (1)

(6.168)
where ¢(t) € R", z(t) € R™, m < n, Fy(t) € R" and F,(t) € R™ rep-
resent the generalized interaction force in coordinates ¢ and in coordinates
x respectively. In other words, if © = ¢(¢) for some function ¢(-), then
T = %T(q)q = J(q)4, and F, = JT(q)F,. If we view the system in (6.168) as
a whole, then the interaction force becomes an internal force. The virtual work
principle (for the moment let us assume that all contacts are frictionless) tells
us that for any virtual displacements d¢ and dz, one has dzTF, = —6qTF,.
This can also be seen as a form of the principle of mutual actions. Let us fur-
ther assume that rank(¢) = m and that K. > 0. Let us note that the relation
x = ¢(q) relates the generalized displacements of the controlled subsystem to
those of the uncontrolled one, i.e. to the deflexion of the environment. With
this in mind, one can define following McClamroch a nonlinear transforma-

tion g = Q(2), 2 = 0-1(g) = [m] _ {Kecb((h,qz)]’ {Ch] _ {9(21732)}

z2 q2 q2 k)
02T 90T
G = T(2)%, with T'(z) = 6)21 9z2 |, where z1(t) € R™, z(t) € R"™™,
n—m

and ¢(§2(z1, 22), 22) = 21 for all 2z in the configuration space. Notice that from
the rank assumption on ¢(q) and due to the procedure to split z into z; and 2o
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(using the implicit function Theorem), the Jacobian T'(z) is full-rank. More-
over zo = o where ¢o are the n —m last components of ¢. In new coordinates
z one has z;y = x and

M (2(6)) () + O(=(0), (1) 2(0) +9(=(0)) = 7(¢) + (Azb(t)>

(6.169)

Me(z1(8)21(8) + Ce(21 (1), 20(8))20.(8) + GE= (8) + ge (21 () +

+Kez1(t) = — Az (1)

where \,, (t) € R™, M(z) = T(2)"M(q)T(z), and 7 = T7(z)7. In a sense this
coordinate change splits the generalized coordinates into “normal” direction
z1 and “tangential” direction z3, similarly as in Subsection 6.7.1. The virtual
work principle tells us that 627 F, = —dz;\,, for all virtual displacement §z,
hence the form of F, in (6.169) where the principle of mutual actions clearly
appears. The original system may appear as having n+m degrees of freedom.
However since the two subsystems are assumed to be bilaterally coupled, the
number of degrees of freedom is n. This is clear once the coordinate change in
(6.169) has been applied. The system in (6.168) once again has a cascade form
where the interconnection between both subsystems is the contact interaction
force.

Remark 6.55. An equivalent representation as two passive blocks is shown in
Figure 6.6. As an exercise one may consider the calculation of the storage
functions associated to each block.

7

( > Manipulator dynamics z

_ (state (z, 2))

I (Im 0)

Obstacle

)z (state (21, 21)) 21

Fig. 6.6. Manipulator in bilateral contact with a dynamical passive obstacle
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Dissipativity Properties

Let us assume that the potential energy terms U, (z) and Uy, (#1) are bounded
from below. This assumption is clearly justified by the foregoing developments
on passivity properties of Euler-Lagrange systems. Now it is an evident choice
that the suitable supply rate is given by (77 + FI)z — )\Z:l %1. Notice that
although one might be tempted to reduce this expression to 77 # since FZ ; =
A\ %1, it is important to keep it since they do represent the outputs and
1nputb of different subsystems: one refers to the controlled system while the
other refers to the uncontrolled obstacle. Let us calculate the available storage
of the total system in (6.169):

Va(z,,é): / {T +FTZ—)\T2’1}dS
7:(0, 2(0) Z(O))—’

(6.170)

327 (0)M (2(0))2(0) + 521 (0)Me(21(0))21(0)

+321 (0)Ke21(0) + Uy (2(0)) + Uy, (21(0))

Hence the system is dissipative since V,(-) is bounded for bounded state.
Since we introduced some Rayleigh dissipation in the environment dynamics,
the system has some strict passivity property.

6.8 Nonsmooth Lagrangian Systems

The material in this section may be seen as the continuation of what we
exposed in Chapter 3, Sections 3.9.4 and 3.9.5. The notation is the same.

6.8.1 Systems with C° Solutions

Let us introduce a class of nonsmooth Lagrangian systems, which are me-
chanical systems subject to some nonsmooth friction forces. Let & : R' —
R U {+00} be a convex proper and lower semicontinuous function. Let
M=MT>0e R, Ce R, Ke RR"", H € R H, ¢ R*"
be constant matrices. For (t,qo,go) € IR x IR"™ x IR", with Hagy € D(09),
we consider the problem [3]: Find a function ¢ : ¢ — ¢q(t) (t > o) with
q € C([to, +00); IR™) such that

(i) 4(-) € Loo,e([to, +00); IR™)
(ii) ¢(-) is right-differentiable on [tg, +00)
(iii) q(to) = qo, 4(to) = do

Hy(t) € dom(99P) (6.171)
for all t > tg
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M(t) + Cq(t) + Kq(t) € —H10P(H24(t)) (6.172)
a.e. on [tg, +00).

We recall that dom(909) denotes the domain of the subdifferential of the
convex function @(-). The term H;dP(Hs-) is supposed to model the unilat-
erality of the contact induced by friction forces (for instance the Coulomb
friction model). Unilaterality is not at the position level as it is in the next
section, but at the velocity level. This is important because it means that the
solutions are much more “gentle”. Notice that if the system is considered as
a first order differential system, then as the section title indicates solutions
(¢(+), ¢(+)) are time continuous.

Theorem 6.56. [3] Suppose that

o (a) There exists a matriv R = RT € IR"*"™, nonsingular, such that

R2H] = M~'H, (6.173)

o (b) There exists yo = HaR™! (g € IR™) at which &(-) is finite and con-
tinuous.

Let to € IR, qo,4o € IR" with Hagy € dom(0P). Then there exists a
unique q¢ € C([tog, +00); R™) satisfying conditions (i) (ii) (i) and (6.171)
and (6.172).

|

We do not go into the details of the proof of this well-posedness result.
Let us just mention that thanks to the existence of the matrix R one can
perform a variable change z = Rq which allows one to rewrite the system as
a first-order system

(t) + Az(t) € —0¢(x)

(6.174)
m(to) = X0
0n><n _In P
with A = , T = (Z.>.The function ¢ : R" —
RM~'KR™' RM~'CR™!

IR U {+c0} is proper, convex and lower semicontinuous and is defined as
d(z) = x(2), with x(2) = (® o HyR™1)(%). The well-posedness of the system
in (6.174) can be shown relying on a Theorem quite similar to Theorem 3.80,
with a slight difference as the variational inequality that concerns (6.174) is
of the form

((t) + Az(t),v — z(t)) + d(v) — p(z(t)) >0, Yv € IR", a.e. in [tg, +00)
(6.175)
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This reduces to (3.213) if one chooses ¢(-) as the indicator function of a
convex set K, and is in turn equivalent to an unbounded differential inclusion.
Indeed one has

(Mu+q,v—u)+ o) —¢(u) >0, ¥V ve R"
(3 (6.176)

Mu+q € —0¢(u)

for any proper, convex, lower semicontinuous function with closed domain,
M ¢ R™™, g € IR". The stability analysis of these mechanical systems will
be led in Section 7.2.5.

6.8.2 Systems with BV Solutions

We deal in this section with mechanical Lagrangian systems, subject to fric-
tionless unilateral constraints on the position and impacts. This material is
necessary to study the stability issues as will be done in Section 7.2.4. There
are some tools from convex analysis which have already been introduced in
Section 3.9.4, and which are useful in this setting as well. More precisely, let
us consider the following class of unilaterally constrained mechanical systems

M(q(t)g(t) + F(q(t),4(t)) = Vh(q(t)A)

q(0) = qo,4(07) = qo
(6.177)
0 <h(q(t)) LAEF) >0

G(t5) = —eq(ty;) + (1 + e)proxpr (g, [d(ts ), V(g (tr))]

In (6.177) M(q) = M%(g) > 0 is the n x n inertia matrix, F(q,q) =
Cl(q,9)q + %—Iqj(q) where C(q, ¢)¢ denotes centripetal and Coriolis generalized
forces, whereas U(q) is a smooth potential energy from which conservative
forces derive, and h(-) : IR" — IR™. We assume that h(gy) > 0. The set
V(q) is the tangent cone to the set & = {g € R" | h(q) > 0}; see (3.193):
V(q) = Te(q). The impact times are generically denoted as ¢, the left-limit
q(t;,) € =V (q(ty)) whereas the right-limit ¢(¢{) € V(g(t)). The third line
in (6.177) is a collision mapping that relates pre- and post-impact general-
ized velocities, and e € [0,1] is a restitution coefficient [327]. The notation
prox () means the proximation in the kinetic metric, i.e. the metric defined

as 2T M(q)y for x,y € IR": the vector % is the closest vector to the

pre-impact velocity, inside V' (g(tx)) (it can therefore be computed through
a quadratic programme) [358]. In particular the impact law in (6.177) im-
plies that the kinetic energy loss at time ¢ satisfies (see [327], [69, p.199,
p-489], [34])
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Tr(th) = — 5 (a(t) — d(ty) " M(q(te)) (4(6F) — d(ty)) <0 (6.178)

Remark 6.57. The formulation of the unilateral constraints in (6.177) does
not encompass all closed domains ¢ = {q | h(g) > 0}, as simple non-convex
cases with so-called reentrant corners prove [77]. It can be used to describe
admissible domains ¢ which are defined either by a single constraint (i.e.
m = 1), or with m < +o00 where convexity holds at nondifferentiable points
of the boundary 09 (such sets are called regular [105]). It is easy to imagine
physical examples that do not fit within this framework, e.g. a ladder.

Let us note that the tangent cone V(g(t)) is assumed to have its origin
at q(t) so that 0 € V(q(t)) to allow for post-impact velocities tangential
to the admissible set boundary 0@. The second line in (6.177) is a set of
complementarity conditions between h(g) and A, stating that both these terms
have to remain non-negative and orthogonal one to each other. Before passing
to the well-posedness results for (6.177), let us define a function of bounded
variation.

Definition 6.58. Let f : [a,b] — IR be a function, and let the total variation
of f(+) be defined as

N
V() =sup Y _|f(t:) = f(ti-1), (a<a<b) (6.179)
=1

where the supremum is taken along all integers N, and all possible choices of
the sequence {t;} such that

a=1tg<th1 <. <ity==x

The function f(-) is said of bounded variation on [a,b] if V(b) < +o0. [

One should not confuse BV functions with piecewise continuous functions.
We say that a function f : I — J is piecewise continuous if there exists a con-
stant § > 0 and a finite partition of I into intervals (a;, b;), with I = U;[a;, by,
and b; — a; > 0 for all 4, and f(-) is continuous on each (a;, b;) with left limit
at a; and right-limit at b;. Thus piecewise continuous functions are a differ-
ent class of functions. There are well-known examples of continuous functions
which are not BV, like f : z — asin(L) defined on [0,1]. Clearly f(0) = 0
but the infinite oscillations of f(-) as « approaches 0 hamper the bounded
variation. In addition, piecewise continuity precludes finite accumulations of
discontinuities. BV functions are such that given any ¢ there exists ¢ > 0 such
that the function is continuous on (¢,¢ + o). But this ¢ may not be uniform
with respect to ¢t. Definition 6.58 holds whatever the function f(-), even if f(-)



6.8 Nonsmooth Lagrangian Systems 367

is not AC. One may consult [357] for more informations on BV functions. One
speaks of local bounded variation (LBV) functions when f : IR — IR and f(-)
is BV on all compact intervals [a,b]. LBV functions possess very interesting
properties, some of which are recalled below.

Assumption 14 The gradients Vh;(q) = %’;T(q) are not zero at the contact
configurations h;(q) = 0, and the vectors Vh;, 1 < i < m, are independent.
Furthermore the functions h(-), F(q,q), M(q) and the system’s configuration
manifold are real analytic, and ||F(q,q)||lq < d(q,q(0)) + ||d||q, where d(-,-) is
the Riemannian distance and || || is the norm induced by the kinetic metric.

Then the following results hold, which are essentially a compilation of
Proposition 32, Theorems 8 and 10, and Corollary 9 of [34]:

i) Solutions of (6.177) exist on [0, +0o0) such that g(-) is absolutely contin-
uous (AC), whereas ¢(-) is right-continuous of local bounded variation
(RCLBYV). In particular the left and right-limits of these functions exist
everywhere.

ii) The function ¢(-) cannot be supposed to be everywhere differentiable.
One has q(t) = q(0) + f; v(s)ds for some function v(-) 5 ¢(-). More-
over ¢(tT) =v(tT) and ¢(t~) = v(t™) [270].

iii) Solutions are unique (however in general they do not depend continuously
on the initial conditions).

iv) The acceleration § is a measure dv, which is the sum of two measures: an
atomic measure dy,, and a Lebesgue integrable function which we denote
G(+), i.e. dv = dug,~+q(t)dt. The atoms correspond to the impact times [358].
See Remark 6.59 for some comments on this decomposition.

v) The set of impact times is countable. In many applications one has
dite = Y psold(td) — G(t; )]0t where &, is the Dirac measure and the
sequence {t;}kzo can be ordered, i.e. ;41 > t;. However phenomena like
accumulations of left-accumulations of impacts may exist (at least bounded
variation does not preclude them). In any case the ordering may not be
possible. This is a sort of complex Zeno behaviour (?). In the case of elastic
impacts (e = 1) it follows from [34, Prop.4.11] that ¢541 — tx > 6 > 0 for
some d > 0. Hence solutions are piecewise continuous in this case.

vi) Any quadratic function W (+) of ¢ is itself RCLBV, hence its derivative is a
measure dW [358]. Consequently dW < 0 has a meaning and implies that
the function W (-) does not increase [127, p.101].

These results enable one to lead a stability analysis safely. Let us now intro-
duce a new formulation of the dynamics in (3.205), which can be written as
the following Measure Differential Inclusion (MDI): [358]

2 I.e. all phenomena involving an infinity of events in a finite time interval, and
which occur in various types of hybrid systems like Filippov’s inclusions, etc.
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—M(q(®))dv — F(qt), o(t*))dt € Dy gy (w(t)) € Dolq(t)  (6.150)

where w(t) = % € 0V (q(t)) from (6.177). If e = 0 then w(t) = v(t),

if e = 1 then w(t) = % Moreover when v(-) is continuous then
w(t) = v(t). The term MDI has been coined by Moreau, and (6.180) may
also be called Moreau’s second order sweeping process. The inclusion in the
right-hand-side of (6.180) is proved as follows: for convenience let us rewrite
the following definitions for a convex set &:

Nalq) = {z | 27¢ < 0,¥¢ € V(q)} (6.181)

which precisely means that the normal cone is the polar cone of the tangent
cone (see Definition 3.67), and

Oy () (w) = {z | 2" (- ¢) <0,Yn € V(g)} (6.182)

Since V(¢) as it is defined in (3.193) (replace K by @) is a cone and since
g € V(q), one can choose n = £ 4+ ¢ with £ € V(q) as a particular value for
n. Thus if z € JvYy (4 (w) one gets 2Ty < 2T¢(t*) and introducing n = £ + ¢,
one gets 27¢ < 0 so that z € Ng(q). Therefore Moreau’s inclusion in (6.180)
is proved.

Let us note that the cones are to be understood as being attached to the
same origin in the inclusion. Moreover some natural identifications between
spaces (the dual T;T,4Q at g of the tangent space T;Q at ¢ to the configuration
space Q, and the cotangent space T} Q) have been made, thanks to the linear
structure of these spaces in which the cones 0vy (4 (-) and Ng(q) are defined.
This allows one to give a meaning to the inclusion in (6.180). This is just a
generalization of the well-known identification between the space of velocities
and that of forces acting on a particle in a three-dimensional space, which
both are identified with IR®. More details are in [34] and [358].

What happens at impact times? It is well-known in Mechanics that the
dynamics become algebraic at an impact time [69]. Such is the case for the
measure differential inclusion in (6.180). Let 2 and z be two vectors of a linear
Euclidean space E, V be a closed convex cone of E, and N be the polar cone
to V. Then from Moreau’s Lemma of the two cones [210, p.51] [69, lemma
D1], one has (x — z) € Yy (z) < x = prox[V, z] <= z — x = prox[N, z].
Times tj are atoms of the measure dv in (6.180). Via a suitable base change,
the kinetic metric at an impact time can be considered as a Euclidean metric
since ¢(+) is continuous at ¢, and in particular all the identifications between
various dual spaces can be done. One gets from (6.180): —M (q(t))[q(t}) —

q(t;;)] € Oy (g (W(t)) = 4(6) + ed(ty) = Proxp (e, [V(a(te)), (1 +

)i(ty)] = 4(t) + ed(ty) = (1+ €)proxyyeqy [V (a(ts)), d(t5 ), where the
second equivalence is proved in [358].
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When ¢(t) is discontinuous, (6.180) implies that Moreau’s collision rule
in (6.177) is satisfied. The term vy (4())(w(t)) can be interpreted as a ve-
locity potential. The MDI in (6.180), whose left-hand-side is a measure and
whose right-hand-side is a cone, has the following meaning [327,357]: there
exists a positive measure dp such that both dt and dv possess densities

with respect to dpu, denoted respectively as j—/’i() and 2—5() One also has
9E() = lime 50 g B [360], [357, p.9], which shows the link with the

usual notion of a derivative. The choice of du is not unique because the right-

hand-side is a cone [358]. However by the Lebesgue-Radon-Nikodym Theo-

rem [419], the densities j—; () and Z—Z (+) are unique functions for a given du. To

shed some light on this, let us consider for instance du = dt + X4>06¢,, which

corresponds to applications where the system is subject to impacts at times ¢,
dt

and otherwise evolves freely. Then Z-(tx) = 0 (the Lebesgue measure dt and

the Dirac measure §; are mutually singular) whereas g—Z (te) = v(t)—v(ty) (tk
is an atom of the measure dv). When ¢ # ¢;, then j—;(t) =1and g—Z(t) = 0(t).

Therefore the meaning of (6.180) is that there exists a positive measure
dp with respect to which both dt and dv possess densities, and

j—:u) ~F(g(t), v(t*))j—i(t) € Dy () (w(t)) € Da(q(t)) (6.183)

—M(q(t))
holds dp—almost everywhere. In a sense, densities replace derivatives, for mea-
sures. When dealing with measure differential equations or inclusions, it is
then natural to manipulate densities instead of derivatives. In general one can
choose du = |dv| + dt [357, p.90], where |dv| is the absolute value of dv, or
dp = |Jv(t)||dt+dpq, or du = dt+du,. It is fundamental to recall at this stage,
that the solution of (6.183) does not depend on this choice. For instance, if

dp = ||v(t)||dt + dpe then for all t # t, g—;(t) = Wlt)\\ and j—Z(t) = \Zggu'

Whereas if dp = dt + dp, then for all ¢ # ty, j—;(t) =1 and Z—Z(t) = §(t).

Remark 6.59. The above mathematical framework is more than just a mathe-
matical fuss. Indeed as noted in [358], introducing the velocity into the right-
hand-side of the dynamics as done in (6.180), not only allows one to get a
compact formulation of the nonsmooth dynamics (see Figure 6.7 in this re-
spect), but it also paves the way towards the consideration of friction in the
model. In turn it is clear that introducing friction, is likely to complicate the
dynamics. Especially the above framework paves the way towards more com-
plex cases where the measure dv may contain a third term du,, which is a
nonatomic measure singular with respect to the Lebesgue measure dt (assump-
tion 14 implies that dp,, = 0 [34]). In summary the dynamics in (6.183) is rich
enough to encompass complex behaviours involving solutions which may be
far from merely piecewise continuous. This is a consequence of replacing func-
tions by the more general notion of measure, at the price of a more involved
model. In fact using measures allows one to encompass somewhat complex
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Zeno behaviours occurring in unilaterally constrained mechanical systems in
a rigorous manner.

Dissipative Systems Interpretation

Let us end this section with a dissipativity interpretation of Moreau’s inclu-
sion in (6.180). The dynamics in (6.180) has the interpretation as in Figure
6.7, where § € Oy 44y (w(t)). Since Oy (g (w(t)) € Na(q) = V*(q) (the
cone polar to V(gq)), the feedback loop in Figure 6.7 contains the cone com-
plementarity problem (or complementarity problem over a cone [113, p.31])

Na(q) 2 0Py (g (w(t)) 2 € L w(t) € V(g) (6.184)

When m = 1 and ¢ € 99, one has V(q) = R" and Ng(q) = R~ in a
suitable frame attached to ¢, and the graph of the multivalued mapping is the
so-called corner law. In general this is an example of an m-dimensional mono-
tone multivalued mapping w(t) — &. It is noteworthy that the feedback loop
in Figure 6.7 contains both the complementarity conditions and the collision
mapping in (6.177). A quite similar structure can be found for the dynamics
in (3.198).

Lagrangian w(t)
Q" dynamics
A
A&
0 >
w(t) <
e o) wit) € V(a(0)

Fig. 6.7. Unilaterally constrained Lagrangian system

This interpretation of the dynamics motivates us to search for a dissipa-
tion equality applying to (6.177), with a supply rate handling both continuous
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and discontinuous motions. This will be done in Section 7.2.4 when the ma-
nipulations leading the stability analysis have been presented.



7

Passivity-based Control

This chapter is devoted to investigating how the dissipativity properties of
the various systems examined in the foregoing chapter can be used to de-
sign stable and robust feedback controllers. We start with a classical result
of mechanics, which actually is the basis of Lyapunov stability and Lyapunov
functions theory. The interest of this result is that its proof hinges on im-
portant stability analysis tools, and allows one to make a clear connection
between Lyapunov stability and dissipativity theory. The next section is a
brief survey on passivity-based control methods, a topic that has been the
object of numerous publications.

7.1 Brief Historical Survey

The fundamental works on dissipative systems and positive real transfer func-
tion which are exposed in the foregoing chapters have been mainly motivated
by the stability and stabilization of electrical networks. It is only at the begin-
ning of the 1980s that work on mechanical systems and the use of dissipativity
in their control started to appear, with the seminal paper by Takegaki and
Arimoto [484]. Roughly speaking, two classes of feedback controllers have
emerged:

e Passivity-based controllers: the control input is such that the closed-
loop system can be interpreted as the negative interconnection of two
dissipative subsystems. The Lyapunov function of the total system is close
to the process total energy, in the sense that it is the sum of a quadratic
function %CTM (¢)¢ for some ¢ depending on time, generalized positions
q and velocities ¢, and a term looking like a potential energy. Sometimes
additional terms come into play, like in adaptive control where the on-line
estimation algorithm provides supplementary state variables. Such algo-
rithms have been motivated originally by trajectory tracking and adaptive
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motion control of fully actuated robot manipulators. The machinery be-
hind this is dissipative systems and Lyapunov stability theory. This chapter
will describe some of these schemes in great detail, consequently we do not
insist on passivity-based controllers in this short introduction.

e Controlled Lagrangian (or Hamiltonian): the objective is not only
to get a two-block dissipative interconnection, but also to preserve a La-
grangian (or a Hamiltonian) structure in closed-loop. In other words, the
closed-loop system is itself a Lagrangian (or a Hamiltonian) systems with
a Lagrangian (or Hamiltonian) function, and its dynamics can be derived
from a variational principle such as Hamilton’s principle. In essence, one
introduces a feedback that changes the kinetic energy tensor M(q). Dif-
ferential geometry machinery is the underlying tool. The same applies to
port-Hamiltonian systems which we saw in Chapter 6. Regulation tasks for
various kind of systems (mechanical, electromechanical, underactuated)
have been the original motivations of such schemes. The method is de-
scribed in Section 7.9.

Related terms are potential energy shaping, energy shaping, damping in-
jection or assigment, energy balancing. The very starting point for all those
methods, is the Lagrange-Dirichlet (or Lejeune-Dirichlet) Theorem which is
described in Section 7.2. It is difficult to make a classification of the numerous
schemes that have been developed along the above two main lines. Indeed this
would imply to highlight the discrepancies between:

Trajectory tracking vs regulation

Full actuation vs underactuation

Fixed parameters vs adaptive control

Static feedback vs dynamic feedback

Smooth systems vs nonsmooth systems
Constrained systems vs unconstrained systems
Rigid systems vs flexible systems

etc.

We will therefore rather present the contributions in a chronological order,
as they appeared in the literature. As said above, the starting point may be
situated in 1981 with [484]. The challenge then in the Systems and Control
and the Robotics communities was about nonlinear control of fully actuated
manipulators for trajectory tracking purpose, and especially the design of
a scheme allowing for parameter adaptive control. The first robot adaptive
control algorithms were based on tangent linearization techniques [216]. Then
two classes of schemes emerged: those requiring an inversion of the dynamics
and acceleration measurement or inversion of the inertia matrix M (q) [7,114,
115,477], and those avoiding such drawbacks [215,255,352,425-427,461-463].
Despite the fact that they were not originally designed with dissipativity in
mind, the schemes of the second class were all proved to belong to passivity-
based schemes in [71] (the schemes in [425,461] were proved to be hyperstable
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in [275], while the term passivity-based was introduced in [384]). Then many
schemes have been designed, which more or less are extensions of the previous
ones but adapted to constrained systems, systems in contact with a flexible
environment, etc.

The next step, as advocated in [384], was to solve the trajectory tracking
problem in the adaptive control context, for flexible joint robots. This was
done in [70,72,316,318], using what has been called afterwards backstepping,
together with a specific parametrization to guarantee the linearity in the un-
known parameters, and a differentiable parameter projection. The adaptive
control of flexible joint manipulators is a non-trivial problem combining these
three ingredients. See [78] for further comparisons between this scheme and
schemes designed with the backstepping approach, in the fixed parameters
case. Almost at the same time the regulation problem with passivity-based
control of induction motors was considered in [385, 386], using a key idea
of [316,318]. The control of induction motors then was a subject of excitation
for several years.

Later came controlled Lagrangian and Hamiltonian methods as developed
by Bloch, Leonard, Mardsen [54,55] and in [52,387], to cite a few.

7.2 The Lagrange-Dirichlet Theorem

In this section we present a stability result that was first stated by Lagrange
in 1788 and subsequently proved rigorously by Dirichlet. It provides sufficient
conditions for a conservative mechanical system to possess a Lyapunov stable
fixed point. The case of Rayleigh dissipation is also presented. The develop-
ments base on the dissipativity results of Chapter 4.

7.2.1 Lyapunov Stability

Let us consider the Euler-Lagrange dynamics in (6.1) or that in (6.43). Let
us further make the following:

Assumption 15 The potential energy U(q) is such that i) %(q) =0&qg=
.o 2
qo and ii) ‘fiTg(qo) > 0. [ |

In other words U(q) is locally convex around ¢ = g and ¢ is a critical point
of the potential energy. Hence the point (g, 0) is a fixed point of the dynamics
in (6.1). Then it follows that the considered system with input 7, output ¢
and state (¢ — qo, g), is zero-state observable (see Definition 5.12). Indeed if
7=0and ¢ =0, it follows from (6.43) that g(q) = ‘ZTZ =0, hence g = qg. The
following is then true:

Theorem 7.1 (Lagrange-Dirichlet). Let Assumption 15 hold. Then the
fized point (q,q4) = (qo,0) of the unforced system in (6.1) is Lyapunov sta-
ble. [ |
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Proof: First of all notice that the local (strict) convexity of U(q) around
qo precludes the existence of other ¢ arbitrarily close to gy and such that
%(ql) = 0. This means that the point (go,0) is a strict local minimum for the
total energy F(q,q). We have seen that E(q, ¢) is a storage function provided
that U(q) remains positive. Now it suffices to define a new potential energy
as U(q) — U(qo) to fulfil this requirement, and at the same time to guarantee
that the new E(q,q) satisfies E(0,0) = 0, and is a positive definite function
(locally at least) of (0,0). Since this is a storage function, we deduce from the
dissipation inequality (which is actually here an equality) that for all 7 = 0
one gets

E(0) = E(t) — /O T (s)q(s)ds = E(t) (7.1)

Therefore the fixed point of the unforced system is locally Lyapunov stable.
Actually we have just proved that the system evolves on a constant energy
level (what we already knew) and that the special form of the potential energy
implies that the state remains close enough to the fixed point when initialized
close enough to it. Notice that (7.1) is of the type (4.75) with S(z) = 0: the
system is lossless. All in all, we did not make an extraordinary progress. Before
going ahead with asymptotic stability, let us give an illustration of Theorem
7.1.

Ezxample 7.2. Let us consider the dynamics of planar two-link revolute joint
manipulator with generalized coordinates the link angles (¢1,¢2) (this nota-
tion is not to be confused with that employed for the flexible joint-rigid link
manipulators). We do not need here to develop the whole stuff. Only the
potential energy is of interest to us. It is given by

U(q) = a1sin(q1) + azsin(q1 + ¢2) (7.2)

where a; > 0 and as > 0 are constant depending on masses, dimensions
ay cos(q1) + az cos(q1 + (12)) _

and gravity. It is easy to see that ¢¢ =
sravity Y dg ( az cos(q1 + q2)

(8) implies that ¢1 +¢2 = (2n + 1) and ¢1 = (2m + 1)§ for n,m €

IN. In particular ¢g = —% and g2 = 0 (i.e. n = m = —1) is a point that
satisfies the requirements of assumption 15. One computes that at this point

2 a; +aza . o . . o . .
% = ( 1a 2 a2) that is positive definite since it is symmetric and its
2 2

determinant is ajas > 0. Intuitively one notices that global stability is not
possible for this example since the unforced system possesses a second fixed
point when ¢ = 5, g2 = 0, which is not stable.

7.2.2 Asymptotic Lyapunov Stability

Let us now consider the dynamics in (6.31). The following is true:
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Lemma 7.3. Suppose that Assumption 15 holds. The unforced Euler-Lagrange
dynamics with Rayleigh dissipation satisfying q't%—?‘ > 67 q for some 6 > 0,
possesses a fized point (q,q) = (qo,0) that is locally asymptotically stable. M

Proof: It is not difficult to prove that the dynamics in Definition 6.12 de-
fines an OSP system (with the velocity ¢ as the output signal). Therefore
the system now defines as well an output strictly passive operator 7 — g.
We could directly compute the derivative of E(q, ) along the trajectories of
the unforced system to attain our target. Let us however use passivity. We
know (see Remark 4.86) that the dissipation inequality is equivalent to its
infinitesimal form, i.e.

av’” OR
% f(x7’7') = TT{EQ — xga—m (73)

where © = (il) = (g), f(z,u) denotes the system vector field in state
2

space notations, and V' (z) is any storage function. Let us take V(x) = E(q, ).

We deduce that
. dE" T
E=— f(20)=-8"4 (7.4)

The only invariant set inside the set {(q,¢) : ¢ = 0} is the fixed point (go, 0).
Resorting to Krasovskii-La Salle Invariance Theorem one deduces that the
trajectories converge asymptotically to this point, provided that the initial
conditions are chosen in a sufficiently small neighborhood of it. Notice that
we could have used Corollary 5.16 to prove the asymptotic stability.

Remark 7.4. ¢ Convexity: Convex properties at the core of stability in me-
chanics: in statics the equilibrium positions of a solid body lying on a
horizontal plane, submitted to gravity, are characterized by the condition
that the vertical line that passes by its center of mass crosses the convex
hull of the contact points of support. In dynamics Assumption 15 shows
that without a convexity property (maybe local), the stability of the fixed
point is generically impossible to obtain.

e The Lagrange-Dirichlet Theorem also applies to constrained Euler-Lagrange
systems as in (6.163). If Rayleigh dissipation is added and if the poten-
tial energy satisfies the required asumptions, then the (23, 22) dynamics
are asymptotically stable. Thus Z5(t) tends towards zero as well so that
Az, (1) = g1(22(t)) as t — +oo.

o It is clear that if Assumption 15 is strengthened to having a potential
energy U(q) that is globally convex, then its minimum point is globally
Lyapunov stable.

e Other results generalizing the Lagrange-Dirichlet Theorem for systems
with cyclic coordinates (i.e. coordinates such that g—;’;(q) = 0) were given
by Routh and Lyapunov; see [351].
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Remark 7.5. It is a general result that output strict passivity together with
zero-state detectability yields under certain conditions asymptotic stability;
see Corollary 5.16. One basic idea for feedback control may then be to find a
control law that renders the closed-loop system strictly output passive with
respect to some supply rate, and such that the closed-loop operator is zero-
state detectable with respect to the considered output.

Example 7.6. Let us come back on the example in section 6.5. As we noted
the concatenation of the two functions in (6.119) and (6.120) yields a positive
definite function of (¢,¢) = (0,0) with ¢ = ¢ — ;‘fi‘z, that is continuous at
g = 0. The only invariant set for the system in (6.115) with the input in (6.116)
is (q,4) = ( ;‘111‘2,0). Using the Krasovskii-La Salle invariance Theorem one
concludes that the point ¢ = 0, ¢ = 0 is globally asymptotically uniformly

Lyapunov stable.

7.2.3 Invertibility of the Lagrange-Dirichlet Theorem

One question that comes to one’s mind is that, since the strong assumption
on which the Lagrange-Dirichlet Theorem relies is the existence of a minimum
point for the potential energy, what happens if U(q) does not possess a min-
imum point? Is the equilibrium point of the dynamics unstable in this case?
Lyapunov and Chetaev stated the following:

Theorem 7.7. (a) If at a position of isolated equlibrium (q,q) = (qo,0) the
potential energy does not have a minimum, and, neglecting higher order terms,
it can be expressed as a second order polynomial, then the equilibirum is un-
stable. (b) If at a position of isolated equilibrium (q,q) = (qo,0) the potential
energy has a maximum with respect to the variables of smallest order that oc-
cur in the expansion of this function, then the equilibrium is unstable. (c) If
at a position of isolated equilibrium (g, q) = (qo,0) the potential energy, which
is an analytical function, has no minimum, then this fized point is unstable.

Since U(q) = Ul(ao) + % (q0)(q — 00) + 3(q — 20)" %¥ (¢ — o) + o[(q —
70)T (¢ — qo)], and since qq is a critical point of U(q), the first item tells us
that the Hessian matrix ‘f;g is not positive definite, otherwise the potential
energy would be convex and hence the fixed point would be a minimum. With-
out going into the details of the proof since we are interested in dissipative
systems, not unstable systems, let us note that the trick consisting of redefin-
ing the potential energy as U(q) — U(qo) in order to get a positive storage
function no longer works. Moreover, assume there is only one fixed point for
the dynamical equations. It is clear at least in the one degree-of-freedom case

that if %(qo) < 0 then U(q) — —oo for some g. Hence the available stor-

age function that contains a term equal to sup [U(q(t))]h cannot be
7:(0,4(0),4(0))—

bounded, assuming that the state space is reachable. Thus the system cannot

be dissipative, see Theorem 4.41.
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7.2.4 The Lagrange-Dirichlet Theorem for Nonsmooth Lagrangian
Systems (BV Solutions)

Let us consider the class of Lagrangian systems as in Section 6.8.2, i.e.
fully actuated Lagrangian systems with complementarity conditions and im-
pacts. The constraints are supposed to be frictionless. First notice that since
F(q,0) = %—g and 0 € V(q), fixed points of (6.180) satisfy the generalized
equation 0 € 0vYe(q*) + %—g(q*) which in particular implies ¢* € ¢. Conditions
under which such a generalized equation possess at least one solution, and
numerical algorithms to compute one solution, exist [169]. In the following we
shall assume for simplicity that the solutions are isolated, or even more: that
it is unique.

Lemma 7.8. Consider a mechanical system as in (6.177). Assume that the
potential function U(q) is radially unbounded. Then if ¥va(q) + U(q) has a
strict global minimum at ¢*, the equilibrium point (¢*,0) is globally Lyapunov
stable. |

Let us note that @ needs not be convex in general (for instance the equi-
librium may exist in Int(®), or it may belong to 9% but be forced by the con-
tinuous dynamics; see Figure 7.1 for planar examples with both convex and
non-convex @; it is obvious that in the depicted non-convex case all points
(¢*,0) with ¢* € 0@ are fixed points of the dynamics).

Fig. 7.1. Convex and nonconvex admissible sets

Proof: The proof may be led as follows. Let us consider the nonsmooth Lya-
punov candidate function

W(a,d) = i M(@)i +a(a) + Ula) - U(G") (75)
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Since the potential ¥¢(q) + U(g) has a strict global minimum at ¢* equal to
U(q*) and is radially unbounded, this function W(-) is positive definite on
the whole state space and is radially unbounded. Also W(q, 4) < 8(||¢l|, l|4]])
for some class IC function ((-) is satisfied on @ (3 ¢(t) for all ¢ > 0). The
potential function e (q) + U(q) is continuous on @. Thus W(q,q) in (7.5)
satisfies the requirements of a Lyapunov function candidate on @, despite the
indicator function has a discontinuity on 99 (but is continuous on the closed
set @; see (3.187)). Moreover since (6.180) secures that ¢(t) € @ for all ¢ > 0,
it follows that ¢ (g(t)) = 0 for all ¢ > 0. In view of this one can safely discard
the indicator function in the subsequent stability analysis. Let us examine
the variation of W(q, ¢) along trajectories of (6.183). In view of the above
discussion, one can characterize the measure dW by its density with respect
to dp and the function W decreases if its density %(t) < 0 for allt > 0.
We recall Moreau’s rule for differentiation of quadratic functions of RCLVB
functions [357, pp.8-9]: let u(-) be RCLBV, then d(u?) = (u* + u~)du where
ut and u™ are the right-limit and left-limit functions of u(-). Let us now
compute the density of the measure dW with respect to du:

L () = 3 [a(t™) +a(e7)]" M(g(t)) (1) + - 32(¢)

FL2 ()T M(g(®)d()) L)
where dg = v(t)dt since the function v(-) is Lebebgue integrable. Let us now
choose dp = dt + dp,. Since 2 (k) =0 and & (tk) = 0 whereas 4% o (te) =

o(th) —v(ty) =4t — q(ty), 1t follows from (7 6) that at impact tlmes one
gets

(7.6)

g ) = % [a(t) +d(t0)] " Ma®) [at)) = d(t)] = Te(t) <0 (7.7)

where Tp,(tx) is in (6.178). Let the matrix function M(q,q) be defined by
M(q(t),q(t)) = %M(q(t)). Let us use the expression of F(q,q) given after
(6.177), and let us assume that Christoffel’s symbols of the first kind are used

. T
to express the vector C(q,q4)d = M(q,q) — % [8% (q'TM(q(t))cj)} . Then the
matrix M(q, ¢) — 2C(q, §) is skew-symmetric; see Lemma 6.16. Now if ¢ # t,
one gets Z—Z(t) = 0(t) = ¢(t) and j—;(t) =1 [357, p.76] and one can calculate

from (7.6), using the dynamics and the skew-symmetry property (see Lemma
6.16):

G =4 = —4"Clq,d)q + 30" M(q,d)q — "=

(7.8)

= —QTzl
where 21 € —0Yy (4 (w(t)) and W(-) is defined in (7.5). To simplify the
notation we have dropped arguments in (7.8), however ¢ is to be understood
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as ¢(t) = q(tT) since t # t;. Now since for all t > 0 one has ¢(t1) € V(q) [358]
which is polar to 0¢s(g(t)), and from Moreau’s inclusion in (6.180), it follows
that 27 ¢(t*) > 0. Therefore the measure dW is non-positive. Consequently
the function W(-) is non-increasing [127, p.101]. We finally notice that the
velocity jump mapping in (6.177) is a projection and is therefore Lipschtiz
continuous as a mapping ¢(t;) — ¢(t]), for fixed q(t;). In particular it is
continuous at (¢*,0), so that a small pre-impact velocity gives a small post-
impact velocity. All the conditions for Lyapunov stability of (¢*, 0) are fulfilled
and Lemma 7.8 is proved. [ |

The main feature of the proof is that one works with densities (which
are functions of time) and not with the measures themselves, in order
to characterize the variations of the Lyapunov function.

Remark 7.9. ¢ The above result holds also locally thanks to the continuity
property of the impact mapping in (6.177).

e The inclusion of the indicator function t¢(g(t)) in the Lyapunov func-
tion not only guarantees its positive definiteness (which anyway is assured
along solutions of (6.183) which remain in @), but it also allows one to
consider cases where the smooth potential has a minimum that is outside
@. Saying “¢(q)+U(q) has a strict minimum at ¢*” is the same as saying
“U(q) has a strict minimum at ¢* inside ¢”. Since the indicator function
has originally been introduced by Moreau as a potential associated to uni-
lateral constraints, it finds here its natural use. In fact we could have kept
the indicator function in the stability analysis. This would just add a null
term Q(t+)Tsz—Z(t) in the right-hand-side of (7.6), with 2o € 9 (q(t)).

e As alluded to above, taking e = 1 in (6.177) ensures that there is no
accumulation of impacts, thus the sequence of impact times {¢j } x>0 can be
ordered, djtq = ) ;~( d¢,, and velocities are piecewise continuous. Then a
much simpler formulation can be adopted by separating continuous motion
phases occurring on intervals (tx,tx+1) from impact times. The system is
therefore non-Zeno for e = 1 and if Assumption 14 holds.

e One doesn’t need to make further assumptions on the measure du, to
conclude, and one sees that this conclusion is obtained directly applying
general differentiation rules of RCLBV functions. The dynamics might
even contain dense sets of velocity discontinuities, (7.6) and (7.7) would
continue to hold. This shows that using the MDI formalism in (6.180) or
(6.183) places the stability analysis in a much more general perspective
than, say, restricting ¢(-) to be piecewise continuous.

e Other work on energy-based control of a class of nonsmooth systems may
be found in [188,195].
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A Dissipation Inequality

Let us now derive a dissipation inequality for the dynamical system (6.177). To
that end let us take advantage of the compact formalism (6.183). We consider
a Lebesgue measurable input 7(-) so that (6.183) becomes

dv
dp

—M(q(t))—(t) — F(Q(t)w(ﬁ))%(t) - T(t)j—; € My gy (w(t))  (7.9)

Following (6.184) let £ denote a measure that belongs to the normal cone
to the tangent cone Yy (q(1))(w(t)), and let us denote ‘é—f(-) its density with
respect to p. The system in (7.9) is dissipative with respect to the generalized

supply rate

1 dt dR
il + - 4 1
(Gl + o )O3+ T (7.10)
Noting that £ = Vh(g) for some measure A we obtain
1 dt A
—(v(t" t7)), 7(t)— + Vh(q)——(¢ 11

(5 {ET) + o ))ﬁ()d#JrV (q)du(» (7.11)

where we recall that v(-) satisfies the properties in item ii) in Section 6.8.2 and
that outside impacts (i.e. outside atoms of the measure dR) one has j—; =0

because the Lebesgue measure has no atom. It is noteworthy that (7.11) is
a generalization of the Thomson-Tait’s Formula of Mechanics [69, §4.2.12],
which expresses the work performed by the contact forces during an impact.
The supply rate in (7.11) may be split into two parts: a function part and
a measure part. The function part describes what happens outside impacts,
and one has 1 (v(tT) +v(t7) = v(t) = ¢(t). The measure part describes what
happens at impacts t;. Then one gets

() +v(t)), VR(@) T (tr)) = ((W(t]) + v(ty), M (q(te) ((t]) — v(t;))

= o (1) M (q(ts)o(t) — o7 (6) M q(te)o(ty ) = 2T5 () < 0

(7.12)
where we used the fact that the dynamics at an impact time is algebraic:
M(q(ty))(v(tf) — v(ty)) = Vh(g)2 (t)) with a suitable choice of the basis
measure p. The storage function Of the system is nothing else but its total
energy. It may be viewed as the usual smooth energy %q'TM(q)q' +U(q), or as
the unilateral energy 3G M (q)¢+ U (q) +1s(q), which is nonsmooth on JR™ x
IR™. Tt is worth remarking, however, that the nonsmoothness of the storage
function is not a consequence of the impacts, but of the complementarity
condition 0 < h(g) L A > 0.
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Further Reading and Discussion

The foregoing developments concern a specific class of nonsmooth dynamical
systems involving state jumps and measures. Other classes of systems with
impulsive terms exist, which can be written as

i(t) = F(x(t),t) if t # t,
x(tT) —z(t™) = S(x(t™)) ift =t (7.13)
z(07) ==

where some assumptions are made on the set of times tj, see for instance
[183,184,186,189]. Such assumptions always make the set of state jump times,
a very particular case of the set of discontinuities of a LBV function. It is
noteworthy that the systems in (7.13) and in (6.177) are different dynam-
ical systems. Most importantly the complementarity conditions are absent
from (7.13). Another class of impulsive systems is that of measure differential
equations (MDE), or impulsive ODEs. Let us consider one example:

#(t) = sin (a:(t) + 52) + cos (a:(t) + ?’D a(t), 2(07) ==, z(t) € R
(7.14)

where u(+) is of bounded variation. Applying [65, Theorem 2.1], this MDE has
a unique global generalized solution. Consider now

(t) = sin (z(t) + 2) + cos (x(t) + 2T) A(t), x(07) =z, z(t) € R

0<z(t) LAt)>0

(7.15)
Suppose that zo = 0. Then if A(0) = 0 one gets #(0) = sin(°F) < 0. It
is necessary that there exists a A(0) > 0 such that £(0) > 0. However since
cos(2T) < 0, this is not possible and necessarily #(0) < 0. If 29 < 0, then an
initial jump must occur and z(0%) > 0. If 2(0") = 0 the previous analysis
applies. One sees that defining generalized solutions as in [65, Definition 2.1]
is not sufficient. Therefore the complementarity system in (7.15) is not well-
posed, despite its resemblance with the MDE in (7.14). One notices that
the class of nonsmooth Euler-Lagrange systems considered for instance in
[194,195] and in (6.177) are, in the same way, different classes of nonsmooth
dynamical systems (the discrepancy being the same as the one between (7.13)
and (7.15)). In other words, the considered models are not the same, since the

models in [194,195] do not incorporate the complementarity conditions.
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7.2.5 The Lagrange-Dirichlet Theorem for Nonsmooth Lagrangian
Systems (C° Solutions)

Let us now pass to the stability analysis of the systems presented in Section
6.8.1. The set of stationary solutions of (6.171) and (6.172) is given by

W={GgeR™ | K€ —H109(0)} (7.16)

Definition 7.10. A stationary solution § € W is stable provided that for
any € > 0 there exists n(e) > 0 such that for any qo € IR", ¢o € R",
Hago € D(99), with \/|lgo — ql[* + [|do|]> < m, the solution q(-,to,q0,do) of
the problem (i) (i) (iii) (6.171) (6.172) satisfies

\/||Q(t,t0»QO»QO) - QH2 + ||Q(t,t0»QOaQO) |2 < €, Vi > to (717)

|
We then have the following theorems which we give without proofs.

Theorem 7.11. [3] Let the assumptions of Theorem 6.56 hold, and 0 €
D(0®). Suppose in addition that

e RM7'CR'>0
e RM'KR™!>0 and is symmetric

Then the set W # () and any stationary solution § € W of (6.171) and
(6.172) is stable. [

A variant is as follows:

Theorem 7.12. [3] Let the assumptions of Theorem 6.56 hold, and 0 €
D(0®). Let G € W be a stationary solution of (6.171) and (6.172). Suppose
that

(RM~'CR™'2+ RM~'Kq,2) + ®(H2R™12) — ®(0) > 0, z € R"
RM~'KR™' > 0 and is symmetric

Then q is stable. |

The next theorem concerns the attractivity of the stationary solutions,
and may be seen as an extension of the LaSalle invariance principle. Let
d[s, M] = inf,er||s — m|| be the distance from a point s € R" to a set
M cC R"

Theorem 7.13. [3] Let the assumptions of Theorem 6.56 hold, and 0 €
D(0®). Suppose that:

e RM'KR™'>0 and is symmetric
(RM7'CR™'2+ RM~'Kq,z) + ®(HyR™12) — ®(0) >0, z€ R"\ {0}
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o D(09P) is closed
Then for any qo € R™, Go € R", Hago € D(0P), the orbit

Q(q()v QO) = {(Q(Ta tOv QO7qo)7 q.(T7 t07q07 qO)) | T 2 tO} (718)

is bounded and

lim d[q(Ta tOvQquO)vw] = 07 lim Q(77 t07q07q.0) =0 (719)

T—+00 T—+00

The proof is led with the help of the quadratic function V(z) = 1(q —
7)"R*M 'K (q — q) + 34T R*q. Notice that (¢ — )" R*M 'K (q—q) = (¢ —
Q)TR(RM~'KR Y)R(q — q). More on the attractivity properties of similar
evolution problems can be found in [4].

Ezxample 7.14. We are given the dynamics

mg(t) + cg(t) + kq(t) € —0P(4(t)) (7.20)

of a one-degree-of-freedom system acted upon by a spring with stiffness £ > 0
and with viscous friction ¢ > 0. Coulomb’s friction is obtained by setting
®(z) = plz|. Then W = [—£ ] and lim, 4 dq(T,t0, 90, d0), W] = 0,
lim; 400 ¢(7,t0,90,Gdo) = 0. The mass stops somewhere within W, as ex-
pected. Actually one may even expect convergence in finite time. Finite-time
convergence properties for a class of differential inclusions have been shown
in [5,91].

7.2.6 Conclusion

These theorems generalize the Lagrange-Dirichlet Theorem for a class of non-
smooth systems. It is worth recalling that the subdifferential of a proper con-
vex lower semicontinuous mapping, defines a maximal monotone mapping (see
Section 3.9.4 where some basic results of convex analysis are recalled). The
system in (6.171) and (6.172) can consequently be seen as the feedback inter-
connection of a Lagrangian system and a monotone mapping. Both subsystems
can be described as follows:

M(t) +Cq(t) + Kq(t) = u1, yi(t) = q(2) (7.21)
7.21
ua(t) = 4(t), y2(t) € H1OP(Hauy(t)), y2(t) = —ui(t)

More precisely the variable change defined in (6.173) allows one to rewrite
the dynamics (6.172) as
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3(t) + RMT'CR2(t) + RM~'KR™2(t) € —9x(%(t)) (7.22)
with x(w) = (® o HyR™1)(w) for all w € R", and
Ox(w) = R~'HT 0d(Hy R~ w)

for all w € IR"™. Tt is clear that x(-) is proper convex lower semicontinuous so
that its subdifferential defines a maximal monotone mapping. Let the assump-
tions of Theorem 7.11 be fulfilled. The feedback interconnection is described
as

() + RM7ICR™:(t) + RM7'KR™12(t) = wi(t), y1(t) = 2(¢)
(7.23)
up(t) = 2(t), ya2(t) € Ox(2(1)), w2(t) = —ua(?)

and both subsystems are passive. This interpretation together with the one
at the end of section 6.8.2 allow us to conclude that “maximal monotone”
differential inclusions permit to nicely recast such nonsmooth systems into a
sound and established framework which extends the usual passivity theorems.

7.3 Rigid Joint—Rigid Link Systems: State Feedback

In this subsection we shall present various feedback controllers that assure
some stability properties for the rigid joint-rigid link model in (6.98). We
start with the regulation problem and then generalize to the tracking case.
In each case we emphasize how the dissipativity properties of the closed-loop
systems constitute the basis of the stability properties.

7.3.1 PD Control
Let us consider the following input:
T = —)q(j - )\Qq (724)

where A\; > 0 and Ay > 0 are the constant feedback gains (for simplicity we
consider them as being scalars instead of positive definite n x n matrices, this
is not very important for what follows), ¢ = ¢ — qa4, ¢4 € IR" is a constant
desired position. The closed-loop system is given by

M(q(t))q(t) + C(q(t), 4(£))d(t) + g(q(t)) + Arg(t) + A2q(t) =0 (7.25)

Two paths are possible: we can search for the available storage function of
the closed-loop system in (7.25) which is likely to provide us with a Lyapunov
function, or we can try to interpret this dynamics as the negative interconnec-
tion of two passive blocks and then use the passivity theorem (more exactly
one of its numerous versions) to conclude on stability. To fix the ideas we
develop both paths in detail.
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The Closed-loop Available Storage

First of all notice that in order to calculate an available storage we need a
supply rate, consequently we need an input (that will be just an auxiliary
signal with no significance). Let us therefore just add a term u in the right-
hand-side of (7.25) instead of zero. In other words we proceed as we did for the
example in Section 6.5: we make an input transformation and the new system
is controllable. Let us compute the available storage along the trajectories of
this new input-output system, assuming that U(q) is bounded from below,
t.e. U(q) > Upin > —oc for all ¢ € @:

Vilaosdo) =  sup  — / T (s)i(s)ds

u:(0,90,do)—

sup —/0 q" (s) {M(q(5))d(s) + Cla(s), (s))d(s) + g(a(s))

u:(0,90,40)—

+A14(s) + A2q(s)} ds

sup { - [37r e - waon; -

u:(0,90,40)—
= [$hd® ()i()] — A fy 07 (s)(s)ds)

= 34(0)" M (q(0))d(0) + U(q(0)) + 324(0)"(0)

. (7.26)
where we used the fact that ¢Z[M(q,q) — 2C(q,q)]¢ = 0 for all ¢ € Q and all
¢ € T,Q; see Lemma 6.16 !. Let us now make a little stop: we want to show
some stability property for the unforced system in (7.25), so what is the fixed
point of this system? Letting ¢ = 0 in (7.25) one finds

g(g) + A2 = 0. (7.27)
Let us state the following:

Assumption 16 The equations in (7.27) possess a finite number of isolated
roots q = q;. Moreover the q;s are strict local minima of U(q). [ |

Then we have the following:

Lemma 7.15. Assume that Assumption 16 is true. The rigid joint-rigid link
manipulator dynamics in (6.98) with PD controller in (7.24) has locally
asymptotically stable fixed points (q,q) = (¢:,0). [ ]

! Actually this equality is is always true, even if the matrix M (¢,9) — 2C(q,q) is
not skew-symmetric.
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Proof: From the second part of Assumption 16 it follows that the available
storage V,, in (7.26) is a storage function for the closed-loop system with input
u (fictitious) and output ¢. Next this also allows us to state that V,q(q —

i, q) 2 Val(q,q) — U(g;), is a Lyapunov function for the unforced system in
(7.25): indeed this is a storage function and the conditions of Lemma 5.13
are satisfied. Now let us calculate the derivative of this function along the
trajectories of (7.25):

Voal(a(t) — ¢, 4(t)) = =Aag" ()q(t) +¢" (1) | —g(a(t)) + ‘fl%(t)}

= —A1g" (t)q(t)

One therefore just has to apply the Krasovskii-La Salle Lemma to deduce that
the fixed points (g;,0) are locally asymptotically Lyapunov stable. Lyapunov
second method guarantees that the basin of attraction B, of each fixed point
has a strictly positive measure. |

Remark 7.16 (Potential energy shaping). One remarks that asymptotic sta-
bility has been obtained in part because the PD control injects some strict
output passivity inside the closed-loop system. This may be seen as a forced
damping. On the other hand the position feedback may be interpreted as a
modification of the potential energy so as to shape it adequately for control
purposes. It seems that this technique was first advocated by Takegaki and
Arimoto in [484].

Remark 7.17. The PD control alone cannot compensate for gravity. Hence the
system will converge to a configuration that is not the desired one. Clearly
increasing A\s reduces the steady-state error. But increasing gains is not always
desirable in practice, due to measurement noise in the sensors.

Equivalent Closed-loop Interconnections

Since the closed-loop system possesses several equilibrium points, the under-
lying passivity properties of the complete closed-loop system must be local in
nature, i.e. they hold whenever the state remains inside the balls B,., [404]. It
is however possible that each block of the interconnection, when considered
separately, possesses global dissipativity properties. But the interconnection
does not.

A first interconnection:

Looking at (7.25) one is tempted to interpret those dynamics as the intercon-
nection of two subsystems with respective inputs w1, us and outputs y; and
ya, wWith y1 = uo and ys = —uq, and
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UL = —A1§ — A2g
(7.29)
Y1 =4

Evidently this is motivated by the fact that the rigid joint-rigid link manip-
ulator dynamics in (7.25) defines a passive operator between u; and y;, with

state vector <Z) and dynamics

M(q(t))q(t) + C(a(t), d(t))q(t) + g(a(t)) = ua(t) (7.30)
Let us write this second subsystem in state space form as

21 = U
(7.31)
Y2 = Ao21 + AUz

with 21 (0) = ¢(0)—gq. Its transfer matrix is given by Hpq(s) = %In where
I,, is the n x n identity matrix. Thus Hp4(s) is PR; see Definition 2.28. From
Theorem 5.2 and Corollary 5.3 it follows that ¢ € Lo(IRT). Notice that this is a
consequence of the fact that Hpq(s) defines an input strictly passive operator;
see Theorem 2.6 2). We cannot say much more if we do not pick up the
storage functions of each subsystem. Now the second subsystem has dynamics
such that the associated operator us +— yo is input strictly passive (hence
necessarily of relative degree zero) and with storage function % 21 z1. From the
fact that 21 = ¢ and due to the choice of the initial data, one has for all ¢ > 0:
z1(t) = q(t). It is easy to see then that the first subsystem (the rigid joint-rigid
links dynamics) has a storage function equal to %QTM(q)q' +U(g) — U(g:).
The sum of both storage functions yields the desired Lyapunov function for
the whole system. The interconnection is depicted in Figure 7.2.

Remark 7.18. Looking at the dynamics of both subsystems it seems that the
total system order has been augmented. But the interconnection equation y; =
z1 may be rewriten as Z; = ¢. This defines a dynamical invariant z; — ¢ = qq,
where gy € IR" is fixed by the initial condition z1(0) = ¢(0) — ¢4. Hence the
system (7.30) and (7.31) may be reduced to the subspace z; — ¢ = —gq and
one recovers a system of dimension 2n (in other words the space (g, ¢, 21) is
foliated by invariant manifolds z3 — ¢ = —qq).

Remark 7.19. In connection with the remarks at the beginning of this sub-
subsection, let us note that the fixed points of the first unforced (i.e. u; = 0)
subsystem are given by {(q,q) : g(¢) = 0,¢ = 0}, while those of the unforced
second subsystem are given by {z; : 21 = 0 = ¢ = §(0)}. Thus the first
subsystem has Lyapunov stable fixed points which correspond to its static
equilibrium, while the fixed point of the second subsystem corresponds to the
desired static position gg. The fixed points of the interconnected blocks are
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U
@ - Manipulator .
1 (lossless)
Y2 )\2+)\1 S 2
5

Fig. 7.2. The first equivalent representation

given by the roots of (7.27). If one looks at the system from a pure input-
output point of view, such a fixed points problem does not appear. However
if one looks at it from a dissipativity point of view, which necessarily implies
that the input-output properties are related to the state space properties, then
it becomes a necessary step.

Remark 7.20. Hyq(s) provides us with an example of a passive system that is
ISP but obviously not asymptotically stable, only stable (see Corollary 5.16).

A second interconnection:

A second possible interpretation of the closed-loop system in (7.25) is made
of the interconnection of the two blocks:

ur = —MAaq, y1 = ¢
(7.32)
Uz = Y1, Y2 = Xog

The first subsystem then has the dynamics

M(q()4(t) + C(q(t), 4())4(t) + g(q(t)) + Ag(t) = ua(t) (7.33)

from which one recognizes an output strictly passive system, while the second
one has the dynamics
2':1 = U2
(7.34)
Y2 = A221



7.3 Rigid Joint—Rigid Link Systems: State Feedback 391

with 21(0) = ¢(0) — gq. One can check that it is a passive lossless system
since (ug, Y2)r = fot AagT(s)g(s)ds = %[de(t) — ¢7§(0)], with storage func-
tion %QT@ Therefore applying the passivity Theorem (see theorem 5.2 and
Corollary 5.3), one still concludes that ¢ € £o(IRT). We however may go a
little further with this decomposition. Indeed consider the system with input
u = u1 + y2 and output y = y;. This defines an output strictly passive op-
erator u — y. Setting u = y = 0 one obtains that (¢ — ¢;,¢) = (0,0). Hence
this closed-loop system is zero-state observable. Since the storage function
(the sum of both storage functions) we have exhibited is positive definite with
respect to this error equation fixed point, and since it is proper, it follows
that the equilibrium point of the unforced system (i.e. u = 0) is globally
asymptotically stable. This second interconnection is depicted in Figure 7.3.

Ui Manipulator Y1

(output strictly pass.)

Y2 l U2
S

Fig. 7.3. The second equivalent representation

In conclusion it is not very important whether we associate the strict pas-
sivity property to one block or the other. What is important is that we can
systematically associate to these dissipative subsystems some Lyapunov func-
tions that are systematically deduced from their passivity property. This is
a fundamental property of dissipative systems that one can calculate Lya-
punov functions for them. It has even been originally the main motivation for
studying passivity, at least in the field of control and stabilization of dynamic
systems.

7.3.2 PID Control

The PID control is also a feedback controller that is widely used in prac-
tice. Let us investigate whether we can redo the above analysis for the PD
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controller. If we proceed in the same manner, we decompose the closed-loop
dynamics

M(q())§(t) + C(q(t), ¢(1)q(t) + g(q(t)) + Ard(t) + A2q(t) + >\3/0 q(s)ds =0

(7.35)
into two subsystems, one of which corresponds to the rigid joint-rigid link
dynamics, and the other one to the PID controller itself. The input and output
signals of this interconnection are this time chosen to be

ur = A — X2d — N3 [ G(s)ds = —y»

(7.36)
Yr =4q =u2
The dynamics of the PID block is given by (compare with (7.31)):
Z1(t) = 22(¢)
Zo(t) = ua(t) (7.37)

Yo = MUz + Aaza + Az

The transfer matrix of this linear operator is given by (compare with (2.64)
and (2.65))

)\182 + Aas + )\3[

Hyia(s) = N (7.38)

Thus it has a a double pole with zero real part and it cannot be a PR transfer
matrix, see Theorem 2.38. This can also be checked by calculating (ug, y2):

52

that contains a term fg u2(8)z1(s)ds which cannot be lower bounded.
If one chooses u}, = ¢ then the PID block transfer matrix becomes

)\182 + Aas + )\3[

Hyia(s) = N (7.39)

S
which this time is a PR transfer function for a suitable choice of the gains,
and one can check that

t t t
() = 51" @6 e [ a@aas+ | [ a aeas]

(7-40)
which shows that the system is even input strict passive (but the transfer
function is not SPR otherwise this system would be strictly passive (in the
state space sense); see Example 4.65, which it is not from inspection of (7.40)).
However this change of input is suitable for the PID block, but not for the
rigid joint-rigid link block, that we know is not passive with respect to the
supply rate u] § because of the relative degree of this output. As a consequence

the dynamics in (7.35) cannot be analyzed through the passivity theorem.
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Remark 7.21. Notice however that the system in (7.35) can be shown to be
locally Lyapunov stable [17] with a Lyapunov function V(z), where z(t) =
Jy (s)ds
q(t) . Let us add a fictitious input 7 in the right-hand-side of (7.35)
i(t))
instead of zero. From the KYP lemma we know that there exists an output y
(another fictitious signal) such that this closed-loop is passive with respect to
the supply rate 77y. One has y = (0,0, 1)%—‘;.

7.3.3 More about Lyapunov Functions and the Passivity Theorem

Before going on with controllers that assure tracking of arbitrary (smooth
enough) desired trajectories, let us investigate in more detail the relation-
ships between Lyapunov stable systems and the passivity theorem (which has
numerous versions, but is always based on the study of the interconnection
of two dissipative blocks). From the study we made about the closed-loop
dynamics of the PD and PID controllers, it follows that if one has been able
to transform a system (should it be open or closed-loop) as in Figure 3.2 and
such that both blocks are dissipative, then the sum of the respective storage
functions of each block is a suitable Lyapunov function candidate. Now one
might like to know whether a Lyapunov stable system possesses some dissi-
pativity properties. More precisely, we would like to know whether a system
that possesses a Lyapunov function, can be interpreted as the interconnection
of two dissipative subsystems. Let us state the following [74,317]:

Lemma 7.22. Let L denote a set of Lyapunov stable systems with equilibrium
point (x1,x2) = (0,0), where (x1,x2) generically denotes the state of systems
in L. Suppose the Lyapunov function V(x1,xe,t) satisfies

1.
V(x17x27t) :‘/vl(xlvt)+‘/v2(x27t) (741)

where V1(+), Va(+) are positive definite radially unbounded functions
2.

V(z1,22,t) < —7Bi(|l 21 ||) — y2B2(]] 22 [|) (7.42)

along trajectories of systems in L, where B1(-) and Pa(-) are class K func-
tions, and v, > 0, 72 > 0.

Suppose there exist functions Fy(-) and Fy(+) such that for all z1, xo andt > tg

vy, o’
a—; + (9—331 Fi(z1,t) < =761 (] 21 |I) (7.43)
Ve OVl
=+ Fa(w1,t) < —yfi(ll z2 ) (7.44)

8t (9.132
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and F;(0,t) = 0, dim zi=dim xz; for i = 1,2, for all t > to. Then there
exists a set P of Lyapunov stable systems, with the same Lyapunov function
V(zy,xh,t), that can be represented as the feedback interconnection of two
(strictly) passive subsystems with states xy and xf respectively. These systems
are defined as follows:

@ (t) = Fi(2) (), 1) + Gi(z (1), 25(t), t)us
(7.45)

y1 = G (@ (1), (1), 1) Gt (4, 8)

5(t) = Fa(ay(t),t) + Ga(@ (), w5 (t), )y
(7.46)

y2 = G (24 (1), 25(1), 1) G2 (ah, 1) = —us

where G1(+) and Go(-) are arbitrary smooth nonzero functions 2, which can be
shown to define the inputs and the outputs of the interconnected systems. H

The proof of Lemma 7.22 is straightforward from the KYP property of
the outputs of passive systems. Note that Lemma 7.22 does not imply any
relationship between the system in £ and the system in P other than the
fact that they both have the same Lyapunov function structure. That is why
we used different notations for their states (2], 25) and (z1,z2). We are now
interested in establishing sufficient conditions allowing us to transform a sys-
tem in £ into a system in P having the particular form given in (7.45) and
(7.46). These conditions are discussed next. Suppose (X) has the following
form (notice that this is a closed-loop form):

{tl(t) = Fl(xl (t),t) + G1 (xl(t),xg(t),t)ul

(7.47)
y1 = hi(z1(),t) = uo
Bo(t) = Fo(z2(t),t) + Ga(x1 (1), 22(t), t)us
(7.48)
Y2 = ha(x2(t),t) = w1
From (7.42) we thus have
; _ovi L oonT vy | o, T
V(J?l,xg,t) = 51 + o Fl(xl,t) =+ ot + O Fg(xg,t)
o T v T
+5ar Gi(z1, 22, )h2(22,1) + 52 Ga(1, 22, 1) (7.49)

xhl(xl,t)

< =Bl 21 () = 22B2(] 22 [])

2 We assume that the considered systems have 0 as a unique equilibrium point.



7.3 Rigid Joint—Rigid Link Systems: State Feedback 395

with inequalities (7.43) and (7.44) satisfied for both systems in (7.47) and
(7.48). Now let us rewrite (X'r) in (7.47) (7.48) as follows (we drop the argu-
ments for convenience; u; = ha(x2), uz = hi(x1)):

1 = (Fi + Giur — §atin) + g1t

(7.50)
Y= §1T‘37‘ﬁ = U2
&9 = (Fa + Gaug — Joliz) + golia
(7.51)
Y2 = §§§—Z§ =—u

Notice that (X7) in (7.50) and (7.51) and (X7) in (7.47) and (7.48) strictly
represent the same system. We have simply changed the definition of the
inputs and of the outputs of both subsystems in (7.47) and (7.48). Then the
following Lemma is true:

Lemma 7.23. Consider the closed-loop Lyapunov stable system (X1,) in (7.47)
and (7.48), satisfying (7.49), with Fy and Fy satisfying (7.43) and (7.44). A
sufficient condition for (X) to be able to be transformed into a system in P
is that the following two inequalities are satisfied:

1.

on’t Vs

87551 <G1h2 + §1§2Taxz) <0 (7.52)
2. .

oV oV,

. (Gzhl _929{8961) <0 (7.53)

for some mon-zero, smooth matrices g1, g2 of appropriate dimensions, and
with

Fl(oa t) + G1(07x27t)u1(07x27t) - gl(oa x?vt)ﬂ'l(ovx%t) =0

Va,Vt>0

(7.54)
F5(0,t) + g(x1,0, t)ua(z1,0,t) — g2(21,0,t)U2(21,0,¢) = 0
Va,Vt>0

[

Notice that these conditions are sufficient only for transforming the system
in P; see Remark 7.29.

Proof: The proof of Lemma 7.23 is straightforward. Inequalities (7.52) and
(7.53) simply guarantee that gXZ (fi + givi — gitii) < —v:iBi(]| z; ||), and (7.54)
guarantees that ©; = f; + g;u; — g;u; has x; = 0 as equilibrium point. Thus
(Xp)isin P. [ |
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Example 7.24. Consider the following system:

z1(t) = Fi(z1(t),t) + G1(z1(t), 22 (t), t)ur
(7.55)
i (t) = Gt (w1, 1) = ug

j?g(t) = Fg(xg(t),t) — G?(J?l (t),xg(t),t)U,Q
(7.56)
ya(t) = gl($2,t) =up

with 2% + 9% £ <y 8(| 2 1), % > 0, £3(0,£) = 0 for all ¢ > to, and V
satisfies (7. 41)land (7.42). Then we get along trajectories of (7.55) and (7.56):
V=Vi+V, < -—y06( z1 ||) = %262(]| 22 ||). However the subsystems in
(7.55) and (7.56) are not passive, as they do not verify the KYP property.
The conditions (7.52) and (7.53) reduce to

ot o, onT_ Tav2

) e 20 =0 7.57

0er "V ows 0z 192 Ouy (7.57)

as in this case 8—;/1 Gihy = g;/z Gohi. Now choose g1 = —G1, g2 = 1,

iy = -2 iy = —GTIV: (7.57) is verified. u
Oxa 1 9z,

In conclusion, the system in (7.55) and (7.56) is not convenient because its
outputs and inputs have not been properly chosen. By changing the definitions
of the inputs and outputs of the subsystems in (7.55) and (7.56), leaving the
closed-loop system unchanged, we transform the system such that it belongs
to P. In most of the cases, the functions g;, h; and f; are such that the only
possibility for the equivalent systems in (7.50) and (7.51) to be Lyapunov
stable with Lyapunov functions V;(+) and V5 (-) respectively is that g;u; = g;u;,
i.e. we only have to rearrange the inputs and the outputs to prove passivity.
From Lemma 7.23 we can deduce the following result:

Corollary 7.25. C'onsider the system in (7.47) and (7.48). Assume (7.49) is
satisfied, and that 8V1 Gihy = gvg Gaohy (let us denote this equality as the
Cross Terms Cancellatwn FEquality CTC’E) Then 1) If one of the subsystems
in (7.47) or (7.48) is passive, the system in (7.47) and (7.48) can be trans-
formed into a system that belongs to P. ii) If the system in (7.47) and (7.48)
is autonomous, it belongs to P. [ |

Proof: Using the CTCE, one sees that inequalities in (7.52) and (7.53) reduce
either to:

o’ on'_ _ovy

o Gihs + i 9105 D2y =0 (7.58)
or to

ove" V' oV

— —=0 7.59
8x2 + 8:62 9291 8%1 ( )
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Suppose that the system in (7.48) is passive. Then hy = GQTg—;/z, thus it
suffices to choose go = G2, g1 = —G1. If the system in (7.47) is passive, then
h1 = G{g—g‘ﬁ, and we can take go = G, g1 = G1. The second part of the

corollary follows from the fact that one has for all z; and x:

on’" oy "
— G h =—— G h 7.60
oz, C1@Vh2(2) = -5 Ga(za)ha (1) (7.60)
Then (7.47) (7.48) can be transformed into a system that belongs to P. Nec-
essarily ho(x2) = GQTg—‘;; and hy(z1) = —Gng—ZL or ha(xzz) = _GQTg_;/z and
hi(zy = Gng—;/i, which correspond to solutions of (7.58) or (7.59) respectively.
|

In the case of linear time invariant systems, one gets G1Co Py ' +G1GE = 0
or —GoC1 Pt + GoGT = 0 instead of (7.58) and (7.59) respectively. Suppos-
ing either Cy = GIP, or C; = GT P, the result follows and the passive
interconnection is found.

Example 7.26. Throughout this chapter and Chapter 8 we shall see several
applications of Lemmas 7.22 and 7.23. In particular it happens that the can-
cellation of cross terms in Lyapunov functions derivatives has been widely
used for stabilization and almost systematically yields an interpretation via
the passivity theorem. To illustrate those results let us reconsider the PD
controller closed-loop dynamics in (7.25). Let us start from the knowledge of
the Lyapunov function deduced from the storage function in (7.26). Letting
z1 = (g,q) be the state of the rigid joint-rigid link dynamics and 2 = 2z be
the state of the second subsystem in (7.31), one sees that the sum of the stor-
age functions associated to each of these blocks forms a Lyapunov function
that satisfies the conditions of Lemma 7.22. Moreover the conditions of Corol-
lary 7.25 are satisfied as well, in particular the CTCE. Indeed from (7.32) we
get (but the same could be done with the interconnection in (7.29))

3T ohate) = (7@, 01(@) ) ) ()

— _)\Qq-Tq (761)

T ~ .
G¥a” Gy(wo)ha (1) = MG g

Hence the dynamics in (7.25) can indeed be interpreted as the negative
feedback interconnection of two dissipative blocks. As another example, con-
sider Theorem 5.42: notice that choosing the controller u of the driving system
as ul = — (L, U(C)) exactly corresponds to a CTCE. Hence the closed-loop
system thereby constructed can be analyzed through the passivity theorem.
This is the mechanism used in [317].
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Such closed-loop interpretations of Lyapunov stable systems are not funda-
mental from a stability point of view, since the system is already known to be
stable. However they have been widely used in the Systems and Control liter-
ature since they provide an elegant manner to analyze the closed-loop system.
Moreover they may provide the designer with ideas linked to the properties of
interconnections of passive systems. We shall illustrate again the application
of Lemmas 7.22 and 7.23 and Corollary 7.25 in the sequel; see in particular
Sections 7.4, 7.6 and Chapter 8.

7.3.4 Extensions of the PD Controller for the Tracking Case

The tracking problem for the model in (6.98) can be easily solved using a
linearizing feedback that renders the closed-loop system equivalent to a double
integrator. Then all the classical machinery for linear systems can be applied.
However we are not interested here in following this path. We would rather
like to see how the PD control may be extended to the tracking case, i.e.
how we can preserve and use the system dissipativity to derive a globally
stable controller guaranteeing tracking of any sufficiently differentiable desired
trajectory.

A First Extension of the PD Controller: the Paden and Panja
Scheme

The first idea is a direct extension of the PD structure, applying the control
[389]:

7= M(q(t))da(t) + Cla(t), d(1)da(t) + g(a(t)) — Aid(t) — A2d(t)  (7.62)

with g4(-) € C2(IR™). Setting g4 constant one retrieves a PD controller with
gravity compensation. The closed-loop system is given by:

M (q()4(t) + C(a(t), 4(8))a(t) + \q(t) + A2q(t) = 0 (7.63)
This closed-loop dynamics resembles the one in (7.25). This motivates us
to study its stability properties by splitting it into two subsystems as

M (q(£))q(t) + Clq(t), 4(£)d(t) = ui(t) = —ya(t)

. (7.64)
y1(t) = q(t) = uz(?)
and
2':1 (t) = U (t)
Y2(t) = Aua(t) + X221 (t) (7.65)

21(0) = q(0) — 4a(0)

Let us make the following Assumption (see Lemma 6.16):
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Assumption 17 The matriz C(q,q) is written in such a way that M(q, q) —
2C(q, q) is skew-symmetric. [ ]

Then one computes that
(wr, )i = Jo @7 (7) [M(q(7))d(7) + C(a(r), d(r)i(r)] dr

=5 [¢" (N M(q(r))a(r)], (7.66)

and that .. ) .
(ug,y2)e = M1 [y ¢F (T)a(r)dr + 5 [4(s)"d(s)],

> —34(0)"4(0)

Notice that the second block is input strictly passive. Similarly to the
PD controller analysis, one concludes that the dynamics in (7.63) can indeed
be transformed into the interconnection of two passive blocks. We could also
have deduced from Lemma 7.23 that such an interconnection exists, checking
that V(§,q) = %(jM(q)(j + %)\QQTQ is a Lyapunov function for this system,
whose derivative along the trajectories of (7.63) is semi-negative definite (i.e.
~v1 = 0 in Lemma 7.22) (we let the reader do the calculations by him/herself).
However one cannot apply the Krasovskii-La Salle Theorem to this system
because it is not autonomous (the inertia and Coriolis matrices depend ex-
plicitly on time when the state is considered to be (g, §)). One has to resort to
Matrosov’s Theorem to prove the asymptotic stability (see Theorem A.35 and
Lemma A.36 in the Appendix) [389]. Equivalent representations (that are to
be compared to the ones constructed for the PD control in Subsection 7.3.1)
are depicted in Figures 7.4 and 7.5.

(7.67)

The Slotine and Li Controller (Passivity Interpretation)

The above scheme has the advantage of being quite simple. However its ex-
tension to the adaptive case (when the inertia parameters are supposed to
be unknown, one needs to introduce some on-line adaptation) is really not
straightforward. One big challenge in the Robotics and Systems and Control
fields during the 1980s was to propose a feedback controller that guarantees
tracking and which extends also to an adaptive version (which will be pre-
sented in Section 8.1.1). Let us consider the following input [425,461] 3:

7(q(t),4(t),t) = M(q(t))dr (t) + C(a(t), ¢(1))4-(t) + g(a(t)) — Ars(t) (7.68)

3 It seems that what is now widely known as the Slotine and Li scheme, was also
designed in [425] at the same time so that the Slotine and Li scheme could be
named the Slotine-Li-Sadegh-Horowitz scheme.
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Uy . —q
Q manipulator hr=q
|
7 (lossless)
Y2 /\24‘)\18 -
S
Uz

Fig. 7.4. First interconnection: lossless manipulator dynamics

Il
-

Ul py o\ A < yl
(= M@i+Cla.di+hi=wu

W [—=

Yo = Aog U

Fig. 7.5. Second interconnection: OSP manipulator dynamics

where d,(£) = da(t) — Ad(t), s(t) = d(t) — () = G(t) + Ag(¢), and we recall
that gq(-) is supposed to be in C?(IR"). Introducing (7.68) into (6.98) one
obtains

M(q(t))s(t) + C(q(t), ¢(t))s(t) + Mis(t) =0 (7.69)

Notice that contrary to the scheme in (7.62), setting g4 constant in (7.68)
does not yield the PD controller. However the controller in (7.68) can be seen
as a PD action (A;s) with additional nonlinear terms whose role is to assure
some tracking properties. Before going on let us note that the whole closed-
loop dynamics is not in (7.69) since this is an nth order system with state s,
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whereas the whole system is 2n-th order. To complete it one needs to add to
(7.69):

q(t) = =Xg(t) + s(t) (7.70)

Therefore the complete closed-loop dynamical system is given by

M (q(t))5(t) + C(q(t), 4(t))s(t) + Ars(t) =0
q(t) = =Aq(t) + s(t)

q(0) = o, 4(0) = Go

It should be clear from now all the foregoing developments that the sub-
system in (7.69) defines a passive operator between u; = —A\1s = —y2 and
Y1 = s = ug, with storage function Vi(s,t) = 1s"M(q)s (which is a Lya-
punov function for this subsystem which is zero-state observable). This is
strongly based on Assumption 17. The equivalent feedback interconnection of
the closed-loop is shown in Figure 7.6.

Uy = —>\15 U1

(=1 M(q)3 + Clg,d)s = —Ais

A

Il
»

U2

Y2

A

§=—-M\j+s

Fig. 7.6. Closed-loop equivalent representation

Remark 7.27. The subsystem in (7.69) can be at once proved to define an
asymptotically stable system since one can view it as the interconnection of
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a passive mapping u — y = ¢ with zero-state detectable dynamics M (q)$ +
C(q,q)s = u, with a static output feedback u = —A;y. Hence Theorem 5.24
applies and one concludes that s(t) — 0 as t — +o0. [ |

The second subsystem obtained from (7.70) can be rewritten as

Z1 (t) = —)\z1 (t) + U,Q(t)
(7.71)
Y2 = A1uz

It therefore has a relative degree ro = 0, and the state is not observable
from the output y2. However it is zero-state detectable since {ys = us = 0} =
. ligl z1(t) = 0. We also notice that this system is very strictly passive since

— 1+ 00

(ug,y2)t = M1 fg ud (s)us(s)ds
= 5= o vd ($)ya(s)ds (7.72)

=4 [y ud (s)us(s)ds + = [y w3 (s)y2(s)ds

Let us compute storage functions for this system. Let us recall from (4.137)
that for systems of the form & = f(z,t) + g(z, t)u,y = h(z,t) + j(z,t)u with
j(z,t)+57 (x,t) = R full-rank, the storage functions are solutions of the partial
differential inequality (that reduces to a Riccati inequation in the linear case)

ov?T oV 1ov?” _ 1 0V

and that the available storage V,(-) and the required supply V,(-) (with
x(—t) = 0) satisfy (7.73) as an equality. Thus the storage functions V(z;)
for the system in (7.71) are solutions of

v’ 1 avTav
le A 4)\1 le d21
If we set the equality it follows that the two solutions satisfy

)\ <0 (7.74)

Wt)=0
(7.75)
(%/1 (t) = 4)\)\12’1 (t)
for all t > 0, from which one deduces that V,(z1) = 0 and V;.(z1) = 2A\1 27 21,

whereas any other storage function satisfies 0 = V,(21) < V(z1) < Vi.(21)-
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Remark 7.28. Let us retrieve the available storage and the required supply
from their variational formulations (notice that the system in (7.71) is con-
trollable so that the required supply can be defined):

t
Va(21(0)) = sup - / Mud uads = 0 (7.76)
u2:(0,21(0))— 0

which means that the best strategy to recover energy from this system through
the output ys is to leave it at rest (so as to recover nothing, actually!), and

0
B " Tyad
(21(0)) u2:<7t,o§£<o,21<0>)/7tu2 -

' (7.77)
- mf o ST AT (5 + Az} ds
ug:(—t,0)—(0,21(0)) 1/ {( 1 1 )( 1 1)}

= MAT(0)21(0)

where the last step is performed by simple integration of the cross term and
dropping the other two terms which are always positive, for any control strat-

egy. |

We conclude that a suitable Lyapunov function for the closed-loop system
in (7.69) (7.70) is given by the sum

1
V(s,g,t) = 5sTM(aj, t)s + 2217 G (7.78)

It is noteworthy that we have really deduced a Lyapunov function from the
knowledge of some passivity properties of the equivalent interconnection form
of the closed-loop system. Historically, the closed-loop system in (7.69) and
(7.70) has been studied first using the storage function of the first subsystem
in (7.69) only, and then using additional arguments to prove the asymptotic
convergence of the whole state towards zero [461]. It is only afterwards that
the Lyapunov function for the whole closed-loop system has been proposed
[472]. We have shown here that it is possible to construct it directly from
passivity arguments. It must therefore be concluded on this example that
the dissipativity properties allow one to directly find out the right Lyapunov
function for this system.

Remark 7.29. Lemmas 7.22 and 7.23 can in general be used if one starts from
the knowledge of the Lyapunov function. However the cross-term-cancellation-
equality (CTCE) is not satisfied since

T
27;/1 Gl(l‘l)hQ(xg) = STM(q)M_l(q))\ls = )\15T3

(7.79)

T ~
% Go(m2)hi(21) = —A\1q7s



404 7 Passivity-based Control

This comes from the fact that this time one has to add g%TGl (z1)ha(x2) +

g—;/zTGg(xg)hl(xl) = —)\18TS + )\)\1(st to g_;/zTFQ(xQ) = —2)\2)\1§T(j in or-
der to get the inequality in (7.49). One may also check that the inequalities
in (7.52) and (7.53) can hardly be satisfied by any g1 and gs. Actually the
conditions stated in Lemma 7.23 and Corollary 7.25 are sufficient only. For
instance from (7.49) one can change the inequalities in (7.52) and (7.53) to

] T T ) ..
incorporate the terms g% Fi(x1,t) and ‘g% Fy(x29,t) in the conditions re-

quired for the matrices g; and go. Actually Lemmae 7.22 and 7.23 will be
useful when we deal with adaptive control; see Chapter 8, in which case the
CTCE is generally satisfied.

The Slotine and Li Controller (Stability Analysis)

There are two ways to prove the stability for the closed-loop system in (7.69)
and (7.70). The first proof is based on the positive function V (s, q,t) =
1sTM(q)s (which we denoted as Vi(s,t) above), where one notices that
q(t) = ¢(t) + qa(t). Hence the explicit time-dependency in V(s,q,t). This
proof makes use of Lemma 4.8. This proof does not show Lyapunov stability
but merely shows the boundedness of all signals as well as the asymptotic con-
vergence of the tracking error and its derivative towards zero. The second prof
is based on the Lyapunov function (candidate) in (7.78). Lyapunov stability
of the error (closed-loop) system equilibrium point is then concluded.

First stability proof:
Let us consider
~ 1 7
V(87 q, t) = 58 M(Q)S7 (780)

and let us calculate its derivative along the solutions of (7.69):

V(s,q.t) = s" ()M (q(t)3(t) + 5T (£)M (q(t), 4(t))s(t)
= 5T (t)(=C(q(t),4() — Ais(t) + 357 ()M (q(t), 4(1))s(t)
= —AisT(8)s(t) + " (0)[=Cla(t), (1)) + 5M (q(t), d(t))]s(t)
=—AisT(t)s(t) <0
(7.81)

where the last equality is obtained thanks to the skew-symmetry property
(Lemma 6.16). Let us now integrate both sides of (7.81):

V(s(t),q(t)) = V(s(0),4(0)) < —/O st (r)s(r)dr (7.82)
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which implies that

/O sT(1)s(1)dr < V(s(0), q(0)) (7.83)

since V(-,-) > 0. Therefore s(-) is in Ly. Let us now consider the system in
(7.70). This is an asymptotically stable system whose state is §(-) and whose
input is s(-). Applying Lemma 4.8 we deduce that § € L2 N Lo, § € Lo,
and lims_, 4o G(t) = 0. Furthermore since V' (s(¢), ¢(t),t) < V(s(0),§(0),0), it
follows that for bounded initial data, ||s(t)|| < 400, i.e. $ € L. Therefore
§ € Lo as well, and from Fact 6 (Section 4.1) the function §(-) is uniformly
continuous. Using (7.69) it follows that s € Lo, so using Fact 6 and then
Fact 8 we conclude that s(t) — 0 as t — +oo. Thus ¢(t) — 0 as t — 4oo0.
All the closed-loop signals are bounded and the tracking error (g, c]) converges
globally asymptotically to zero. However we have not proved the Lyapunov
stability of the equilibrium point of the closed-loop error system (7.69) and
(7.70).

Lyapunov stability proof:

Let us now consider the positive definite function in (7.78). Computing its
derivative along the closed-loop system (7.69) and (7.70) trajectories yields

V(G(t),q(t) = —Ma" ()" (t) — N> g" (1)q(t) < 0 (7.84)

from which the global asymptotic Lyapunov stability of the fixed point (g, c]) =
(0,0) follows. The skew-symmetry property is used once again to compute
the derivative. It was further shown in [472] that when the system has only
revolute joints then the stability is uniform. This comes from the fact that in
such a case, the inertia matrix M (q) contains only bounded (smooth) functions
like cos(+) and sin(-) and is thus bounded, consequently the Lyapunov function
is also upperbounded by some class K function. It is interesting to see how
the technology influences the stability.

In both stability proofs, one can conclude about exponential convergence.

Indeed for the first proof one has V (s, §,t) < —A1sT (t)s(t) < —m\/(s,d, t).

Therefore s(-) converges to zero exponentially fast, and so do ¢(-) and §(-).
The interest of the above proof is that when we deal with the adaptive case,
then exponential stability will be lost, and the stability proof is then identical
to the above one.

7.3.5 Other Types of State Feedback Controllers

The use of the property in Assumption 17 is not mandatory. Let us describe
now a control scheme proposed in [239], that can be classified in the set of
passivity-based control schemes, as will become clear after the analysis. Let
us consider the following control input:
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™= = SN(a(t), d()d(E) + Ad(0)] + M (a(t))[ar () — (1)) +
(7.85)
+C(a(t), d()it) + g(a(®) = (Aa+ 3 ) §(6) = Mad(?

Introducing (7.85) into the dynamics (6.98) one obtains:

MOS0 + SIa0.40)s(0) + (Aa+ 3 )0+ M) =0 (7.5

which we can rewrite equivalently as

M(q())3(t) + Cla(t), d(®)s() + (a+ 25 ) d(t) + 2q(t) =
(7.87)

= —1M(q(t), 4(t))s(t) + C(q(t), q(t))s(t)

These two representations of the same closed-loop system are now ana-
lyzed from a “passivity theorem” point of view. Let us consider the following
negative feedback interconnection:

U = —Y2 = _%M(Q7 q)S + C(qa Q)S
(7.88)
Uz =Y =35
where the first subsystem has dynamics M (q(¢))s(t) + C(q(t),q(t))s(t) +
()\d + )\%) G(t) + AgA(t) = ui(t) while the second one is a static operator
between uy = s and yo given by us(t) = %M(q(t), q(t))s(t) — C(q(t),q(t))s(t).
It is easily checked that if Assumption 17 is satisfied then

1

(u2, y2)1 = 5/0 sT ()M (g(7), 4(r)) = 2C(a(7), 4())]s(r)dr =0 (7.89)

and that the available storage of the second block is the zero function as well.
Concerning the first subsystem one has

(u,ya)e = Jo 57(7) [M(a(r)s + Cla(r),d(r)s(r) + (Aa+ 32 ) d(r) + Aara(r)] dr

[ST(T)M(q(T))S(T)]B + % (2)\)\11 + ;—?) [q" (m)q(r)l}

N[=

o { (A ) @) + Xxad" (T)i(n) } dr

> —15(0)" M((0))s(0) ~ § (23 + 32 ) (0)7d(0)
(7.90)
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which proves that it is passive with respect to the supply rate ufy;. It can
also be calculated that the available storage function of this subsystem is given
by:

Va(q(0),5(0)) = sup —/ sT (1) {M(q(7))s() + C(a(7), 4(r))s(7)
u1:(4(0),s(0)]—  JO

+ (M 2) d(r) + Mad(n) } dr

(SIS

5(0) M((0))s(0) + (Ma + 2 ) 47(0)(0)
(7.91)
Since this subsystem is zero-state detectable (u1 = s = 0 = ¢ — 0 as
t — 4o00) one concludes that the available storage in (7.91) is actually a
Lyapunov function for the corresponding unforced system, whose fixed point
(4,s) = (0,0) (or (4,§) = (0,0)) is asymptotically stable. This also holds for
the complete closed-loop system since the second block has storage functions
equal to zero and the dynamics in (7.86) is zero-state detectable when one
considers the input to be w in the left-hand-side of (7.86) and y = y1 = s (set
u = 0and s = 0 and it follows from (7.86) that ¢ — 0 exponentially). Actually,
the derivative of V,(q, s) in (7.91) along trajectories of the first subsystem is
given by:

Va(d(t), s(t) = — <>\d + %) q" (t)a(t) = A agq" (1)g(t) <0 (7.92)

It is noteworthy that the result in (7.92) can be obtained without using the
skew-symmetry property in assumption 17 at all. But skew-symmetry was
used to prove the dissipativity of each block in (7.88).

Remark 7.30. Originally the closed-loop system in (7.86) has been proven to
be Lyapunov stable using the Lyapunov function

V(G.0) = 50" M@i+ i M@)i + 50" M@ + ML) (199

which can be rearranged as
1 1, 1.
V(s q) = isTM(Q)S + iAquq (7.94)
The derivative of V(-) in (7.93) or (7.94) along closed-loop trajectories is

given by:

V(a).a(t) = =" ¢) (Ad + A;) a(t) = 20aAq" (D3(t) — N Xaq" (£)3(1)
(7.95)
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Notice that V,(-) in (7.91) and V(-) in (7.94) are not equal one to each
other. One concludes that the passivity analysis of the closed-loop permits to
discover a (simpler) Lyapunov function.

Remark 7.31. The foregoing stability analysis does not use the CTCE of
Lemma 7.23. One concludes that the schemes that are not based on the skew-
symmetry property in Assumption 17 do not lend themselves very well to an
analysis through the passivity Theorem. We may however consider the con-
troller in (7.85) to be passivity-based since it does not attempt at linearizing
the system, similarly to the Slotine and Li scheme.

7.4 Rigid Joint—Rigid Link: Position Feedback

Usually most manipulators are equipped with position and velocity sensors,
and controlled point-to-point with a PD. The tracking case requires more, as
we saw. However the controllers structure becomes more complicated, hence
less robust. It is of some interest to try to extend the separation principle for
linear systems (a stable observer can be connected to a stabilizing controller
without destroying the closed-loop stability), towards some classes of nonlin-
ear systems. The rigid joint-rigid link manipulator case seems to constitute
a good candidate, due to its nice properties. At the same time such systems
are nonlinear enough, so that the extension is not trivial. In the continuity
of what has been done in the preceding sections, we shall investigate how
the dissipativity properties of the Slotine and Li and of the Paden and Panja
schemes can be used to derive (locally) stable controllers not using velocity
feedback.

In the following we shall start by the regulation case (see Section 7.4.1),
and then analyze the tracking of trajectories (see Sections 7.4.2 and 7.4.3).

7.4.1 P 4+ Observer Control

In this subsection we present the extension of the PD controller when the
velocity is not available as done in [44,488]. Basically the structure of output
(position) feedback controllers is that of the original input where the velocity
g is replaced by some estimated value. Let us consider the dynamics in (6.98)
with the controller:

7= g(aa) = Md — (G- 2)

(7.96)
z=N3(q - 2)

so that the closed-loop dynamics is given by
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M(q(t))d(t) + Ca(t), a(t))d(t) + g(a(t)) — glaa) + 5; (a(t) — 2(t)) = —Md(t)
(1) — q(t) = As(q(t) — 2(t)) = 4(t)

(7.97)
Let us now make a direct application of Corollary 7.25. Let us first rewrite

7.97) in a state-space form, with x; = T — (1) and To =4 —z. We
T q
12

obtain

Z11(t) = z12(t)

12(t) = =M (@11 (t) + qa)[C(z11(t) + ga, 212 () 712(t) + g(211(t) + qa)
—g(qa) + Ma11(8)] + M~ (211 (t) 4 qa)ha(22(t))

Ba(t) = —Agwa(t) + hi (2 (t)

hg(xg) = —%2‘%2

hi(z1) = 12

(7.98)
where hi(-) and ho(-) are as in (7.47) and (7.48). The closed-loop scheme can
be shown to be globally asymptotically Lyapunov stable with the Lyapunov
function V (211,212, 22) = Vi(211,212) + Va(22) defined as

Vi(zi1, 212) = A2 [32To M (211 + ga)z12 + ’\—21561T19611 + Uy(x11 + qa)
(7.99)
~Uy(qa) — 211 9(qa)]

and 1
Va(xg) = 53:2%2 (7.100)

It can be shown that Vj(-) is positive definite and has a global minimum
at (z11,212) = (0,0) provided Ay > 7 where «y is a Lipschitz constant for g(-).
Differentiating V' (-) along the trajectories of (7.97) or equivalently (7.98) one
finds

V() = —Asalxy (7.101)

. . . T T .
where the CTCE is satisfied since g—}ﬁ Gihy = —x1T2x2 = —g% Goh. Since
the system is autonomous, Corollary 7.25 ii) applies. Now it is easy to see
that the second subsystem with state vector xo, input ue = hi(x1) and ouput

ya = —hao(x2) is passive:
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t
(ug, y2)t = [, /\%x%"(s)uz(s)ds

= Jo 523 (s)(da2(5) + Agwa(s))ds (7.102)

= oh, [E ()22 () + 32 fy 25 (s)w2(s)ds

and one recognizes a storage function Se(x2) equal to )\—12‘/'2 with V5 in (7.100).
Notice that the second subsystem (with state ) is strictly passive in the sense
of Lemma 4.84, but it is also output strictly passive. The other subsystem is
defined with input u; = —ys = ho(22) and output y; = ug = hy(x1) and is
passive as one can check:

<U17y1>t = <ﬂ?12,h2>t =

= [T 2Ty (s)[M(211(s) + ga)ir2(s) + C(11(5) + qa, 12(5))712(s)
(7.103)

+9(z11(5) + qa)z12(5) — 9(qa)r12(8) + Mz11(s)z12(8)]ds
= S1(t) — S1(0),
where we used #11(t) = z12(¢) in the calculation.

Remark 7.32. ¢ In connection with Remark 7.18, let us note that this time
the closed-loop scheme has an order strictly larger than the open-loop one.

e One has V(z1,73) = Vi(z1) + Va(z2) = A2S1(x1) + A2S2(w2). This is due
to the particular choice of hi(z1) and ho(xs).

e The output strict passivity plus zero state detectability properties of the
second block is important because it is precisely these properties that
allow one to use the Krasovskii-La Salle Theorem to prove the asymptotic
stability.

7.4.2 The Paden and Panja + Observer Controller

The material that follows is mainly taken from [45]. In fact it is to be expected
that the separation principle does not extend completely to the nonlinear sys-
tems we deal with. Indeed the presented schemes assure local stability only
(more exactly they assure semi-global stability, i.e. the region of attraction of
the closed-loop fixed point can be arbitrarily increased by increasing some
feedback gains). In what follows we shall not develop the whole stability
proofs. We shall just focus on the passivity interpretation of the obtained
closed-loop system, and in particular on the local stability that results from
the fact that the storage function satisfies the dissipation inequality locally
only.
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The foregoing subsection was devoted to an extension of PD controllers
and concerns global regulation around a fixed position only. It is of interest to
consider the tracking case which is, as one expects, much more involved due
to the non-autonomy of the closed-loop scheme. Let us consider the following
fixed parameter scheme (compare with the expression in (7.62)):

7= M(q)da + C(q, do)da + 9(q) — A1(do — Gr)
Controller { ¢, (t) = da(t) — Aoe(t)

Go(t) = 4(t) — Asq(t) (7.104)

4(t) = 2(t) + Aad(t) = 2(8) + (A + A3)d(t)

Observer
2(t) = Ga(t) + Asq(t) = da(t) + AeA3q(t)

where e = g—qq(t) is the tracking error, § = ¢—¢ is the estimation error, A; > 0
foralli = 1,---,6. Let us denote s1 = ¢—g, = é-+Aze and 2 = §—do = G+As3d,
so that (o — ¢») = s1 — s2. Introducing (7.104) into (6.98) and using some
properties of the matrix C(q,q) (like the fact that C(q,y)z = C(g,x)y and
C(q,z + az)y = C(q,2)y + aC(q,z)y for all z,y € IR™ and o € IR) one gets
the following closed-loop error equation:

M(q(t)ét) + Clq(t), ¢())s1(t) + Arsa(t) = Aasa(t) + Clq(t), 4(£)) Aze(t)—
— C(q(t), s2(t))da(t)

é(t) = —hae(t) + s1(¢)

M(q(t))32(t) + Clq(t), (1) s2(t) + A6 M (q(t)) — Arln]s2(t) = —Arsi(t)+

+ Clq(t), s2(t) — q(t))é(t)

q(t) = —A3q(t) + sa2(t)
(7.105)
Define Ki(q,e) = A3 [2% — M(q)] and K3(q,q) = 2A3A1. It can be shown
using the positive definite function

Ve, 1,4, 82) = %sfM(q)sl + %eTKl(q,e)e + %ng(q)SQ
(7.106)
+3¢"K2(q,9)§

that for a suitable choice of the initial data within a ball B, whose radius r is
directly related to the control gains, the closed-loop fixed point (e, s1, ¢, s2) =
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(0,0,0,0) is (locally) exponentially stable. As pointed out above r can actually
be varied by varying A¢ or A1, making the scheme semi-global. An intuitive
decomposition of the closed-loop system in (7.105) is as follows, noting that
M(q)é = M(q)$1 — A2 M(q)e:

M(q)$+ C(g,4)s = u1, § = —XaG + 51, € = —Aze + 5o

(7.107)
Y1 =38, uz =y, yo = —T(q.4,8) = —uy
where
5= {31] (7.108)
52

A1s2 + A2C(q, 4)é — C(q, 4a)s2 + A2 M (q)é
T(q,4,8) = — (7.109)
—A1s1 +C(q, 52 — 4)é

M(q) = diag[M (q), M(q)] (7.110)
C(g,q) = diag[C(q, ). C(q,4)] (7.111)
The first subsystem is clearly passive with respect to the supply rate uf y;.
The second subsystem is a memoryless operator us — —T(q, ¢, u2). If it can
be shown that locally —ul T(q, ¢, u2) > —éulus, then the system with input

u = uy + y2 and output y = y; is output strictly passive. Indeed

(u, y)e = (u1 +y2,9)¢e = (U1, y1)¢ + (Y2, u2)t
(7.112)

> —%S(O)TM(Q(O))S(O) + 5]3 ul (s)uz(s)ds

for some § > 0. In other words the function in (7.106) satisfies the dissipation
inequality along the closed-loop trajectories: %T[f(x) + g(z)u] < uTh(z) —
ShT(xz)h(x) for all u and z locally only, where 7 = (eT,s7,G",sd) and
y = h(z). Then under suitable zero-state detectability properties, any storage
function which is positive definite with respect to the closed-loop fixed point
is a strict (local) Lyapunov function. Notice that the total closed-loop system
is zero-state detectable since y; = s = 0 and v = 0 implies that y» = 0, hence

u; =0and e — 0and § — 0 as t — 4o0.

7.4.3 The Slotine and Li + Observer Controller

Let us consider the following fixed parameter scheme:
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7= M(q)dr + C(q,d0)dr + 9(q) — A1(do — Gr) — Aze
Controller ¢ ¢-(t) = qa(t) — A(q(t) — qa(t))
Go(t) = 4(t) — Ma(t) — 4(1))
q(t) = 2(t) + As(a(t) — d(t))
£(t) = G (t) + Mala(t) — q(t) + XM~ (q(t))[qa(t) — (1))

(7.113)
Introducing (7.113) into (6.98) one obtains the closed-loop error equation

Observer {

M(q()$1(t) + Clq(t),4(£))s1(t) + Msi(t) + Age(t) =

= Ais2(t) — Clq(t), s2(t))dr (1)

e(t) = =Ale(t) = (1) +s1(t), q(t) = —Aq(t) + s2(1)

M (q(t))32(t) + Clq(t), 4(1)s2(t) + (Ae M (q(t)) — Arln)sa(t) + A2q(t) =

= —A2s1(t) + Clg(t), s1())[s2(t) — 4(1)]

(7.114)
with A3 = A\g + A, Ay = A\ A. Again a natural decomposition of the closed-loop
scheme is similarly done as in the previous case, i.e.

M(q(£))3(t) + Cla(t), q(t)s = ur (1), €(t) = =Ae(t) — (1)) + s1(1), (1)
= —Aq(t) + s2()

y1(t) = s(t), ua(t) = p1(t), y2(t) = =T(q(t), 4(t), s(t)) = —u ()
(7.115)
where this time

A1s1 — A1+ C(q, 51 — §)]s2
T(q,4,5) = (7.116)
A —C(q,82 — ¢)s1 + [N M(q) — Mln]s2

It can be shown that locally T'(q, ¢, s) > 0 so that (uz,y2): > § fof ul (s)uz(s)ds
for some § > 0. The same conclusions as above follow about semi-global
asymptotic Lyapunov stability of the closed-loop fixed point.
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7.5 Flexible Joint—Rigid Link: State Feedback

7.5.1 Passivity-based Controller: The Lozano and Brogliato
Scheme

In Section 6.4 we saw how the dissipativity properties derived for the rigid
joint-rigid link manipulator case extend to the flexible joint-rigid link case,
and we presented what we called passivity-based schemes. Considering the
Lyapunov function in (7.78) let us try the following [70,72,316,318]:

V(G1, G2, 51, 52) = 551 M(q1)s1 + 53 Js2 + AA1qi 1 + A1Gade
(7.117)
+3 (@ — @) K (@ — d)

The various signals have the same definition as in the rigid case. One sees
that similarly to (7.78) this positive definite function mimics the total energy
function of the open-loop unforced system. In order to make it a Lyapunov
function for the closed-loop system, one can classically compute its derivative
along the trajectories of (6.105) and try to find out a u that makes its deriva-
tive negative definite. Since we already have analyzed the rigid joint-rigid link
case, we can intuitively guess that one goal is to get a closed-loop system of
the form

M(q1(2))31() + Clqu (), 1 (1))s1(t) + Msi(t) = fr(s1(8), s2(8), G1(1), G2(1))

J52(t) + As2(t) = fa(s1(t), s2(1), @1 (1), G2(t))

(7.118)
For the moment we do not fix the functions fi(-) and fa(-). Since the Lyapunov
function candidate preserves the form of the system’s total energy, it is also
to be strongly expected that the potential energy terms appear in the closed-
loop dynamics. Moreover we desire that the closed-loop system consists of
two passive blocks in negative feedback. Obviously V(-) in (7.117) contains
the ingredients for Lemmas 7.22 and 7.23 to apply. The first block may be

Q1
chosen with state vector 1 = 21 . We know it is passive with respect to the

2

52
K(q1 — ¢o) )

. . S1
supply rate uly; with input u; = and output = . -
pply 191 p 1 <82> p Y2 <_K(q1_q2)

One storage function for this subsystem is

1 1 T -~ .
Vl(xl,t) = —STM(ql)Sl + 585;]82 + )\Aqum + AA1G2G2 (7.119)

2
However notice that we have not fixed the input and output of this subsystem,
since we leave for the moment f1(-) and fo(+) free. Now the second subsystem
must have a storage function equal to:



7.5 Flexible Joint—Rigid Link: State Feedback 415

Va(zo,t) = % (@ — @) K (@ — @) (7.120)

and we know it is passive with respect to the supply rate uly,, with an
input ug = y1 and an output yo = —u3, and from (7.120) with a state vector
z1 = K (¢1 — g2). Its dynamics is consequently given by

To = —ATo + K(SQ — 81). (7121)

In order for Lemmas 7.22 and 7.23 to apply we also require the CTCE to be
satisfied, i.e. %TGth = —g—;/’;TGghl, where we get from (7.118)

sTfi+ssfa=—(G—a)" K(s2— s1) (7.122)

from which one deduces that fa(s1, $2,G1,42) = K(¢1—¢2) and f1(s1, $2,G1, G2)
= K (G2 — ¢1). Thus since we have fixed the input and output of the second
subsystem so as to make it a passive block, we can deduce from Lemma 7.23
that the closed-loop system that consists of the feedback interconnection of
the dynamics in (7.118) and (7.121) can be analyzed through the passivity
theorem.

Notice however that we have not yet checked whether a state feedback
exists that assures this closed-loop form. This is what we develop now. Let us
consider the following controller:

u = Jdor + K(q2d — q1d) — M52
(7.123)
q2a = K 'u, + qua

where Go, = go2q — AG2 and w, is given by the rigid joint-rigid link controller
in (7.68), i.e.

ur = M(q1)Gr + C(q1,41)4r + 9(q1) — A1 (7.124)

It is noteworthy that the controller is thus formed of two controllers similar to
the one in (7.68): one for the first “rigid link” subsystem and the other for the
motorschaft dynamics. The particular form of the interconnection between
them makes it possible to pass from the first dynamics to the second one
easily. It should be noted that the form in (7.123) and (7.124) depends on the
state ({1, s1, g2, s2) only, and not on any acceleration nor jerk terms.

To recapitulate, the closed-loop error dynamics is given by
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M(qu(t))$1(t) + C(qr(t), qu(t))s1(t) + Ais1(t) = K(G2(t) — qu(t))
J$2(t) + Mis2(t) = K(qi(t) — ¢2(1))
@) = =AGu(t) + s1(t)

Q2 (t) = —Aga(t) + sa(t)

(7.125)

It is possible to replace the potential energy terms in (7.117) by

(/ot[s1 - SQ]dT) K </0t[31 - 32]617) (7.126)

This does not modify significantly the structure of the scheme, apart from the
fact that this introduces a dynamic state feedback term in the control loop.
Actually as shown in [72] the static state feedback scheme has the advantage
over the dynamic one of not constraining the initial conditions on the open-
loop state vector and on ¢14(0), ¢14(0) and G14(0). The stability of the scheme
with the integral terms as in (7.126) may be shown using the function

T

1 1 1
V(s1,82,2) = is{M(ql)sl + ingSQ + izTKz (7.127)

with

@2d = q1a — Az + K1 (=51 + M(q1)d1r + C(qu, G1)dar + 9(q1))
q1r(t) = qua(t) — Aqi(t)

(t) = q1(t) — ¢2(t)

z2(t) = Ax(t) + (@) — dory)  (2(F) = s1(t) — s2(t))

u=—s3 — J[—Goa + A\g2] — K[q1a — q2a — \7]

Then one gets along closed-loop trajectories V(sl, $9,2) = —sTs1 — s1ss.
See [72] for more details.

Remark 7.33. A strong property of the controller in (7.123) and (7.124) in
closed-loop with the dynamics in (6.105), with the Lyapunov function in
(7.117), is that they converge towards the closed-loop system in (7.69) and
(7.70) when K — +oo (all the entries diverge). Indeed one notices that
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K(goa — q1a) = u, for all K and that ¢ay — ¢14 as K — oco. Noting that
all the closed-loop signals remain uniformly bounded for any K and introduc-
ing these results into w in (7.123) one sees that u = J§, + u, — A1s1 which is
exactly the controller in (7.68) applied to the system in (6.105), letting g1 = ¢
and adding both subsystems. We therefore have constructed a real family of
controllers that share some fundamental features of the plant dynamics.

A Recursive Algorithm Construction

A close look at the above developments, shows that the control scheme in
(7.123) and (7.124) is based on a two-step procedure:

e The control of the first equation in (6.105) using g24 as a fictitious input.
Since go4 is not the input, this results in an error term K(ga — G1).

e A specific transformation of the second equation in (6.105) that makes the
control input u explicitly appear. The controller is then designed in such
a way that the closed-loop dynamics possesses a Lyapunov function as in
(7.117).

This is typically an instance of what has been called afterwards the back-
stepping design method and passivity-based controllers. It is the first time
these two techniques have been applied simultaneously for tracking control
of Lagrangian systems.

Stability Proof

The stability proof for the fixed parameters Lozano and Brogliato scheme,
very much mimics that of the Slotine and Li scheme. One may for instance
choose as a quadratic function

o 1 1 1 _ - - N
V(G1, G2, 51, 52) = 51 M(q1)s1 + §ng82 + (@ —3@) " K (@ —d) (7.128)

2 2

instead of the Lyapunov function candidate in (7.117). The function in (7.128)
is the counterpart for flexible joint systems, of the function in (7.80). Let us
compute the derivative of (7.128) along the trajectories of the error system
(7.125):
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V(@i (1), Ga(t), s1.(t), s2(1)) = sT (£) M (qr.(£))81(8) + 53 (£) J 82(8) +

K (=Aqi(t) + s1(t) + Mga(t) — s2(t))
= =15 ()s1(t) — Aisg (t)s2(t)—

(@1 (t) = @) K(q1(t) — (1) <0
(7.129)

It follows from (7.129) that all closed-loop signals are bounded on [0, +00),
and that s; € Lo, so € Lo. Using similar arguments as for the first stability
proof of the Slotine and Li controller in Section 7.3.4, one concludes that
q1(t), G2(t), ¢1(t) and Ga(t) all tend towards zero as t — +00. One may again
also conclude on the exponential convergence of these functions towards zero
noticing that V ({1, G2, 51, 52) < BV (G1, Ga, 51, 2) for some > 0.

It is also possible to lead a stability analysis using the Lyapunov func-
tion candidate in (7.117). We reiterate that the quadratic function in (7.128)
cannot be named a Lyapunov function candidate for the closed-loop system
(7.125), since it is not a radially unbounded nor positive definite function of
the state (q1, G2, q1,G2)-

7.5.2 Other Globally Tracking Feedback Controllers
A Recursive Method for Control Design

As pointed out one may also view the passivity-based controller in (7.123) as
the result of a procedure that consists of stabilizing first the rigid part of the
dynamics, using the signal go4(t) as a fictitious intermediate input, and then
looking at the rest of the dynamics. However instead of looking at the rest
as a whole and considering it as a passive second order subsystem, one may
treat it step by step: this is the core of a popular method known under the
name of backstepping. Let us develop it now for the flexible joint-rigid link
manipulators.

e Step 1: Any type of globally stabilizing controller can be used. Let us still
use u, in (7.124), i.e. let us set
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G2da =K 'up + (7.130)
so that we get

M(q1(1))51(t) + Clqr(t), g1 (2))s1(t) + Arsa(t) = Kga(t) (7.131)
The system in (7.131) with g2 = 0 thus defines a globally uniformly asymp-
totically stable system with Lyapunov function Vi (g1, s1) = %sfM (q1)s1+
AA1G7 Gy The interconnection term is therefore quite simple (as long as the
stiffness matrix is known!). Let us take its derivative to obtain

(1) = d42(t) — doa(t) = d2(t) + fr(a1(t), 41 (D) g2(t)) (7.132)

where f1(-) can be computed using the dynamics (actually go4 is a function
of the acceleration ¢; which can be expressed in terms of ¢;, ¢; and g2 by
simply inverting the first dynamical equation in (6.105)).

Step 2: Now if ¢ was the input we would set ¢ = — f1(q1,¢1¢2) — A2G2 —
K s1 so that the function Vo = V7 + %@T G2 has a negative definite derivative
along the partial closed-loop system in (7.131) and

G2 (t) = —XaGa(t) — Ksi(t) (7.133)
However g2 is not an input, so that we shall rather define a new error
signal as e = §2 — €24, With eag = — f1(q1, ¢1g2) — A2g2 — K s1. One obtains

é2(t) = G2(t) — €24(t) = ¢2(t) + f2(q1(t), 41(t), g2(1), G2(?))

= J K (q1(t) = g2(t) +u(t)] + f2(q1(t), 41 (1), g2(t), G2(t))
(7.134)
Step 3: Since the real control input appears in (7.134) this is the last step.
Let us choose

u=K(q—q)+ J[—f2(q1,41,q2,42) — e2 — 2] (7.135)
so that we get:
éa(t) = —Azea(t) — G2(t) (7.136)
where the term —go has been chosen to satisfy the CTCE (see Lemma
7.23) when the function V3 is augmented to

L 1
Va(d1, 51,02, €2) = Va + S ez €2 (7.137)

Then along the closed-loop trajectories of the system in (7.131) (7.118)
(7.136) one gets

Va(q1(t), s1(t), @2(t), e2(t)) = =gt (6)qi (t) — N2Aaf (£)d (t)—
(7.138)
—q3 (1)aq) — €3 (t)ea(t)

which shows that this closed-loop system is globally uniformly exponen-
tially stable.
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It is noteworthy that e is not the time derivative of ¢o. Therefore the back-
stepping method hinges upon a state variable transformation which actually
depends on the system dynamics in the preceding steps.

Remark 7.34. « The control law in (7.135) can be computed from the defini-
tion of gaq in (7.130) and ¢oq as well as gog are to be calculated using the
dynamics to express the acceleration ¢; and the jerk qg?’) as functions of
positions and velocities only (take the first dynamical equation in (6.105)
and invert it to get the acceleration. Differentiate it again and introduce
the expression obtained for the acceleration to express the jerk). Clearly
u is a complicated nonlinear function of the state, but it is a static state
feedback. This apparent complexity is shared by all the nonlinear con-
trollers described in Section 7.5. Notice however that it is only a matter
of additions and multiplications, nothing else!

e We noticed in Remark 7.33 that the passivity-based controller tends to-
wards the Slotine and Li input when the joint stiffness tends to infinity.
This is no longer the case with the backstepping controller derived here.
Even more, after some manipulations, it can be shown [78] that the con-
troller in (7.135) can be equivalently rewritten as

u=Jlfoa — (A2 + A3)g2 — (1 + A2X3)G2 — K (51 + 51)]
(7.139)
qa =K 'u, + 1

where it immediately appears that the term K($; + s1) is not bounded
as K grows without bound. Here comes into play the “flexibility” of the
backstepping method: let us modify the function V5 above to Vo = Vi +
%quqQ. Then in step 2 it is sufficient to choose ¢o = —f1(¢q1,¢1¢2) —
A2Ga — 81, so that the final input becomes

u=JlGog — (A2 + A3)d2 — (1 + A2A3)d2 — ($1 + s1))]
(7.140)
¢a =K tu +q1

Such a modification may appear at first sight quite innocent, easy to do,
and very slight: it is not! The experimental results presented in Chapter
9 demonstrate it. Actually the term K($; + s1) introduces a high-gain
in the loop that may have disastrous effects. This may be seen through
simulations, see [78]. It is noteworthy that even with quite flexible systems
(some of the reported experiments were led with a system whose stiffness
is k = 3.5 Nm/rad) this term makes the control law in (7.135) behave
less satisfactorily than the one in (7.140). More details can be found in
Chapter 9.

e This recursive design method applies to all systems that possess a trian-
gular structure [325]. See [67] for a survey of backstepping methods for
flexible joint manipulators.
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e Compare (7.139) and (7.140) to (7.123). Although these controllers have
the same degree of complexity and can be considered as similar, they have
significant discrepencies as explained above. For instance in (7.123) one
has K (g2q — q14) = u, while in (7.139) and (7.140), K(g2d — q1d4) = Ur+G1-

A Passivity Theorem Interpretation

As we pointed out the procedure relies on the CTCE at each step. Since the
first subsystem in (7.131) is output strictly passive with respect to the supply
rate uly; with u; = K§, and y; = s, we are tempted to apply the result of
Lemmas 7.22 and 7.23 to interpret the closed-loop scheme in (7.131), (7.118)
and (7.136) as an interconnection of passive blocks. From the developments
concerning the rigid joint-rigid link case we know that the first subsystem
can be seen as the interconnection of two passive blocks in (7.69) and (7.71).
However, now the first subsystem is passive when the input is changed to
u1 = K@ — A1s1. We shall therefore define four subsystems as follows:

(H11) : M(qu(t))31(t) + C(q1(t), 41(8))s1(t) = Ka(t) — Avsa(t)

u11(t) = Kga(t) — Ais1(t), y11(t) = s1(t), state s1

(1) |
(H12) : qi(t) = —A1q1(t) + s1(2)
u12(t) = s1(t), y12(t) = A\is1(t), state ¢
(H21) : Ga(t) = — Ao (t) + e2(t) — Ks1(t)
ug1(t) = ea(t) — Ksi(t),y21(t) = G2(t), state g2
(H2)

(H22) : ég(t) = —)\362(t) — (jg(t)

Uga(ry) = G2(t), y22(t) = —ea(t), state eo
(7.141)
Then the closed-loop system can be viewed as the negative feedback inter-
connection of the block (Hl) with Uy = U] + Y12 = Kdg, Y1 = Y11, with the
block (H?2) with input —K ~lus = s; = y; and output —Kys = —Kgo = —us.
This is depicted in Figure 7.7.

Remark 7.35. The backstepping procedure also yields a closed-loop system
that can be analyzed through the passivity Theorem. However the major
difference with the passivity-based method is that the block (H2) is not related
to any physical relevant energetical term. In a sense this is similar to what
one would get by linearizing the rigid joint-rigid link dynamics, applying a
new linear feedback so as to impose some second order linear dynamics which
may define an “artificial” passive system.
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y2 uo

Y21

Fig. 7.7. Flexible joint-rigid link (equivalent interpretation)

7.6 Flexible Joint—Rigid Link: Output Feedback

7.6.1 PD Control

We have seen in Section 7.3.1 that a PD controller stabilizes globally and
asymptotically rigid joint-rigid link manipulators. It is a combination of pas-
sivity and detectability properties that makes such a result hold: the former
is a guide for the choice of a Lyapunov function, while the latter allows the
Krasovskii-La Salle invariance principle to apply. More precisely, the output
strict passivity property is crucial, because output strict passivity together
with zero-state detectability of a system, imply its asymptotic stability in
the sense of Lyapunov (see Corollary 5.16). Let us consider the dynamics in
(6.105) and the following controller:

u=—A1g2 — A2(q2 — qa) (7.142)

with gq a constant signal, so that the closed-loop system is given by
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M(q1())di(t) + Cqr(t), q1(t))q1(t) + g(q1(t)) = K(q2(t) — q1(t))
(7.143)

JGa(t) + Mga(t) + A2(q2(t) — qa) = K(q1(t) — g2(t))

Let us proceed as for the rigid joint-rigid link case, i.e. let us first “guess”
a Lyapunov function candidate from the available storage function, and then
show how the application of the passivity Theorem applies equally well.

The Closed-loop Available Storage

Similarly as for the rigid joint-rigid link case, one may guess that a PD con-
troller alone will not enable one to stabilize any fixed point. The closed-loop
fixed point is given by

9(q1) = K(q2 — q1)
(7.144)

A2(q2 — qa) = K(q1 — q2)

and we may assume for simplicity that this set of nonlinear equations (which
are not in general algebraic but transcendental) possesses a unique root
(¢1,92) = (q10,q20)- We aim at showing the stability of this point. To com-
pute the available storage of the closed-loop system in (7.143) we consider a
fictitious input u in the second dynamical equation, while the output is taken
as ¢». Then we obtain the following:

t
Va(qr, 41,62, G2) = sup —/ gz (s)u(s)ds
0

u:(0,41(0),41(0),G2(0),42(0)) —

t
= sup — / " [Jigo + K(g2 — q1) + Mo + AaGo]ds
0

u:(0,41(0),41(0),G2(0),d2(0)) —

(7.145)
= 3G1(0)"M(g1(0))d1(0) + Uy(q1(0)) + 542(0)" Jg2(0)+

+ 5(q2(0) = q1(0))" K (g2 — q1) + 523 (0)32(0)

where ¢; = ¢; — qio, ¢ = 1,2. Now the supply rate satisfies w(0,¢2) < 0 for
all ¢o, and obviously (41, ¢1,G2,42) = (0,0,0,0) is a strict (global) minimum
of V,, in (7.145) provided Uy(g1) has a strict minimum at g19. Notice that
Go=0= (g1 —q2) = 0= g(q1) = 0 so that ¢ = g1 is a critical point for
Ug(q1) (that we might assume to be strictly globally convex, but this is only
sufficient). Hence from Lemmae 5.13 and 4.8 one deduces that the closed-loop
system in (7.143) is Lyapunov stable. To show asymptotic stability, one has
to resort to the Krasovskii-La Salle invariance principle.
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Closed-loop Feedback Interconnections

Motivated by the rigid joint-rigid link case let us look for an equivalent feed-
back interconnection such that the overall system is strictly output passive
and zero-state detectable. To this end let us consider the following two blocks:

ur = K(q1 — @), y1 = o
(7.146)
U2 = Y1, Y2 = —uq

where the first block has the dynamics Jga(t) + A1g2(t) + Aa(ga(t) — qa) =
K(q1(t) — g2(t)), while the second one has the dynamics M (q1(t))G1(¢t) +
Clq1(t),q1()q1(t) + g(q1(t)) = K(ga(t) — q1(t)). It is easy to calculate the
following;:

(ur,y1)e > —5G2(0)" J42(0) — A2(g2(0) — qa)” (g2(0) — qa)
+1 o @8 (s)da(s)ds
(u2,92)¢ = —51a1(0) — ¢2(0)]" K g1 (0) — g2(0)]

—261(0)" M (¢1(0))¢1(0) — Ug(g1(0))

from which one deduces that the first block is output strictly passive (actually
if we added Rayleigh dissipation in the first dynamics, the second block would
not be output strictly passive with the proposed decomposition). Each block
possesses its own storage functions which are Lyapunov functions for them.
The concatenation of these two Lyapunov functions forms the available storage
in (7.145). Let us now consider the overall system with input v = u1 4+ y2 and
output y = y;. Setting u = y = 0 implies §o = 0 and ¢ — 0, Gt — 0
asymptotically. The system is zero-state detectable. Hence by Lemmae 5.13
and 4.8 its fixed point is globally asymptotically Lyapunov stable.

(7.147)

Remark 7.36 (Collocation). The collocation of the sensors and the actuators
is an important feature for closed-loop stability. It is clear here that if the PD
control is changed to .

u(t) = —)\1@1 (t) - )\2@1 (t) (7148)
then the above analysis no longer holds. It can even be shown that there
are some gains for which the closed-loop system is unstable [473]. One choice
for the location of the sensors may be guided by the passivity property be-
tween their output and the actuators torque (in case the actuator dynamics
is neglected).

7.6.2 Motor Position Feedback

A position feedback controller similar to the one in Section 7.4.1 can be derived
for flexible joint-rigid link manipulators [43]. It may be seen as a PD controller
with the velocity feedback replaced by an observer feedback. It is given by
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u(t) = g(aa) — Mda2(t) — 535 (@(t) — 2(t))

(1) = As(ga(t) — 2(1))

with o = g2 —qa+K ~1g(qa), and qq is the desired position for ¢;. The analysis
is quite close to the one done for the rigid joint-rigid link case. Due to the
autonomy of the closed-loop (gq is constant) Corollary 7.25 is likely to apply.
The stability proof bases on the following global Lyapunov function:

(7.149)

V(G d1 G2, G2) = X2 (3dF M(q1)ds + 542 Jgo + 3aF K
(7.150)
+303 (K + M1n)G2) — 2024 Ko + 5 (G2 — 2)" (G2 — 2)
Compare with V() = Vi(-) + Va(-) in (7.99) and (7.100): the structure of
V(-) in (7.150) is quite similar. It is a positive definite function provided
-1
K+ %9 (q,) > 0 and MI, + K — K(K+ dfl—g‘”(qd)) > 0, for all gy

This implies that K and A; are sufficiently large. The decomposition into
two subsystems as in (7.98) can be performed, choosing zo = ¢2 — z and

o = (¢f,dT,d%,dY) = (21}, 2%, 275, 27,). The closed-loop scheme is given
by

11 (t) = 212(t)

12(t) = =M (211 () + qa)[C(211(F) + o, w12(t))212(8) + K (211(8) — 212(1))
+9(z11(t) + qa) — 9(qa)]

d13(t) = z14(t)

d14(t) = JHEK (211(t) — 213() — g(qa) — Mz1z(t) — 522(t)]

To() = —A3Taq) + 214(t)
(7.151)
Define hg(xg) = %2‘%2 and hq(z1) = z14. It follows that the CTCE is satis-

T
fied since 8V1 Gihy = —xﬂxg = _% G2 hi. Indeed one may calculate that

GT = (0,0,07 JhH e R™" whereas Gy = I,,. Hence once again Corollary
7.25 applies and the closed-loop system can be interpreted via the passivity
theorem.

Remark 7.57. o Battilotti et al [44] have presented a result that allows one
to recast the dynamic position feedback controllers presented in this sub-
section and in Section 7.4 into the same general framework. It is based
on passifiability and detectability properties. The interpretation of the P
+ observer schemes in Subsections 7.4.1 and 7.6.2 via Corollary 7.25 is
however original.



426 7 Passivity-based Control

e It is also possible to derive a globally stable P + observer controller using
only the measurement of ¢; [44]. Its structure is however more complex
than the above one. This is easily understandable since in this case the ac-
tuators and sensors are non-collocated. Energy shaping is used in [254] to
globally stabilize flexible joint-rigid link manipulators. PD control for flex-
ible joint-rigid link manipulators with disturbances and actuatir dynamics
is analysed in [315].

7.7 Including Actuator Dynamics

7.7.1 Armature-controlled DC Motors

We have seen in Section 6.6 that the available storage of the interconnec-
tion between the rigid joint-rigid link manipulator model and the armature-
controlled DC motor is given by

. 1 1. .
Va(qv q, I) = §ITLI + EQTM((])(] =+ UQ(Q) (7152)

Motivated by the method employed for the design of stable controllers for
rigid joint-rigid link and flexible joint-rigid link manipulators, let us consider
the following positive definite function:

P P |
V(g,s,1) = 5ITLI + 5sTM(q)s ++22\G7 G (7.153)

where s = ¢ + Aj. Let us consider the dynamics in (6.126) which we recall
here for convenience:

M(q(1))q(t) + C(q(t), 4())q(t) + g(q(t)) = 7(t) = KI(t) 150
7.154
RI(t) + LY (t) + Kyqdt(t) = ul(t)
Let us set

I = K; ' [M(q)dr + C(g,4)dr + 9(q) — 1] (7.155)

where s = ¢ — ¢, so that the manipulator dynamics in (6.126) becomes
M(q())3(t) + C(q(t),4(8))s(t) + Ais(t) = KoL (1) (7.156)
where I = I — I;. Then it is easy to see that the control input

w=RI—Fkyg+L 'y — L 'Kis—1 (7.157)

(which is a state feedback) leads to
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I(t) = —I(t) + L7 K,s(t) (7.158)

Taking the derivative of V(§,s,I) in (7.153) along closed-loop trajectories in
(7.156) and (7.158) one gets:

V(@G(t),s(t), 1(t) = =TT (OLI(E) = Mg (Da(t) = A>Mg” (D)a(t)  (7.159)

showing that the closed-loop fixed point (¢,s,I) = (0,0,0) is globally
asymptotically uniformly stable in the sense of Lyapunov.

Remark 7.38 (Regulation of cascade systems). Consider the system in (7.154)
with Rayleigh dissipation in the manipulator dynamics. Let us write the sec-
ond subsystem in (7.154) as

I(t) = —L7'RI(t) — L7 K () + L™ u(t) (7.160)

Let L= = L7'K,§ + u so that we obtain the cascade system

M(q(1)d(t) + C(a(t), d()d(t) + g(a(t)) + GE(t) = Key(t)

I(t) = —L 'RI(t) + u(t) (7.161)

The terms corresponding to (5.52) can be easily identified by inspection.
One sees that the conditions of Theorem 5.42 are satisfied (provided the po-
tential energy U(q) satisfies the requirements of Assumption 15), so that
this (partially) closed-loop system is feedback equivalent to a strictly pas-
sive system. In other words there exists a feedback input u = a(1,q,q) + v
such that there exists a positive definite function V' (I, ¢, ¢) of the fixed point
(I,q,¢) = (0,0,0) and a positive definite function S(I,q, ¢) such that

V(t) - V(0) = / VT ()y(s)ds — / S(I(s).q(s).d(s)ds  (7.162)

Thus the unforced system (i.e. take v .= 0) has a globally asymptotically
stable fixed point (in the sense of Lyapunov).

A similar analysis for the field-controlled DC motor case can be led. The
dissipativity properties of the driven and the driving subsystems allow the
designer to construct a globally stabilizing feedback law.

Remark 7.39 (Nested passive structure). The computation of V(-) relies on a
CTCE as required in Lemma 7.23 and Corollary 7.25. Thus if we had started
from the a priori knowledge of the function V'(-) we could have deduced that
the closed-loop system can be analyzed as the negative feedback interconnec-
tion of two passive blocks, one with input u; = K,I and output y; = s and
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dynamics in (7.156), the second one with dynamics in (7.158) and us = 1,
yo2 = —u1. Recall from Section 7.3.4 that the first subsystem can be in turn de-
composed as a negative feedback interconnection of two passive blocks given in
(7.69) and (7.70): the overall system therefore possesses a structure of nested
negative feedback interconnections of passive systems.

7.7.2 Field-controlled DC Motors

Let us recall the model of rigid joint-rigid link manipulators in cascade with
a field-controlled DC motor:

Ly 9 (t) + RuL(t) = ua ()
Loz (1) 4+ Ryl (t) + K, (I (1))d(t) = ua(t)

M(q(t))d(t) + Cla(t),q(t))dt) + g(a(t)) + Kuq(t) = 7 = Ki(11(t))12(t)
(7.163)
The regulation problem around the constant fixed points (q,q, I1,12) =
(g0, 0, I14,0) or (go,0,0, I54) is solvable, where qq is as in assumption 15. In-
deed the subsystem can be seen as a cascade system as in (5.52) that satisfies
the requirements of Theorem 5.42. Hence it is feedback equivalent to a strictly
passive system (in the sense of Theorem 5.36), whose unforced version is Lya-
punov globally asymptotically stable. One remarks that the tracking control
problem is quite similar to that of the flexible joint-rigid link manipulators
with torque input. However this time the matrix that premultiplies I is no
longer constant invertible. Actually K;(I;) may pass through singular values
each time I;; = 0 for some ¢ € {1,---,n}. The extension of the regulation
case is therefore not trivial. Nevertheless if the goal is to track a reference
trajectory for (g,q) only, then one may keep I; constant such that K(Iy)
remains full-rank, through a suitable wus1, so that the armature-controlled DC
motor case is recovered.

Remark 7.40. All the preceeding developments apply to flexible joint-rigid link
manipulators. Notice also that induction motors have the same complexity as
field-controlled DC motors for control since the generated torque for each
motor is given by 7 = Lg,.(IoI3 — I1 I4); see Remark 6.50 for details.

7.8 Constrained Mechanical Systems

In real robotic tasks, the manipulators seldom evolve in a space free of ob-
stacles. A general task may be thought as involving free-motion as well as
constrained motion phases. In this section we shall focus on the case when
the system is assumed to be in a permanent contact with some environment.
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In other words the constraint between the controlled system and the obstacle
is supposed to be bilateral. In all the sequel we assume that the potential
energy of the controlled system Uy(z) and of the passive environment Uy, (21)
each have a unique strict minimum, and to simplify further that they are
positive (they have been chosen so).

7.8.1 Regulation with a Position PD Controller

Before going on with particular environment dynamics, let us analyze the
regulation problem for the system in (6.169). To this end let us define the PD
control

T=—XZ— M2 (7.164)

where Z = z(t) — 24, zq4 a constant signal. Since we have assumed that the
constraints are bilateral, we do not have to restrict z4 to a particular domain
of the state space (i.e. we do not care about the sign of the interaction force).
Let us “invent” a Lyapunov function candidate by mimicking the available
storage in (6.170), i.e.

V(Z, z, 21) = %ZTM(Z)Z + %ZlMe(zl)Zl
(7.165)
1y T3 1,7
X2 24+ Uy(z) + Uy, (21) + 521 Kez1

Instead of computing the derivative of this function along the closed-loop
system (6.169) and (7.164), let us decompose the overall system into two
blocks. The first block contains the controlled subsystem dynamics, and has
¥4
0
the environment, output us = —\, and input us = z. These two subsystems
are passive since

input uy = F, = ), output y; = 2. The second block has the dynamics of

(ur,yi)e = [3 27 [M(2)7 + C(2,2)% + §(2) + AoZ + N3] ds

(7.166)

Y

—L2(0)T NI(2(0))2(0) — Uy (2(0)) — $202(0)7 2(0)
and

<U2, y2>t -

= [lsT [Me(zl)él + Celzr 1)1 + Lo 4 Koz + ge(21)| ds (7.167)

> —521(0)" Mc(21(0))£1(0) — 521(0)" Kez1(0) — Uy, (21(0))

Now the inputs and outputs have been properly chosen so that the two sub-
systems are already in the required form for the application of the passivity
theorem. Notice that they are both controllable and zero-state detectable from
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the chosen inputs and outputs. Therefore the storage functions that appear
in the right-hand-sides of (7.166) and (7.167) are Lyapunov functions (see
Lemmae 5.13 and 4.8) and their concatenation is the Lyapunov function can-
didate in (7.165) which is a Lyapunov function. The asymptotic stability of
the closed-loop system fixed point can be shown using the Krasovskii-La Salle
Theorem, similarly to the case of rigid joint-rigid link manipulators controlled
by a PD feedback. Notice that similarly to (7.27) the fixed points are given
as solutions of the following equation (obtained by summing the dynamics of
the two subsystems)

Kezi + g1(2) + ge(21) + Aoy Omx1
- Z = 7.168
( XoZa + G2(z) O(n—m)x1 ( )

We may assume that this equation has only one root z = z; so that the fixed
point (z, 2) = (z;,0) is globally asymptotically stable.

Remark 7.41. It is noteworthy that this interpretation works well because the
interconnection between the two subsystems satisfies Newton’s principle of
mutual actions. The open-loop system is therefore “ready” for a decomposition
through the passivity theorem.

Remark 7.42. Let us note that there is no measurement of the environment
state in (7.164). The coordinate change presented in Section 6.7.2 just allows
one to express the generalized coordinates for the controlled subsystem in a
frame that coincides with a “natural” frame associated to the obstacle. It is
clear however that the transformation relies on the exact knowledge of the
obstacle geometry.

The next step, that consists of designing a passivity-based nonlinear con-
troller guaranteeing some tracking properties in closed-loop, has been per-
formed in [320]. It has been extended in [368] when the geometry of the
obstacle surface is unknown (it depends on some unknown parameters) and
has to be identified (then an adaptive version is needed). Further works using
closed-loop passivity may be found in [296,297].

7.8.2 Holonomic Constraints

Let us now analyze the case when M, (z1)%; = 0 and the contact stiffness K,
and damping R.(21) tend to infinity, in which case the controlled subsystem
is subject to a bilateral holonomic constraint ¢(q) = 0 %. In the transformed
coordinates (21, z2) the dynamics is given in (6.163); see Subsection 6.7.1. We
saw that the open-loop properties of the unforced system transport from the

4 Actually the way these coefficients tend to infinity is important to pass from
the compliant case to the rigid body limit. This is analyzed for instance in [323]
through a singular perturbation approach.
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free-motion to the reduced constrained motion systems. Similarly, it is clear
that any feedback controller that applies to the dynamics in (6.98) applies
equally well to the reduced order dynamics (22, 22) in (6.163). The real prob-
lem now (which has important practical consequences) is to design a controller
such that the contact force tracks some desired signal. Let us investigate the
extension of the Slotine and Li scheme in this framework. The controller in
(7.68) is slightly transformed into

71 = MiaZa, + Cia(22, 22) 22, + G1 — A2 Azd
] ] (7.169)
To = MaoZar + Caa(22, 22) %2, + G2 — X282

where all the terms keep the same definition as for (7.68). A\g is some
desired value for the contact force A,,. The closed-loop system is therefore
given by

Miz(22(t))$2(t) + C(22(t), 22(1))s2(t) = A2 (Xz, () — Aa)
MQQ(ZQ(t))éQ (t) + C(ZQ (t), Zg(t))SQ (t) + /\182(t) =0 (7170)

Zo(t) = —\Za(t) + so(t)

The dissipativity properties of the free-motion closed-loop system are sim-
ilar to those of (7.69) and (7.70). Notice that due to the asymptotic stability
properties of the fixed point (22, s2) one gets \., (t) — Aq(t) as t — +oo.

7.8.3 Nonsmooth Lagrangian Systems

In practice one often has to face unilateral or inequality constraints where
(6.162) is replaced by ¢(g) > 0, which models the fact that contact may be
lost or established with obstacles. Let us just point out that this yields to
nonsmooth systems containing impact rules (or state reinitializations) and
so-called complementarity relationships between A,, and zj, of the form

Aoy 20,20 20,0 21 =0 (7.171)

The inclusion of such complementarity conditions into the dynamics, yields
a Lagrangian complementarity system as (6.177) or a measure differential in-
clusion as in (6.180) . See Section 6.8.2 for more developments on nonsmooth
systems. The trajectory tracking problem for such systems has been studied
in [60, 75, 76]. Specific stability notions are developed that take into account
the subtleties of this problem. For instance the times of first impacts when one
wants to stabilize the system on a surface z; = 0 is ususally unknown, as well
as the time of detachment from this surface. It is shown in [60] that the Slotine
and Li controller is a suitable basic nonlinear controller to achieve the sta-
bility requirements developed therein, because of its exponential convergence
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property, and also because the quadratic Lyapunov function (7.80) is close
to the kinetic energy of the open-loop system (consequently it should possess
nice properties at impacts, following the kinetic energy variation in (6.178)).
A “switching” or “hybrid” Slotine and Li controller is designed in [60].

More details on nonsmooth mechanical systems dynamics and control can
be found in [69,75,76,164].

7.9 Controlled Lagrangians

Until now we have focussed in this chapter on passivity-based controllers, de-
signed for trajectory tracking and adaptive control. Let us briefly introduce
the method of controlled Lagrangians. As said in the introduction of the chap-
ter, the objective is to shape both the kinetic and potential energies, with a
suitable feedback. Let us describe the method in the simplest case, i.e. a fully
actuated Lagrangian system

M(q(t))4(t) + C(q(t), ¢(t))q(t) + g(q) = 7 (7.172)

The objective is to design 7 in such a way that the closed-loop system
becomes

M (q(t))q(t) + Ce(a(t), 4(£))4(t) + ge(q) =0 (7.173)

where M.(q) is a desired kinetic tensor, and g.(¢q) = VU.(q) where U.(q) is a
desired potential energy. Let us propose

T =M(q)M; (q)[~Ce(q,4)q — 9:(a)] + Cg, ) + 9(q) (7.174)

Injecting (7.174) into (7.172) one obtains

M(q(t))q(t) = M(q(£)) M (a()[Cela(t), 4(1))d(t) — ge(a(t))]  (7.175)

Since M (q) is full rank one can rewrite (7.175) as (7.173). The fully actu-
ated case is therefore quite trivial, and the methods owns its interest to the
underactuated case. Let us therefore consider

M(q(t))q(t) + C(q(t), 4(t))q(t) + g(q) = G(a(t)T (7.176)
for some n x m matrice G(q) with rank(G(q)) = m for all ¢ € R".
There exists a matrix G+(q) such that G+ (q)G(q) = 0 for all q. Also
Im(G*(¢))+Im(G” (q)) = IR*", and both subspaces are orthogonal. It is thus
equivalent to rewrite (7.176) as
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{ GH(@){M(q(1)d(t) + Cla(t), 4(t)d(t) + g(a)} =0

G (@{M(q(t))q(t) + C(a(t), 4(t)a(t) + 9(a)} = GT(9)G(a)T

where one notices that G*(q)G(q) is a m x m invertible matrix. Obviously
the same operation may be applied to the objective system, i.e.

(7.177)

{ GH(@{Mc(q(1)§(t) + Ceq(t), 4(1))4(t) + ge(q)} = 0
(7.178)

GT(@){Me(a(1)d(t) + Ce(a(t), 4(t))d(t) + ge(a)} = 0

()q(t)
One says that the two systems (7.177) and (7.178) match if they possess
the same solutions for any initial data (g(0),¢(0)). It is easy to see that by
choosing

= (G (9)G(q)) "G (q) {M(q) M " (q)[~Ce(q,4)d — 9(q)] + Clq, d)<1(+ Q(Q))}
7.179

one obtains

G (@) {Me(q(t))§(t) + Cela(t), d(1))d(t) + ge(q)} = 0. (7.180)

It then remains to examine what happens with the rest of the closed-

loop dynamics. Matching between (7.173) and (7.176) occurs if and only if

GH(){M(q(t))i(t) + Cc(q(t),4(t))d(t) + ge(q)} = 0 holds along the solutions

of the closed-loop system (7.176) and (7.179). In other words matching occurs
if and only if

M(q(1))q(t) + Clq(t), 4(1))d(t) + g(q) — Glg(t)T =

= M(q(t))4(t) + Ce(q(t), 4(t))4(t) + ge(q)
Note that if there is matching then we can also express the acceleration as

G=M"Y(qG(g)r = M~ (9)[C(q,d)d + 9(q)]—

_Mgl(Q> [Cc (Q7 Q)q + gc(Q)]

(7.181)

(7.182)

so that

G(q)T = =M (q)M:(q)[Ce(q,4)q + 9.(q)] + C(q,4)q + g(q) (7.183)

and premultiplying by G+ (q) one gets

GH(q) {—M(q)Me(q)[Ce(q, D)d + 9c(@)] + C(a,d)d + g(q)} =0 (7.184)

Consequently matching between (7.173) and (7.176) occurs if and only if
(7.184) holds and 7 is as in (7.179).
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Remark 7.43. All these developments may be led within a differential geome-
try context [55]. This does not help in understanding the underlying simplicity
of the method (on the contrary it may obscure it). However it highlights the
fact that the equality in (7.184) is in fact a partial differential equation for
M. (q) and U,.(q). Consequently the controlled Lagrangian method boils down
to solving a PDE.
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Adaptive Control

This chapter is dedicated to present so-called direct adaptive controllers ap-
plied to mechanical and to linear invariant systems. We have already studied
some applications of dissipativity theory in the stability of adaptive schemes
in Chapters 1, 2, 3 and 4. Direct adaptation means that one has been able
to rewrite the fixed parameter input u in a form that is linear with re-
spect to some unknown parameters, usually written as a vector 6§ € IRP,
i.e. u = ¢(x,t)8, where ¢(z,t) is a known matrix (called the regressor) func-
tion of measurable ! terms. The parameters 6;, i € {1,---,p}, are generally
nonlinear combinations of the physical parameters (for instance in the case
of mechanical systems, they will be nonlinear combinations of moments of
inertia, masses). When the parameters are unknown, one cannot use them in
the input. Therefore one replaces 6 in u by an estimate, that we shall denote
6 in the sequel. In other words, u = ¢(x, 1) is replaced by u = ¢(x,t)0 at the
input of the system, and 0 is estimated on-line with a suitable identification
algorithm. As a consequence, one easily imagines that the closed-loop system
stability analysis will become more complex. However through the passivity
theorem (or the application of Lemma 7.23) the complexity reduces to adding
a passive block to the closed-loop system that corresponds to the estimation
algorithm dynamics. The rest of the chapter is composed of several examples
that show how this analysis mechanism work. It is always assumed that the
parameter vector is constant: the case of time-varying parameters, although
closer to the reality, is not treated here due to the difficulties in deriving stable
adaptive controllers in this case. This is a topic in itself in adaptive control
theory and is clearly outside the scope of this book.

! In the technological sense, not in the mathematical one.
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8.1 Lagrangian Systems

8.1.1 Rigid Joint—Rigid Link Manipulators

In this subsection we first examine the case of a PD controller with an adaptive
gravity compensation. Indeed it has been proved in Section 7.3.1 that gravity
hampers asymptotic stability of the desired fixed point, since the closed-loop
system possesses an equilibrium that is different from the desired one. Then
we pass to the case of tracking control of n degree-of-freedom manipulators.

PD + Adaptive Gravity Compensation
A First Simple Extension

Let us consider the following controller + estimation algorithm:

T(t) = —A1d(t) — Xad(t) + Y, (q(t))b,(t)
. (8.1)
0,(t) = A Y4 (t)

where we suppose that the gravity generalized torque g(gq) = Y;(¢)8, for some
known matrix Y,(¢) € IR™*? and unknown vector ,, and 6, = 6, — 6,. The
estimation algorithm is of the gradient type, and we know from Subsection

4.3.1 that such an estimation law defines a passive operator ¢ — 0§Yg(q),

with storage function V5(6,) = %éTé. This strongly suggests one should de-

compose the closed-loop system obtained by introducing (8.1) into (6.98) into
two blocks as follows:

M(q())i(t) + Ca(t), 4(1))d(t) + Ad(t) + Aad(t) = =Yy (a())0(t)

. (8.2)
Oy (t) = AsY,F (1))

Obviously the first block with the rigid joint-rigid link dynamics and input
ur = —Y,(q)0(= —y2) and output y1 = ¢(= u2) defines an output strictly
passive operator with storage function V1(q,q) = %qTM(q)q' + %QTQ; see
Subsection 7.3.1. One is tempted to conclude about the asymptotic stability
with a Lyapunov function V(g q,0) = Vi(d, 4) + Va(d,). However notice that
the overall system with input v = wu; + y2 and output y = y;, although

output strictly passive, is not zero-state detectable. Indeed u =y = 0 implies
A2q =Y, (q)ég and 0~g = 0, nothing more. Hence very little has been gained
by adding an estimation of the gravity, despite the passivity theorem applies
well.
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How to Get Asymptotic Stability?

The lack of zero-state detectability of the system in (8.2) is an obstacle to the
asymptotic stability of the closed-loop scheme. The problem is therefore to
keep the negative feedback interconnection structure of the two highlighted
blocks, while introducing some detectability property in the loop. However
the whole state is now (g, ¢, 8,) and it is known in identification and adaptive
control theory that the estimated parameters converge to the real ones (i.e.
04(t) — 0) only if some persistent excitation conditions are fullfilled. Those
conditions are related to the spectrum of the signals entering the regressor ma-
trix Yy (¢). Such a result is hopeless here since we are dealing with regulation.
Hence the best one may expect to obtain is convergence of (g, ¢) towards zero.
We may however hope that there exists a feedback adaptive controller that
can be analyzed through the passivity theorem and such that the underlying
storage function can be used as a Lyapunov function with Krasovskii-La Salle
Theorem to prove asymptotic convergence. Let us consider the estimation
algorithm proposed in [488]:

5 : 24(t)

O,(t) = NaY T () (| Aag(t) + —n 8.3

o0 =70 (M) + o (53
Note that this is still a gradient update law. It defines a passive operator
()\4(j + H%—‘fﬁ) = Yg(q)ég, not ¢ +— Yg(q)ég. We therefore have to look at
the dissipativity properties of the subsystem with dynamics M (q(t))G(t) +

Cla(t), d)at) + Mg() +Xed(t) = wi(®), 91(t) = (Md(t) + 2B ):
this is new compared to what we have seen until now in this book. Let us
analyze it in detail:

(ut,91)¢ =
_rt )\ . 24 T M . C o\ . )\ . )\ ~d
= Jo ( aq + HQ—qTq) [M(q)i + C(a,4)d + Md + A2qlds

= q Jy {Mad" Oad+ d) + i (3d"Mla)i+ 255807 ) } ds+

T C
+f0{ 24~ M(q 11;511 (9:9)d + 84 11\:_153)!1{;1 q21+2q q()\gq+)\1q)}ds

(8.4)
> 292 (7] + {WM@M%} +Aahs fy " s+

t G" g ke A

~ ~ . . 7 T q
> —2424(0)"4(0) — 34(0)" M(¢(0))d(0) + —2‘1<32§ﬁ§;’£?&;<0>+



438 8 Adaptive Control

where we have used the fact that due to the skew-symmetry of M(q) —2C(q,q)
we have M (q) = C(q, ) + C" (g, ¢), and where

1 A2 k. 2\
Ay > — (AL gy, De ) A
! maX{Al <2)\2+ M+\/§) \/)\m)\2}

with A I, < M(q) < Amln, ||C(q,9)|| < kel|g]| for any compatible matrix
and vector norms. Under these gain conditions, one sees from (8.4) that the
first subsystem is passive with respect to the supply rate u?y;, and a storage
function is given by

PYD VRS Vi . 2¢"M(q)q
= 422qTq+?4qTM(q)q+4

V ~ .

(8.5)

The first subsystem even possesses some strict passivity property; see (8.4).

Finally a complete storage function is provided by the sum V(q,q,04) =
V1(G,d) + V2(by), and it can be shown that its derivative is semi-negative
definite and that the largest invariant set contained in the set V = 0 is con-

tained in the set (¢, ) = (0,0) which ends the proof.

Remark 8.1. The storage function associated to the first subsystem is quite
original. It looks like the available storage of the closed-loop system when
a PD controller is applied, but the added term comes from “nowhere”! Our
analysis has been done easily because we knew beforehand that such a storage
function was a good one. The intuition behind it is not evident. It was first
discovered in [261] and then used in [488].

The Adaptive Slotine and Li Controller

Let us now pass to the controller presented in Subsection 7.3.4 in (7.68). It
turns out that this scheme yields a much more simple stability analysis than
the PD with adaptive gravity compensation: this is due to the fact that as
pointed out earlier, it uses the inertia matrix explicitly even for regulation.

Gradient Estimation Law

Consider the following controller:

T(t) = M(a(t))ir (1) + Cla(t), d(t)dr () + a(a(t)) = Ais(t)
=Y (q(t),d(t), )0 (t)

= M(q(6))iir (£) + C (1), 4(£))d- (1) + g(a(t)) — Ms(t) = Y(g(t), q(t), )8

0(t) = MY T(8)(g(t), 4(t), £)s(t), Ao >0
(8.6)
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where we used the fact that the fixed parameter controller can be rewritten
under the required linear form Y'(q, g, t)é, where 6 is a vector of unknown
inertia parameters. Actually one has M (q(t))d(t)+C(q(t),4(t))q(t)+9(q(t)) =
Y (q(t),q(t),G(t))6. The closed-loop system is therefore given by

M (q(1)3(t) + Clq(t), 4(t))s(t) + Ais(t) = Y(q(t), (1), )6 (t)
q(t) = =Aq(t) + s(t)

B(t) = XY T (1) (q(t), (), t)s(t)
(8.7)

The interpretation through the passivity theorem is obvious: the update
law in (8.6) is a gradient that defines a passive operator s — Y(q, ¢,t)f and
the first subsystem has state (¢, s). From the developments in Subsection 7.3.4
one therefore sees that the adaptive version of the Slotine and Li controller
just yields a closed-loop system that is identical to the one in (7.69) (7.70) with
an additional passive block interconnected to the two previous ones in (7.69)
and (7.71); see Figure 8.1 and compare with Figure 7.6. The storage function
follows immediately. Similarly to the PD with adaptive compensation scheme,
one cannot expect to get asymptotic stability of the whole state because of
the parameter estimates that generally do not converge towards the real ones.
Let us consider the quadratic function

1 1~ ~
Vs, t) = isTM(q)s + §9T9 (8.8)

Computing its derivative along the closed-loop trajectories and u sing the
same arguments as for the first stability proof of the fixed parameters Slotine
and Li controller in Section 7.3.4, one easily concludes on the global conver-
gence of all signals but é(t) to zero as t — 400, and on the boundedness of
all signals on [0, +00).

Remark 8.2. Historically the passivity interpretation of the Slotine and Li
scheme has been deduced from Lemma 7.23, see [71,74], where most of the
adaptive schemes (including e.g. [426]) designed for rigid manipulators have
been analyzed through the passivity theorem. Indeed this is based on a CTCE
as defined in Lemma 7.23. Actually the first subsystem in (8.7) with state s has
relative degree one between its input u; = Y (g, q,t)9~ and its output y; = s.
As we shall remark when we have presented the adaptive control of linear
invariant systems with relative degree one, the CTCE is ubiquitous in direct
adaptive control. The extension of the Slotine and Li scheme to the case of
force-position control when the system is in permanent contact with a flexible
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up = —Ais+ Y(q'~ qs t)e

on S M@+ Cg.d)s -
-1 _ =-Ms+Y(q.4,t)0
==
G=—\j+s
7Y(q= qs t)é Gradient Uz

estimation law

Fig. 8.1. Closed-loop equivalent representation (adaptive case)

stiff environment, has been done in [320] (see also [368] for an extension of
the scheme in [320]).

Least-squares FEstimation Law

Until now we have presented only gradient-type update laws. It is clear that
the estimation block can be replaced by any system that has 6 inside the state
and is passive with respect to the same supply rate. The classical recursive
least-squares estimation algorithm does not satisfy such requirements. How-
ever it can be “passified” as explained now. First of all let us recall the form
of the classical least-squares algorithm:

Ois(t) = P)YT(q(t), (), £)s(2)
(8.9)

P(t) = —PY (q(t),q(t), )Y " (q(t), 4(t), t) P(t), P(0) >0

The required passivity property is between s and —Y (¢, ¢, 25)0~ (recall we
have defined 6 = 6 — 0). Let us compute the available storage of this system:
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¢
Va(0,P) = sup —/ sTY 0ds
5:(0,6(0),P(0))— 0

= sup ! [5TP*10~} '

5:(0,6(0),P(0))—

1 fte .
s /0 TP Yds  (3.10)

17~ at 1t ~
sup - = [GTPAG} + —/ 0TYYTods
5:(0,6(0),P(0))— o 2Jo

where we used the fact that P~! = YY7. One remarks that the available
storage in (8.10) is not “far” from being bounded: it would suffice that Y76
be L2-bounded. However it seems difficult to prove this. Consequently let us
propose the following modified least-squares estimation algorithm 2:

0(t) = 015(t) + S(t)

P(t) = a(t) [—P(t) (% + AR) P(t) + \P(t)

_ STOYOYT®)s(t)
o) = Grr s+ T OY D))

_ _YT@®)Y(@®)
A= Tprove) TR

_ YT s(t) AT i
S(t) T+t (YT ()Y (t)) 1+sT(8)s(t) (els(t)Aals (t) + M(l + )‘)‘maX(R))>
A>0, R>0
)\min(R)In S Pil(o) S ()\max(R) + %) In

M > 070
(8.11)
Then the following is true [73,319]:

Lemma 8.3. (@) Amin(R) < Xi(P7') < Amax(R) + 5, wflere \i(P~Y) denotes
the eigenvalues of P~1. (b) f; —sTY0ds = % [éz;P’léls](;—% Otélq;]bflélsdT—
fg sTY Sdr, where éls = H—éls, where éls is the classical least-squares estimate
0,, = PYTs. (c) —% Otél:’;]b_lélsdr — fof sTYSdr > 0. [ ]

2 Let us note that the denomination “least-squares” somewhat loses its original
meaning here, since it is not clear that the proposed scheme minimizes any
quadratic criterion. However the name least-squares is kept for obvious reasons.
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It follows that the mapping s — Y0 is passive with storage function
%éf;P*léls. The proof of Lemma 8.3 is not given here for the sake of brief-
ness and also because despite its originality, it has not been proved that such
passified least-square yields better closed-loop performance than the simple
gradient update law (for instance in terms of parameter convergence speed
and of robustness). It is therefore to be seen more like a theoretical exercise
(find out how to passify the classical least-squares) rather than something mo-
tivated by applications. The interest for us here is to illustrate the modularity
provided by passivity-based controllers. As we shall see further, it applies
equally well to adaptive control of relative degree one and two linear invariant
systems.

8.1.2 Flexible Joint—Rigid Link Manipulators: The Adaptive
Lozano and Brogliato Algorithm

In this section we provide the complete exposition of the adaptive version
of the scheme of Section 7.5.1, which is the only adaptive scheme proposed
in the literature solving both the linearity-in-the-paramaters and the a priori
knowledge of the stiffness matrix K issues, and at the same time guaranteeing
the global convergence of the tracking errors, the boundedness of all the closed-
loop signals, with only positions and velocity measurements (no acceleration
feedback). It has been published in [72,318]. This scheme uses ingredients
from [461] and from [426] in the stability proof.

The starting point for the stability analysis of the adaptive version is the
quadratic function

V(s1,82,01,0,4) = 35T M(q1)s1 + Sdet(M(q1))sd Jso+

+3(@ — @) K (G — @) + +30pdF d + 3070
(8.12)

where o, > 0 is a feedback gain and 6(t) = (t) — @ is the parameter error
vector. We do not define what @ is at this stage, because this vector of unknown
parameters will be constructed in proportion as the stability proof progresses.
Actually it will be proved in Lemma 8.6 below that the nonadaptive control
law may be written as

05 h(q1)u + Yo(q1, 41, 2, 42)06 = 0 (8.13)

where 02 h(q;) =det(M(g1). Thus a nice property that will be used is that
M (q1) > 0so that det(M(g1)) > 0: the controller hence defined is not singular.
This is used when the parameter vector 5 is replaced by its estimate 05 (t), by
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defining a suitable projection algorithm. Another issue is that of the a priori
knowledge of the diagonal matrix K =diag(k;;) which has to be replaced
by an estimate K in the controller. Since the fictitious input goq is defined
with K1, its adaptive counterpart will be defined with K~1(¢), so that K (t)
has to be nonsingular. Moreover the signal g24 has to be twice differentiable.
This implies that K(¢) will have in addition to be twice differentiable as
well. The two parameter projection algorithms are given as follows. We define
Ox = (ki1, k22, ..., knn)T, and we assume that a lower bound af,, on M(q;)
is known.

The Parameter-adaptation Algorithms
It is possible to define a subspace spanned by h(q1) as S = {v | v =
h(qy) for some q1 }, and a set A = {v | vTh > o for all h € S}. The set A is
convex, and 05 € A. The first parameter adaptation law is as follows:
h(gr(t)uT (t)s2(t)  if O5(t) € Tnt(A)
05(t) = { Prlh(qi(t))u” (D)sa()] if 65(t) € D(A) (8.14)
and [h(q1(t))u” (t)s2(1)]" 03 > 0

where P,[-] denotes the orthogonal projection onto A, 9(A) is the boundary
of A, and 07 is the vector normal to 9(A) at 05(t), and

Bo(t) = YT (q1(£), 61 (1), 2(£), da(£))52(2) (8.15)

The gradient update laws in (8.14) and (8.15) will then be used to define
the adaptive controller as

0% (Dh(q1(8))ult) + Yo(ai (1), 41 (t), a2(1), d2(1))06 (1) = O (8.16)

The second projection algorithm is as follows, and concerns the estimate
of the stiffness matrix K:

Gy = 1 2 if 0(t) > % and 2'(t) > 0 (8.17)

[@5en] " w5 > 6(0) = % and ai(6) < 0

where z'(t) = Yi;(q1(t), ¢1(t), qra(t), q2a(t)) and 0 < & < min6;. The row
vector Yaq(-) is defined as
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sTK[qaq — qua] = 0F diag(s?)[g2a — q1a) = Y2a(q1, 41, q14, 924)0k
| (8.18)
Yaa(q1, 41, q1d: G2a) = [q2q — qra]” diag(s?h)

The function f(-) has to be chosen as a smooth function 0 < f(#i) < 1
with f(%’“) =0 and f(dr) = 1. This implies that the parameter projection in
(8.17) is twice differentiable and that é}c(t) > %’“ forallt >0andalll <i<n
3

The rational behind the choice for the various functions appearing in these
update laws, will be clarified. We now introduce a Lemma that will be useful
in constructing a function ga24(-) whose second derivative goq(-) depends only
on position and velocity.

Lemma 8.4. [72] One has M(q1(t))s1(t) = Yaz(t)0a, where Yaz(t)+Yas(t) =
Ya(q1(t), 41(t), g2(t)) for some Ya(q1(t), ¢1(t), q2(t)). u

Proof: Let us filter the first dynamical equation in (6.105) as

1
1+s

[M(q1(t))d1(t) + Clq1(t), d1(t))d1(t) + g(ar1(t)) — K(g2(t) — 1 (t))] =0

(8.19)
where we implicitly mean that ﬁ [f(¢)] is the Laplace transform of f(t). Now
we have (we drop the time argument for simplicity)

T4 M (q1)d] = M(q1)d — M(g1(0))dr (0)—

. (8.20)

— 5 [M(q1)d1 — M(q1(0)¢1(0)] — 15 [M (g1, 41)dn]

which follows from M (¢q1)¢1 = %(M(ql)q'l) — M(q1,1)d1. Now
M@ = [ e+ n) M@ (7)ir (3.21)

Then using integration by parts one gets

=M ()] =

t

= exp(1) [[expm (M(a) = M (@ (0)n(0) = [7 M@ (). dr(v)dy) |

— Jyexo(r) (M(a ()i (7) = M(@1(0)dr(0) = fy M(as(y),da(v))dy) dr]|
(8.22)

3 Another type of C™ projections is presented in [92], whose motivation is quite in
the spirit of this one, see e.g. [92, §III].
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which finally yields

= M ()] =
= M(g1)gr = M(q1(0))dn(0) = fy M (a1 (v). 61 )y~
— Jy exp(—t+7) (M(ar)is — M(a(0)ds(0) = [ M(as(y), 1 (y))dy ) d

(8.23)
Still integrating by parts we get

S exp(—t +7)M (q1(7), 6 (7)) (7)dr =
= Jy M(ar (), 61 (7))ds (7)dr — Ji exp(—t +7) (7 (a1 (9), 61 () (9)dy ) dr
(8.24)

from which we can deduce (8.20) combining (8.23) and (8.24). Now using
(8.19) and (8.20) we obtain

M(q1)d1 = M(q1(0))¢1(0) + w5 [M (q1)d1 — M (41(0))¢1(0)] +
+ 55 [M(q1,61)d1] — S5 1C(qrd)d + g(qr) + K]+ (8.25)

+ s—}-l [KQ2]

The terms between brackets can be written as Y;(q1, ¢1)6; for some con-
stant vector 6;. Therefore SJ%I[Yi(ql, G1)0;] = ﬁll[Yi(ql,q'l)]Hi 2 Yir(t)8; with
Yir(t) + Yip(t) = [Yi(qi(t),¢1(t)). It follows that (8.20) can be written as
M(q1)s1 = Yag(t)fa with Yz () + Yap(t) = [Ya(qr(t), du (1), g2(1)). =

Let us now proceed with the stability proof, which we start by differentiat-
ing the function (8.12) along the system’s trajectories. The controller u(-) will
then be constructed step by step within the proof. Afterwards we shall reca-
pitulate and present compact forms of the input and the closed-loop system.
We obtain

V(817 52,41, éa G@) = 5{[M(Q1)51 +C(q1,q1)]1 + det(M(Q1))SgJ§2—|—
+(G — @) T K (@ — @) + opdtdy + 070+ (8.26)
+3 g [det(M (q1))]s3 s

Notice that
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(@1 — @)TK(@ — @) = (@1 — 3@2)TK(=Ad1 + 51+ Agz — s2)

=—(1 — @) "K(@1 — G2) + (51— 52) " K(G1 — o)
(8.27)
Introducing this in (8.26) we obtain

V(s1,89,41,0,d) < sT [M(q1)51 + Clq1,d1)s1 + K(G1 — G2)] +

+ 55 [det(M(q1))J32 + 3 2 [det(M(q1))Js2 — K (@1 — G2)]] + 0] G1 + 076
(8.28)
where the skew-symmetry property of Lemma 6.16 has been used to introduce
the term C'(q1, ¢1)s1. Let us manipulate the first term between brackets in the
right-hand-side of (8.28):

= s {M(q1)(G1 — G1a + Aq1) + Clar, @) (@1 + Ad1) + K (g2a — q1a) }

= 5] [A1+ Az + K(q2a — q1a)]

(8.29)
where we define
Ar = (M(qua) — M(q1)dra + (Clara; q1a) — Clar, d1))dra + 9(q1a)
' (8.30)
—9(q1) + A(M(q1)q + Clqr, d1)q
Ay = —M(q1d)G1a — C(q1d, 41d)d1a — 9(q1a) (8.31)
We now need a technical result from [426].
Lemma 8.5. [/26, Lemma 1] The following inequality holds:
sTIM(q1a)id1a + C(qra, d1a)dra + 9(q1a) — M(q1)(G1a — A1) —
= C(q1,41)(d1a — Aq1) — g(q1)]s1 <
(8.32)

< sT(AM(q1) + biln)s + T (=N M (q1) + baIn)d + bs(s™'s ||qu] |+

+Allsl ¢ q)

for some positive bounded functions b1(-), b2(-), bs(-) of qa(:), Gia(:), and
Gra(-)- u
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This allows us to upperbound the term s¥ A; as follows:

sTAL < sT(AM(q1) 4 bily) + sT (=AM (q1) + baln) 1+ 55
8.33
+b3(s1 s1 [|G1l] + Allsall ¢f G1)

Now notice that

~ ~T ~ sTs AGT g ~T ~ \2
sist @l + Allsill af = 27 + =52 —sTs1 (5 — @l @) -
T~ 2 T
NGTq (= sTs) + (1 + NsTs1 T (8:34)
T ~T ~
< oo Ay (4 0)sTs T
Introducing (8.34) into (8.33) we get

sTAL <aystsy+asdl gy +aszstsi ¢l g (8.35)

where a;(+), az(+) and as(-) are positive bounded functions of ¢14, 14, §14,
and of the dynamic model parameters. Now from (8.31) and the fact that the
various terms of the dynamical model are linear in the parameters, we can
write

Ao = Yy(qua, G1a; G1a)01 (8.36)
where the matrix Yy(q1d, 14, G1a4) is of appropriate dimensions and 6 is a
vector of constant parameters. Now since K is a diagonal matrix we can write
51K (a2a — q1a) = O diag(s})(g2d — qua) (8.37)

with 0 = (K11, k22, ..., knn )T . From (8.37) we have

S{K((Dd — qua) = Y24(q1, 41, 014, 924) 0 (8.38)

where

Yaa(q1, 41, qrds @24) = (qoa — qra)” diag(s}) (8.39)

(we recall that s% denotes the ith element of the vector s; € IR™). Now
injecting (8.38) into (8.29) we obtain

Ty = sT (A1 + Ag) — Yaalq, 41, qua q24)0k + Yaa(q1, 41, q1ra; goa)Or+
(8.40)

:l:(o'v + Un@?@l)S{M((h)Sl



448 8 Adaptive Control

where 04(t) = 0x(t) — Oy, 0 > 0, 0, > 0. The last term in (8.40) will be used
to compensate the term s? A;. Now from Lemma 8.4 we have M (q1(t))s1(t) =
Yu7(t)0s. Introducing this into (8.40) we obtain

Ty = sT(A1 + Ag) — Yaalqu, 41, qua, q24)0k + Yaa(q1, 41, qra; g2a)0r+
(8.41)
+(U1) + O'nq,{'ql)s,{yzlf(t)94 - (0'1) + Un@?@l)S{M((h)Sl

Provided k;; > 0 for all 1 <i < n, we can safely define the function gog(-)
as follows:

K(g2a — q1a) = — (04 + 00T §1)Yay ()02 — Ya(qra, d1a, 1a)01 — 0pds (8.42)
where K zdiag(/%n') and 0, = (lAcn, koo, ..., fcnn)T Introducing (8.42) into
(8.39) we obtain

Yoa(q1, 41, q1ds g2a)0r = Ordiag(si)(g2a — q1a) = sT K (g2a — q14)
= —(ov + ondl §1)sT Yar (t)0s — sTYa(qra, dras Gra)0r—
—Upsf(jl

(8.43)
where o, > 0. Introducing (8.43) and (8.36) into (8.41) we obtain

Ty = sTAy — sTYub) — Yaaly — (0, + 0nGT 1) (5T Yarfs + 5T M(q1)s1)—

—Ups{ql
(8.44)
Furthermore from (8.35) we have that
8{ _(O'v + Und{ql)S{M((h)sl - AUP@?@l <
< =51 51(Amin(M(q1)) 00 — a1) = 4{ 1(Aop — az)— (8.45)
_3{31 (j{(h()‘min(M(%)) on — as)
If 0y, 0p, 0y, are chosen large enough so that
)\min(M(q1)) Oy — Q1 Z 50 > 0
)\O'p —ay>01>0 (846)

(Amin(M(q1)) 00y —az >0
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we obtain

Ty < —ost's1 — 0148 1 — opii @ — 8T Ya(quas dras Gra)01—

) ) (8.47)
~Yaa(q1, ¢1, qras @2a)0k — (00 + 00 G q1)sTYar ()04
Combining (8.28), (8.29) and (8.47) we obtain
V(s1,82,q1,0,4) < —00sTs1 — 6167 @1 — sTYa(qua, Gra, Gra)01—
. (8.48)
— Yoa(q1, 615 qrd, 424)0k — (00 + 001 G1)s7 Yap(t)0s + 076 + s3T5
with
) J d _ -
Ty = det(M(q1))$2 + §£[det(M(CI1))] - K(G1 — G2) (8.49)
Let us define
0= [oF o7 o1 0F 011" (8.50)

where the precise definition of 65 and g will be given later. Let us introduce
the parameter update laws:

01(t) = Y (qra(t), Gra(t), Gra(t))s1 (t)
. (8.51)
04(t) = (00 + ondf @1)Yag (t)s1(1)

where we recall that M (g1)s1 = Yas ()84 with

Yar(t) + Yar(t) = Ya(qi(t), d1(t), ¢2(1))

from Lemma 8.4. Now let us introduce (8.50), (8.51) and (8.17) into (8.48),
in order to obtain

V(s1,82,01,0,G2) < —00sT s1 — 0147 G1 + 0205 + 02 06 + 52Ty (8.52)

where the equality

(B — Yaa) "0 = S (0} — Vi) (G, — 6}) (8.53)

(2

has been used. The expression for the controller is obtained from the fol-
lowing lemma:
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Lemma 8.6. [318] The term Ty in (8.49) can be expressed as

Ty = 0% h(q1)u + Ys(q1, 41, g2, 42)06 (8.54)

with det(M(q1)) = 0Fh(q1) > " for some a > 0 and all ¢ € IR"™. The vectors
05 and g are unknown parameters and h(q1) and Ys(q1,q1,q2,¢2) are known
functions. ]

Proof: From (6.105) and (8.49) we can deduce that

Ty = det(M(q1))[u+ K (g1 — g2)] + Jdet (M (q1))(—Gza + Ad2) (8.55)
8.55
+4 L det(M(q1))s2 — K (G2 — 41)

Since M (q1) > 0 then det(M(q1)) > 0 and the linearity-in-the-parameters
property of the dynamical equations allows one to write det(M(¢q1)) =
0Fh(q1). Considering the second order time-derivative of (8.42), it can be
proved that det(M (q1))G2q is a linear-in-the-parameters function of positions
and velocities (notice that the way Yis is defined plays a crucial role here)
and of the acceleration ¢;. Similarly ¢o4 is a measurable signal (i.e. a function
of positions and velocities); see (8.39), Lemma 8.4, (8.42) and (8.17). However
notice that det(M(q1))G1 is a function of ¢1, ¢1, and go. Thus Gaq is a function
of positions and velocities only. We conclude that T can indeed be written in
a compact form as in (8.54). [ |

In view of Lemma 8.6 we obtain

V(s1,82,01,0,d2) < —0osTs1 — 6147 d1 + 0F 05 + 0F O + s30T h(qr)u+
+53Ys(q1, 1,92, G2)06
= —60sTs1 — 6147 q1 + 0?95 — sghT(ql)égu + sgh(ql)égu

+53 Ys(q1, 41,92, 42)06
(8.56)
Introducing the parameters adaptation laws in (8.14) and (8.15) and the
adaptive control law in (8.16), into (8.56), we get

V(s1,82,G1,0,G2) < —00s1 81 — 0141 G1 + 0 [05 — h(g1)u” sa]. (8.57)

The term h(q;)u”so can be broken down as

h(Ql)uTSQ = Pr(h(%)UTSQ) + PTL(h((h)UTSz)v (8.58)
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where we recall that P.(z) denotes the orthogonal projection on the hyper-
plane tangent to d(A) at z and P (z) is the component of z that is perpen-
dicular to this hyperplane at z. Then using (8.15) we obtain

0 if 05 € Int(A)
ég[é5 — h(ql)uTSQ] = —G?(h(ql)uTSQ) <Qif é5 S 8(/1)
and (h(q1)uTs2)T0+ > 0
(8.59)
Consequently we finally obtain
V(Sh 52, le» éa q~2) S _608,{81 - 61@?61 (860)

It immediately follows from (8.12), (8.61), Lemma 4.8 and Theorem 4.10
that 0(-), s1(-), s2(-), @1 (-), G1(-), G2(-) and G2 (-) are bounded functions of time
on [0,+0c0) 4. Moreover s; € Ly. Using the same reasonning as in the proof
of the fixed parameters Slotine and Li or Lozano and Brogliato schemes, we
deduce that ¢;(t) — 0 as t — +oo. It is deduced from (8.25) that the term
SJ%I[QQ] is bounded, so that ga4 is bounded also, and consequently both ga(-)
and ¢1(-) are bounded. The boundedness of ¢a(-) follows from differentiat-
ing (8.42), which proves that gz4(-) is bounded. Thus ¢2(+) is bounded. The
boundedness of the controller v can be inferred from (8.16). One deduces that
ga(+) is bounded on [0, 4+00).

Recapitulation

The closed-loop system that results from the controller defined in (8.16),
(8.14), (8.15), (8.51) and (8.17) does not have a form as simple and intu-
itive as the closed-loop system of the Slotine and Li adaptive controller, or
of the closed-loop system of the Lozano and Brogliato fixed parameters con-
troller. This seems however to be an intrinsic property of the adaptive scheme
for (6.105), because one needs to invert the first dynamical equation to avoid
the acceleration ¢ (t) measurement. Consequently the matrix M ~!(q;) nec-
essarily appears in the fixed parameters scheme, and it is a nonlinear-in-the-
parameters function. The adaptation for the matrix K may be avoided in
practice if one is able to estimate it accurately enough. But the linearity-in-
the-parameters issue is unavoidable and intrinsic to such controlled dynamics.

After a certain number of manipulations based on the above developments
we may write the closed-loop dynamics as follows:

4 1t is clear that the desired trajectory qi4(t) and its first and second derivatives,
are chosen as bounded functions of time. Any other choice would be silly.
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M(qi())s1(t) + C(qr(t),q1())s1(t) = K(G2 — q1) + K(qua(t) — gaa(t))

— (00 + 00T @)Yy ()04(t) — Ya(qra(t), dra(t), dra(t))01(t) — op

—(ov + ond{ G)M (q1(t))s1(t) + AW (q(8), 41 (1), qra(t), Gra(t). Gra(t))

with AW (q1(t), 41(t), qa(t), dra(t), Gra(t)) = M(q1(t))[dra(t) — A1 (£)]+

+C(qu(t), 41 (t)[dra(t) — Aa ()] = 9(q1(t)) + Ya(qua(t), G1a(t), G1a(t))b1

03 (t)h(qu (t))u(t) + Yo(q1(t), d1(t), a2(t), 42 (1)) (t) = 0
Updates laws in (8.14), (8.15), (8.17) and (8.51)

Gi(t) = =AGi(t) + s4(t), i=1,2
(8.61)

where we recall that Yi(q1a(t), G1a(t), G1a(t))01 = —M (qra)Gra—C(qrd; G1a)q1a—
9(q14); see (8.31). It is worth comparing (8.61) with (7.125) to measure the
gap between adaptive control and fixed-parameter control, and comparing
(8.61) with (8.7) to measure the gap between the flexible-joint case and the
rigid-joint case.

Remark 8.7. As we saw in Section 7.5.1, the fixed parameters Lozano and
Brogliato scheme is a passivity-based controller using a backstepping design
method. The adaptive scheme is a highly non-trivial extension, where the
linearity-in-the-parameters and the unknown stiffness matriz issues imply the
use of very specific update laws, and hampers the direct application of back-
stepping methods designed elsewhere for some classes of nonlinear systems.

8.1.3 Flexible Joint—Rigid Link Manipulators: The Backstepping
Algorithm

Let us now investigate how the backstepping approach may be used to solve
the adaptive control problem for flexible joint manipulators. We will assume
that K is a known matrix. We have to solve two main problems in order to
extend the fixed parameter scheme presented in Subsection 7.5.2 towards an
adaptive version:

1) The input w in must be LP (Linear in some set of Parameters).
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2) The signals ¢o and es have to be available on line because they will be
used in the update laws.

To solve 1), we can use the idea introduced in [318] which consists of adding
the determinant of the inertia matrix det(M(g1)) in the Lyapunov function
V1(+) (see the foregoing subsection on the adaptive passivity-based scheme).
As we explained the nonlinearity in the unknown parameters comes from the
terms containing the inverse of the inertia matrix M ~1(q;). Premultiplying by
det(M(q1)) allows us to retrieve LP terms, as det(M (q1))M ~*(q1) is indeed
LP (the price to pay is an overparametrization of the controller). Moreover 2)
implies that gaq (see (7.130)) and eaq (see after (7.133)) are available on line,
and thus do not depend on unknown parameters. We can proceed as follows:

e Step 1: The right-hand-side of (6.105) can be written as Y7 (g1, ¢1,1t)0;.
Thus we choose ¢aq in (7.130) as

Kaqzqg = Y1(q1,d1,t)01 (8.62)

where 0; stands for an estimate of ;. Thus

@ = g2 — K~'Yi(q,d1, )01 (8.63)

Adding £Y7(-)67 to the right-hand-side of the first equation in (6.105) and
differentiating (8.63), one obtains:

M(qi(t))$1(t) + Cqr(t),d1(t))s1(t) + Ais1(t) = Kqa(t) — Ya(£)07
() = a(t) - K~ E (Y1 (0)6])
(8.64)
e Step 2: Now consider egq defined after (7.133). The first two terms are

available but the third term is a function of unknown parameters and it
is not LP (it contains M ~!). Assume now that V5 is replaced by

_ Taps 1 T
Vaa = Vi (G, 51,t) + 59{01 + §det(M(q1)) Lo (8.65)

Setting o = eaq + €2, i.e. Go = €2q + €9 — K‘lﬁ(}ﬁél), we get along
trajectories of (8.64):

Voo < ~MGT 60 — MNdT g — sTYi0, + 070, + G5 Ksi+
+¢Ldet(M(q1))e2 + G2 det(M(q1))[e2d — Goa]+ (8.66)

_ng"%{ (det(]\Q/[(lh)) }62

Let us denote det(M) = Ya(q1)035, and choose
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Yabaeaq = —Y3(q1,d1, g2, )03 — G (8.67)

where

Y3(q1, 41, g2, )03 = — {w

T dt } G2 — det(M(q1))gea + Ks1 (8.68)

Choose also

01(t) = Y (qu(t), 4u(t), t)s1(t) (8.69)

Thus we obtain

Voo < =Mat G — MM G + G det(M(q1))ea + G3 [Yo03T eaq + Y3057

(8.70)
(we drop the arguments for convenience). Introducing g1 Yo0s604 We ob-
tain
Voo < =Mt qr — N gt Gi + g2 det(M(q1))ea—
] ] (8.71)
—GL e2aYols + G Y305 — G Go
Define V3, = Vo, + %0?52 + %9~3T€~3 and set
05(t) = —Y3 (q1(t),d1(t), q2(t), 1) G2 (t) (8.72)
02(t) = Y5 (q1(t))edy(t)da(t) (8.73)
‘We therefore obtain
Vo < =M@t g — NMigl gy + G det(M(q1))e2 — G2 G2 (8.74)

Remark 8.8. In order to avoid any singularity in the control input, the
update law in (8.73) has to be modified using a projection algorithm,
assuming that 65 belongs to a known convex domain. We refer the reader
to the foregoing subsection for details about how this domain may be
calculated, and the stability analysis related to the projection. For the sake
of clarity of this presentation, we do not introduce this modification here,
although we know it is necessary for the implementaton of the algorithm.

e Step 3: At this stage our goal is partially reached, as we have defined
signals g2 and e available on line. Now consider the function

1
Vi = Vag + §det(M(q1))egeg (8.75)

We obtain
Vie < —Mdt @ — NXad gy + G2 det(M(q1))ea—

(8.76)

~ 3G + eF[v — éaq) + €T L {w}ez
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Notice that

—det(M(q1))é2q + % {w} e2 = Yi(q1,q1,q2,42)0;  (8.77)

for some Y, and 6} matrices of suitable dimensions. Let us denote this
time det(M) = Ya(q1)0% (this is strictly equal to Ya(q1)05 defined above,
but we choose a different notation because the estimate of 67 is going to
be chosen differently). Let us choose v = —gs + w and

Ygég)w = —Y4é4 — €2 (878)

We obtain

Vie < —Mdi G — MM q — @ G2 — edwYols + e a0y — €S es  (8.79)
Finally we choose as a Lyapunov function for the whole closed-loop system

|
V = Via + 50101+ 50505 (8.80)
and the following update laws:

04(t) = =Y (q1(t), 1 (1), q2(t), 42 (t) e2(t) (8.81)

05(1) = =3 (1 (£))w" (t)ea(t) (8.82)
(a projection algorithm has to be applied to 65; see Remark 8.8 above).
We obtain

V< —Mal g — N\l g — Ga G2 — €5 ea. (8.83)

We therefore conclude that 6 € Loso, G2, €2, G1,51 € LoN Lo, G2 € Loo,
(see (8.63)) , 42 € Loo. Finally from the definition of s; and Theorem 4.10
we conclude that ¢; € LoN Lo, §1 € Lo and §; — 0 as t — +o0.

To conclude this subsection, one may say that the backstepping procedure
does not bring much more than the passivity-based one to the adaptive control
problem for flexible joint Lagrangian systems. The fact that the fictitious
input go4 is premultiplied by an unknown term K, creates a difficulty that
has been solved in [318] but has never been tackled in the “backstepping”
literature. The linearity-in-the-parameters problem solution also is an original
one, motivated by the physics of the process, and whose solution also was
proposed in [318] and nowehere else, to the best of the authors’ knowledge.
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8.2 Linear Invariant Systems

The problem of adaptive control of linear invariant systems has been a very
active field of research since the beginning of the 1960s. Two paths have
been followed: the indirect approach which consists of estimating the process
parameters, and using those estimated values into the control input, and the
direct approach that we described in the introduction of this chapter. The
direct approach has many attractive features, among them the nice passivity
properties of the closed-loop system, which actually is a direct consequence
of Lemma 7.23. This is what we develop now.

8.2.1 A Scalar Example

Before passing to more general classes of systems, let us reconsider the fol-
lowing first order system similar to the one presented in Subsection 1.4:

z(t) = a™x(t) + b u(t) (8.84)

where z(t) € IR, a* and b* are constant parameters, and u(t) € IR is the input
signal. The control objective is to make the state x(-) track some desired signal
24() € IR defined as follows:

Fa(t) = —za(t) + (1) (8.85)

where r(+) is some time function. Let us assume first that ¢* and b* are known
to the designer and define the tracking error as e = x — 4. Then it is easy to
see that the input

u r—(a* + 1)) (8.86)

= (
forces the closed-loop to behave like é(t) = —e(t) so that e(t) — 0 as t — +o0.
Let us assume now that a* and b* are unknown to the designer, but that it
is known that b* > 0. Let us rewrite the input in (8.86) as u = 6*7 ¢, where
6T = (—%, &) and ¢7 = (z,r) are the vector of unknown parameters and
the regressor, respectively. Clearly it is possible to rewrite the error dynamics

é(t) = —e(t) + b* (=0T (t)(t) +u(t)) (8.87)

Since the parameters are unknown, let us choose (following the so-called
certainty equivalence principle, which is not a principle but mainly a heuristic
method) the control as

u(t) = 07 (t)p(t) (8.88)

where 67 = (él, ég) is a vector of control parameters to be estimated online.
Notice that we intentionally do not impose any structure on these parameters,
since they are not meant to represent the plant parameters, but the control
parameters: this is what is called direct adaptive control. An indirect adaptive
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scheme would aim at estimating the plant parameters and then introducing
these estimates in the control input: this is not the case in what we shall
describe in this part of the book. Introducing (8.88) into (8.87) we obtain

é(t) = —e(t) + b 07 (t)p(2) (8.89)

where § = 0 — 6*. The reader may have a look now at (8.2) and (8.7)
to guess what will follow. The dynamics in (8.89) may be rewritten as
le](s) = 1}rsb* [0T ¢](s), where [](s) denotes the Laplace transform and s € C.
Consequently a gradient estimation algorithm should suffice to enable one to
analyze the closed-loop scheme with the passivity theorem, since ﬁis is SPR.
Let us choose

0(t) = —p(t)e(t) (8.90)

As shown in Subsection 4.3.1, this defines a passive operator e — —67 ¢. The
rest of the stability analysis follows as usual (except that since we deal here
with a time-varying system, one has to resort to Barbalat’s Lemma to prove
the asymptotic convergence of e(-) towards 0. The zero state detectability
property plus Krasovskii-La Salle invariance Lemma do not suffice so that the
various results exposed in Section 5.1 cannot be directly applied).

Remark 8.9. ¢ The system in (8.85) is called a model of reference, and this
adaptive technique approach is called the Model Reference Adaptive Con-
trol MRAC, a term coined by Landau [274].

e One can easily deduce the storage functions associated to each subsystem
and form a Lyapunov candidate function for the overall closed-loop scheme.

e One may also proceed with a Lyapunov function analysis, and then retrieve
the passivity interpretation using the results in Subsection 7.3.3.

e We have supposed that b* > 0. Clearly we could have supposed b* < 0.
However when the sign of b* is not known, then the design becomes much
more involved. A solution consists of an indirect adaptive scheme with a
modified estimation algorithm [311]. The above passivity design is lost in
such schemes.

8.2.2 Systems with Relative Degree r =1

Let us consider the following controllable and observable system:

z(t) = Ax(t) + Bu(t)
(8.91)
y(t) = CTa(t)

with u(t) € R, y(t) € IR, z(t) € IR", whose transfer function is given by

B(s)
A(s)

H(s)=k =CT(sI, — A)"'B (8.92)
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where s is the Laplace variable. The constant k is the high-frequency gain of
the system, and we assume in the following that

o k>0
e A(s) and B(s) are monic polynomials, and B(s) is Hurwitz (the system
has strictly stable zero dynamics), with known order m =n — 1

The problem is basically that of cancelling the dynamics of the process with a
suitable dynamic output feedback in order to get a closed-loop system whose
dynamics matches that of a given reference model with input r(¢t) and output
Ym(t). The reference model transfer function is given by

(8.93)

where H,,(s) is chosen as a SPR transfer function.

The control problem is that of output tracking, i.e. one desires to find
out a differentiator-free dynamic output feedback such that all closed-loop
signals remain bounded, and such that tiigloo|y(t) — ym(t)] = 0. It is clear

that one chooses r(t) bounded so that y,,(t) is. Due to the fact that the
parameters of the polynomials A(s) and B(s) as well as k are unknown, the
exact cancellation procedure cannot be achieved. Actually the problem can
be seen as follows: in the ideal case when the process parameters are known,
one is able to find out a dynamic output controller of the following form

u(t) = 0" o((t)r,wi (), y(t), w3 (t))
o1(8) = Aws (t) + bu(t), Da(t) = Awa(t) £ by(t)  (3.94)
(bT = [7‘, w?v%‘”%]? 0" = [kmalveova?]

with wy (t), 01, s and wa(t) € R™, 6y € R, and (A,b) is controllable. One
sees immediately that v in (8.94) is a dynamic output feedback controller with
a feedforward term. The set of gains [k, 61, 69, 02] can be properly chosen such
that the closed-loop transfer function is

kckB(s)A(s)

Hy(s) = (A(s) — C(s))A(s) — kB(s)D(s)

— Hy(s) (8.95)

where the transfer function of the feedforward term is given by % while

that of the feedback term is given by f\)((;)) C(s) has order n — 2 and D(s)

has order n — 1. Notice that A(s) is just the characteristic polynomial of the
matrix A, i.e. A\(s) = (sl,—1 — A)~! and is therefore Hurwitz. We do not
develop further the model matching equations here (see e.g. [370] or [436] for
details). Let us just denote the set of “ideal” controller parameters such that
(8.95) holds as 6*. In general those gains will be combinations of the process
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parameters. Let us now write down the state space equations of the whole
system. Notice that we have

0 A 00 B
)2 o) | = 0 A0|z®)+ | b |u® (8.96)
W (t) bCTz(t) 0 A 0

from which one deduces using (8.94) that

A+ BoTeT  BoT  Bo3T BEk*
3(t) = bOsCT A+ 00T 3T | 2(t) + | bE* | r(2) (8.97)
boT 0 A 0

Now since the process parameters are unknown, so is #*. The controller in
(8.94) is thus replaced by its estimated counterpart, i.e. u = é¢. This gives
rise to exactly the same closed-loop structure as in (8.97), except that 6*
is replaced by 6. Notice that the system in (8.97) is not controllable nor
observable, but it is stabilizable and detectable. Also its transfer function is
exactly equal to Hy(s) when the input is r(¢) and the output is y. This is
therefore a SPR transfer function.

Now we have seen in the manipulator adaptive control case that the clas-
sical way to proceed is to add and substract 8*T¢ in the right-hand-side of
(8.97) in order to get (see (8.96) and (8.97)) a system of the form

2(t) = Amz(t) + Bn0T (1)o(t) + Bk r(t) (8.98)

where A,, is given in the right-hand-side of (8.97) while B,, is in the right-
hand-side of (8.96) (actually in (8.97) the input matrix is given by B,,k*).
We are now ready to set the last step of the analysis: to this end notice that
we can define the same type of dynamical structure for the reference model
as the one that has been developed for the process. One can define filters of
the input r(¢) and of the output y,, (f) similarly to the ones in (8.94). Let us
denote their state as wi,(-) and wa,(+), whereas the total reference model
state will be denoted as z,,(+). In other words one is able to write

in(t) = Amzm(t) + Buk™r(t) (8.99)

Defining e(t) = z(t) — zm(t) and introducing (8.99) into (8.98) one gets the
following error equation:

é(t) = Ame(t) + Bmb7 (t)o(t) (8.100)

This needs to be compared with (8.7) and (8.2). Let us define the signal
e1 = Cle = CT(x—ux,,): clearly the transfer function C, (sI3,—2— Ap) "1 By,
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is equal to H,,(s) which is SPR by definition. Hence the subsystem in (8.100)
is strictly passive with input HNTQS and output e; (in the sense of Lemma 4.84)
and is also output strictly passive since it has relative degree r = 1 (see
Example 4.62). A gradient estimation algorithm of the form

(1) = —Mob(t)er (t) (8.101)

where A; > 0, is passive with respect to the supply rate uzyz with yo =
—0T ¢ and us = e;. Due to the stabilizability properties of the first block in
(8.100), it follows from the Meyer-Kalman-Yakubovich Lemma that the overall
system is asymptotically stable. Indeed there exists a storage function V1 (e) =
eT Pe associated to the first block, and such that V(e,0) = Vi(z) + %éTé
is a Lyapunov function for the system in (8.100) and (8.101), i.e. one gets
V = —eTgqTe < 0. Notice that in general the closed-loop system is not
autonomous, hence the Krasovskii-La Salle Theorem does not apply. One has
to resort to Barbalat’s Lemma (see the Appendix) to prove the asymptotic
convergence of the tracking error e towards 0. Notice also that the form of 1%
follows from a CTCE so that Lemma 7.23 directly applies.

8.2.3 Systems with Relative Degree r = 2

Let us now concentrate on the case when the plant in (8.91) and (8.92) has
relative degree two. Let us pass over the algebraic developments that allow
one to show that there is a controller such that when the process parameters
are known, then the closed-loop system has the same transfer function as the
model reference. Such a controller is a dynamic output feedback of the form
u = 0*T. It is clear that one can repeat exactly the above relative degree
one procedure to get a system as in (8.100) and (8.101). However this time
H,,(s) cannot be chosen as a SPR transfer function, since it has relative degree
two! Thus the interconnection interpretation through the passivity theorem
no longer works. The basic idea is to modify the input « so that the transfer
function between the estimator output and the first block output e; is no
longer H,,(s) but (s+a)H,,(s) for some a > 0 such that (s+a)H,,(s) is SPR.

To this end let us define a filtered regressor ¢ = Sj_a [4], i.e. + ag = ¢. Since

we aim at obtaining a closed-loop system such that e; = H,,(s)(s + a)07 ¢,
let us look for an input that realizes this goal:
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e1 = Hp(s)(s +a)0T¢
= Hy ()07 + 676 + ab” g
= Hyu(s)[07 6 + 67 (¢ — ad) + af" ) (8.102)

= Hyu(s)[076 + 67 4)
= Hp(s)[u— 0*7¢]
It follows that a controller of the form
ult) = 0T (O)6(t) + 67 (H)o(t) (8.103)

will be suitable. Indeed one can proceed as for the relative degree one case, i.e.
add and substract 6*7'¢ to u in order to get Z(t) = Az (t) + B (0T (8)o(t) +
6T (t)p(t)) such that the transfer function between 67 ¢ and ey is H,,(s)(s+a).
Then the update law can be logically chosen as

(t) = —Md(t)e(t) (8.104)

(compare with (8.101)), and the rest of the proof follows.

8.2.4 Systems with Relative Degree r > 3

The controller in (8.103) is implementable without differentiation of the plant

output y because the derivative  is available. The extension of the underly-
ing idea towards the case r > 3 would imply it is possible to have at one’s
disposal an estimation algorithm that provides the higher order derivatives
of the estimates: this is not the case of a simple gradient update law. The
relative degree problem has been for a long time a major obstacle in direct
adaptive control theory. The next two paragraphs briefly present two solu-
tions: the first one uses the backstepping method that we already used in
Subsection 7.5.2 to derive a globally stable tracking controller for the flexible
joint-rigid link manipulators. It was presented in [267]. The second method
is due to Morse [361]. It can be considered as an extension of the controllers
in Subsections 8.2.2 and 8.2.3. It is based on the design of update laws which
provide 6 as well as its derivatives up to the order r — 1. In the following we
shall restrict ourselves to the presentation of the closed-loop error equations:
the whole developments would take us too far.

The Backstepping Approach

Given a plant defined as in (8.91), r = n —m, it is possible to design u(t) such
that the closed-loop system becomes
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5(t) = A(z(t),t, D)z(t) + b(2(t), t, D) (wT (£)0(t) + 2)

O(t) = —Twb”(1)(=(), £, T) (1)

&(t) = Aoe(t) (8.105)

i(t) = Aoii(t) + enz1(t)

C(t) = ApClt) + b= (1)

where 6(t) € R™™X () € R™T™* b e R™ b e R™, 2(t)
]NRTXI, e, € R™' and is the n—th coordinate vector in R", , 7i(t) € R"*",
C(t) € R™* . 2 (t) is the first component of z(t) and 2, (t) = y(t) —y,(t) is the
tracking error, y,(t) is the reference signal; all other terms come from filtered
values of the input u(¢) and the output y(t). Ay and Ag are stable matrices.
What is important in the context of our study is that the closed-loop system
in (8.105) can be shown to be stable using the function

V(z,2,0,7,0) = Va(2) + Vele) + V5(0) + Vo (i) + V;(C) (8.106)

whose time derivative along trajectories of (8.105) is

*

V<= Nz = AeeTe = A i — ACT¢ (8.107)
i=1

with V2(-),V2(-),V5(+),Vi(+),V(+) positive definite functions, A; > 0,1 < <,
Ae >0, A5 >0, Az > 0.

Now let us have a look at the equations in (8.105): note that we can rewrite
the closed-loop system similarly as in (7.47) and (7.48) as follows (&; is the
first component vector in IR"):

£(t) A 0 0 2(t) bwTO(t) bea(t)
) = e 4 0 [ |a@®) |+] 0. |+]| on (8.108)
() vel 0 A ) \ (@) Orm Orm

8(t) = —Tw(t)bT=(1). (8.109)

We can thus directly conclude from Lemma 7.23 that the closed-loop system
can be transformed into a system in P 5. With the notations of the preceding
section, we get Vi=V; = 1071710, Vo=V, +V;+Vz, yo=—u1=2, y1=us=bw70,

5 g9 can be seen as a La-bounded disturbance and is therefore not important in our
study.
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av.
Oz
~ IT V-
gi=LwbT (52 =I'710), go=| Onsr |, (32=| F7" |). The CTCE is verified
0m><7’
ov;
=
o, T v, T Ty, T4 ‘
as G- QIuUI=—72 Gaup=—2 bw' 6.

Morse’s High Order Tuners

Similarly to the preceding case, we only present here the closed-loop equations
without entering into the details on how the different terms are obtained. The
interested reader can consult the original paper [361,383] for a comprehensive
study of high order tuners. The closed-loop equations are the following:

() = —Delt) + a0 (B)(t) + a0 3 wilt)ezi(t) + ¢ (8.110)
2i(t) = Az (t)(1 + pw?(t)) — sign(go) A~ bw; (t)e(t),i € m (8.111)
kz(t) — hz(t) = Ezi(t),i cm (8.112)

d(t) = —sign(qo)w(t)e(t) (8.113)

where m = {1,...,m}, e is the scalar tracking error, A\ > 0, ¢o is the high
frequency gain of the open-loop system, |go| < g, £ € IR™ is the vector of
estimated parameters to be tuned, h(-) is an internal signal of the high order
tuner, § = h — gp, qp € IR™ is a vector of unknown parameters, (¢, A,D) is
the minimal realization of a stable transfer function, w € IR™ is a regressor,
and ¢ is an exponentially decaying term due to non-zero initial conditions.
k; and h; denote the ith component of k and h respectively, whereas pu is a
constant satisfying u > w. It is proved in [361] that the system
in (8.110) through (8.113) is stable using the function

Vie,0,z) =e? + |q0|§T§+6ZziTPzi (8.114)
i=1
where ATP + PA = —1,,, § = Hg‘E_Tl“E”. The time derivative of V(-) along
trajectories of (8.110) through (8.113) is given by

S 1

Ve, 0,2) < —\e? + ;62 (8.115)
with A* = X\ — w. Now let us rewrite the system in (8.110)
through (8.113) as follows:
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é(t)
z1(¢)
2(@) | =
i)
- B qow1C e e qowmC
—sgn(qo)é_ll_)wl A1 + pw?) 0 0
= | —sgn(go)A  bws 0 A1+ pw3) 0 ... 0 X (8.116)
—sgn(qo) A~ bwm, 0 v 0 A(L+ pw?))
e(t) q00" (t)w (t) £(t)
z1(t) 0 0
x| z(t) | + 0 + 0
zm(t) 0 0
0(t) = —sgn(go)w(t)e(t) (8.117)
We conclude from Corollary 4 that the system in (8.116) (8.117) belongs
1
o 0
to P, with Vi = |qo|070, Vo = € + 03, 2/ Pz, g1 = —qow, g2 = | 0 |,
0
U] = —Ya = —€, U2 = Y1 = qowTé. (We can neglect € in the analysis or

consider it as a Lo-bounded disturbance).

Comparing Euqtaions (8.108) and (8.109) and Equations (8.116) and
(8.117) we conclude that the closed-loop error equations in both cases are
very much similar. However, this similarity is limited to the closed-loop sys-
tem stability analysis. First, the basic philosophies of each scheme are very
different: Roughly speaking, the high order tuners philosophy aims at render-
ing the operator between the tracking error and the estimates strictly passive
(using a control input that is the extension of “classical” certainty equivalent
control laws), while preserving stability of the overall system with an appro-
priate update law. On the contrary, the backstepping method is based on the
use of a very simple “classical” update law (a passive gradient), and the diffi-
culty is to design a control input (quite different in essence from the certainty
equivalent control laws) which guarantees stability. Second, notice that 6 in
(8.109) truly represents the unknown parameters estimates, while 6 in (8.117)
is the difference between the vector of unknown plant parameters and a signal
h(-) internal to the high order update law (the control input being computed
with the estimates k and their derivatives up to the plant relative degree mi-
nus one). Third, the tracking error in the backstepping scheme is part of a
r-dimensional differential equation (see the first equation in (8.105)), while it
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is the solution of a first order equation in the high order tuner method (see
(8.110)).

In [383], it is proved that the high order tuner that leads to the error
equations in (8.110) through (8.113) defines a passive operator between the
tracking error e and (k — qp)Tw, and that this leads to nice properties of
the closed-loop system, such as guaranteed speed of convergence of the track-
ing error towards zero. In [268], it has been shown that the backstepping
method also possesses interesting transient performances. Such results tend
to prove that the schemes that base on passivity properties possess nice closed-
loop properties. Other types of adaptive controllers using passivity have been
studied in [388].



9

Experimental Results

In this chapter we present experimental results on three experimental mechan-
ical systems. They illustrate the applicability of the methodologies exposed in
the foregoing chapters. The first set of experiments concerns flexible-joint ma-
nipulators, whose dynamics and control have been thoroughly explained. The
second focuses on an underactuated system, the inverted pendulum, which
does not fall into the classes of mechanical systems presented so far. The
reader is referred to the introduction of Chapter 4 where a list of applications
of passivity to control design is given.

9.1 Flexible Joint Manipulators

9.1.1 Introduction

The state feedback control problem of flexible joint manipulators has consti-
tuted an interesting challenge in the Systems and Control and in the Robotics
scientific communities. It was motivated by practical problems encountered
for instance in industrial robots equipped with harmonic drives, that may
decrease the tracking performances, or even sometimes destabilize the closed-
loop system. Moreover as we pointed out in the previous chapter, it repre-
sented at the end of the 1980s (twentieth century) a pure academic problem,
due to the particular structure of the model. From a historical point of view,
the main directions that have been followed to solve the tracking and adaptive
control problems have been: singular perturbation techniques (the stability
results then require a high enough stiffness value at the joints so that the
stability theoretical results make sense in practice) [475,476], and nonlinear
global tracking controllers derived from design tools such as the backstepping
or the passivity-based techniques. We have described these last two families
of schemes in the previous chapter; see Sections 7.5 and 7.5.2. In this section
we aim at illustrating on two laboratory processes how these schemes work
in practice and whether they bring significant performance improvement with
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respect to PD and the Slotine and Li controllers (which can both be cast into
the passivity-based schemes, but do not a priori incorporate flexibility effects
in their design). What follows is taken from [79,80]. More generally the goal of
this section is to present experimental results for passivity-based controllers
with increasing complexity, starting from the PD input. Let us stress that
the reliability of the presented experimental works is increased by the fact
that theoretical and numerical investigations predicted reasonably well the
obtained behaviours of the real closed-loop plants; see [78]. The experimen-
tal results that follow should not be considered as a definitive answer to the
question: “What is the best controller?”. Indeed the answer to such a question
may be very difficult, possibly impossible to give. Our goal is only to show
that the concepts that were presented in the previous chapters may provide
good results in practice.

9.1.2 Controller Design

In this work the model as introduced in [471] is used; see (6.105). As we saw in
Section 6.4 this model possesses nice passivity properties as well as a triangular
structure that make it quite attractive for control design; see Sections 7.5, 7.5.2
and 7.6.1. Only fixed parameter controllers are considered here. As shown
in [78] (see (7.123) and (7.140)), the three nonlinear controllers for flexible
joint manipulators which are tested can be written shortly as follows:

Controller 1
u=J[Goa —2Ga — 2G> — K (31 +51)] + K(q2 — 1)
(9.1)
@a=K 'ur+q
Controller 2
= Jljoa — 2G> — 242 — (51 + 51)] + K(g2 — q1)
(9.2)
a =K 'ur+q
Controller 3
u= Jgor + K(q24 — q1a) — B25s2
(9.3)
q2a = K7 '"ur + qua

where ugr = M(q1)d1r + C(q1,¢1)q1~ + g(q1) — A1s1 is as in (7.124). The
signals ¢1, = Giq — A1, $1 = él 4+ Ag1 are the classical signals used in the
design of this controller (the same definitions apply with subscript 2). Let us
reiterate that the expressions in (9.1), (9.2) and (9.3) are equivalent closed-
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loop representations. In particular no acceleration measurement is needed for
the implementation, despite the fact that $; may appear in the equivalent
form of wu.

As pointed out in Remark 7.33, the last controller is in fact an improved
version (in the sense that it is a static state feedback) of the dynamic state
feedback proposed in [72,318], that can be written as

w=Jior — Klgia — q2a — [y (M1 — A2G2)dr] — Aaso
(9.4)
q2d4 = plpl + Ao]™* {K_luR + qia — fg()\lﬁ - )\qu)dT}

with p € C. This controller has not been considered in the experiments,
because it is logically expected not to provide better results than its simplified
counterpart: it is more complex, but based on the same idea. Controllers 1
and 2 are designed following a backstepping approach. The two backstepping
controllers differ from the fact that in Controller 2, the joint stiffness K no
longer appears before $; + s1 in the right-hand-side of the u-equation. This
modification is expected to decrease significantly the input magnitude when
K is large. This will indeed be confirmed experimentally.

In [78] these controllers have been commented and discussed from several
points of views. Most importantly it was shown that when the joint stiff-
ness grows unbounded (i.e. the rigid manipulator model is retrieved), then
the only controller that converges to the rigid Slotine and Li control law is
the passivity-based Controller 3 in (9.3). In this sense, it can be concluded
that Controller 3 is the extension of the rigid case to the flexible joint case,
which cannot be stated for the other two control laws. We believe that this
elegant physical property plays a major role in the closed-loop behaviour of
the plant. As shown in Section 7.5.2 the backstepping schemes presented here
do possess some closed-loop passivity properties. However they are related
to transformed coordinates, as the reader may see in Section 7.5.2. On the
contrary, the passivity-based schemes possess this property in the original
generalized coordinates ¢: consequently they are closer to the physical system
than the other schemes. This is to be considered as an intuitive explanation
of the good experimental results obtained with passivity-based schemes (PD,
Slotine and Li, and Controller 3).

9.1.3 The Experimental Devices

This subsection is devoted to present the two experimental devices in detail:
a planar two degree-of-freedom (dof) manipulator, and a planar system of
two pulleys with one actuator. They are shown in photographs 9.34 and 9.35
respectively. We shall concentrate on two points: the mechanical structure and
the real time computer connected to the process. Actually we focus essentially
in this description on the first plant, that was a two dof planar manipulator
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of the Laboratoire d’Automatique de Grenoble, France, named Capri. The
second process is much more simple and is depicted in Figure 9.1. It can be
considered as an equivalent one dof flexible joint manipulator. Its dynamics is
linear. Its physical parameters are given by: I; = 0.0085 kg.m?, I, = 0.0078
kg.m?, K = 3.4 Nm/rad.

Fig. 9.1. A one dof flexible joint manipulator.

Mechanical Structure of the Capri Robot

The Capri robot is a planar mechanism constituted by two links, of respective
lengths 0.16 and 0.27 m, connected by two hubs. The first link is an aluminium
AUA4G, U-frame to improve stiffness, with respect to the forearm which can
be designed less rigid. The second link has a more peculiar structure because
it supports the applied forces: It is designed as a pipe of diameter 0.05 m, and
it is equipped with force piezo-electric sensors. The force magnitude, point
of application and orientation can be measured and calculated. The sides
of the forearm with Kistler quartz load washers can measure extension and
compression forces, and the half-spherical extremity possesses a Kistler three
components force transducer (only two of them are used) from which it is
possible to calculate the magnitude and the orientation of the applied force.
In this work these force measurement devices are not needed, since we are
concerned by motion control only.

The robot arm is actuated by two DC motors located at the underside of
the basement table (therefore the Capri robot is a parallel-drive manipulator
for which the model in (6.105) is the “exact” one; see Remark 6.43). They are
coupled to the links by reducers (gears and notched belts), each of them with
ratio 1/50. The first motor (Infranor MX 10) delivers a continuous torque of
30 N.cm and a peak torque of 220 N.cm for a total weight of 0.85 kg. The
second motor (Movinor MR 08) provides a continuous torque of 19 N.cm and
a peak torque of 200 N.cm, for a weight of 0.65 kg. The drive arrangement
is such that the weight is not boarded on the links, to increase speed. Both
motors are equipped with a 500 pulses/turn incremental encoder and a DC
tachometer making joint position ¢s and velocity ¢s available for feedback. The
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position ¢; is measured by a potentiometer mounted on the last link. In the
experiments the velocity ¢; has been obtained by differentiating the position
signal (a filtering action has been incorporated by calculating the derivative
from one measurement every four only, i.e. every four sampling times).

The effective working area of the robot arm is bounded by sensors: an in-
ductive sensor prevents the first arm from doing more than one turn, i.e.
quu € [=5,5] (see Figure 9.2 for the definition of the angles). Two mi-
croswitches prevents the second arm from overlapping on the first one. They
both inhibit the inverters (Infranor MSM 1207) controlling the DC motors.

Remark 9.1. The Capri robot has been modeled as a parallel-drive rigid-link
robot, with the second joint elastic. It is clear that such a model is only a
crude approximation of the real device. Some approximations may be quite
justified, like the rigidity of the first joint and of the links. Some others are
much more inaccurate.

i) The belt that couples the second actuator and the second joint is modeled
as a spring with constant stiffness, which means that only the first mode
of its dynamic response is considered.

ii) There is some clearance in the mechanical transmission (especially at the
joints, due to the belts and the pulleys), and a serious amount of dry
friction.

iii) The frequency inverters that deliver the current to the motors possess
a nonsymmetric dead zone. Therefore, different amounts of current are
necessary to start motion in one direction or the other.

iv) The value of ¢; used in the algorithm and obtained by differentiating a
potentiometer signal is noisy, despite a filtering action.

v) The inertial parameters have been calculated by simply measuring and
weighting the mechanical elements of the arms. The second joint stiffness
has been measured statically off-line. It has been found to be 50 Nm/rad.
This value has been used in the experiments without any further identifi-
cation procedure.

vi) Some saturation on the actuators currents has been imposed by software,
for obvious safety reasons. Since nothing a priori guarantees stability when
the inputs are saturated, the feedback gains have to be chosen so that the
control input remains inside these limits.

Some of these approximations stem from the process to be controlled, and
cannot be avoided (points i, ii, iii): this would imply modifying the mechanical
structure. The measurement noise effects in iv could perhaps be avoided via
the use of observers or of position dynamic feedbacks. However on one hand the
robustness improvement is not guaranteed and would deserve a deep analytical
study. On the other hand the structure of the obtained schemes would be
significantly modified (compare for instance the schemes in Sections 7.3.4
and 7.4 respectively). A much more simple solution consists of replacing the
potentiometer by an optical encoder. The saturation in vi is necessary to
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protect the motors, and has been chosen in accordance with the manufacturer
recommendations and our own experience on their natural “robustness”. The
crude identification procedure in v has been judged sufficient, because the
aim of the work was not to make a controller perform as well as possible in
view of an industrial application, but rather to compare several controllers
and to show that nonlinear control schemes behave well. In view of this the
most important fact is that they be all tested with the same (acceptable)
parameters values, i.e. if one controller proves to behave correctly with these
set of parameters, do the others behave as well or not? Another problem is
that of the choice of the control parameters, i.e. feedback gains. We will come
back on this important point later.

Real-time Computer

A real-time computer was connected to both processes in the workshop of
the Laboratoire d’Automatique de Grenoble. It consisted of a set of DSpace
boards and a host PC. The PC is a HP Vectra running at 66 MHz with 8 Mo
of RAM and a hard disk of 240 Mo. The DSpace system is made of:

e A DS 1002 floating-point processor board built around the Texas Instru-
ments TMS/320C30 digital signal processor. This processor allows 32 bits
floating point computation at 33 MFlops. A static memory of 128 K words
of 32 bits is available on this board. A 2 K words dual-port RAM is used
simultaneously by the host PC and the DSP.

e A DS 2002 multi-channel ADC board with 2 A/D 16 bits resolution con-
verters (5 us conversion time) and a 16 channel multiplexer for each con-
verter.

e A DS 2001 D/A converter board comprising 5 parallel analog output chan-
nels with 12 bits DAC (3 ps conversion time)

e A DS 3001 incremental encoder board with 5 parallel input channels. A
4-fold pulse multiplication, a digital noise filter and a 24 bits width counter
are used for each channel.

e A DS 4001 digitak I/O and timer board with 32 digital I/O lines config-
urable as inputs or outputs in groups of 8 lines.

All these boards are attached together by the 32 bits PHS-Bus at a 16
MB/sec transfer speed. They are located in a separate rack connected to the
host PC by a cable between two adaptation boards.

The PC is used for developments and supervision of the application. Sev-
eral softwares are available for the DSpace system:

e SED30 and MON30 are used to configure the hardware.

e (30 is the Texas Instruments Compiler for the TMS320C30.
TRACE30W is a graphical real-time software which permits to display the
selected variables of the application.
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The application itself was made of two parts: The control algorithm runing
on the DSP, sampled at 1 ms in our case, and the dialogue interface running
on the PC which allows the operator to supervise the execution of the control
through the dual port memory. To guarantee repeatability of the experiments,
there was an initialization procedure that was to be activated each time the
origins have been lost, or at the beginning of the experiments.

9.1.4 Experimental Results

In this section we present the experimental results obtained by implement-
ing the three controllers described above on each plant. A PD controller as
in (7.142), and the scheme in (7.68) have also been implemented, as if the
manipulator had both joints rigid (i.e. one replaces g in (7.68) by gz). This
allows to dissociate clearly the effects of the nonlinearities (the reference tra-
jectories have been chosen fast enough so that Coriolis and centrifugal effects
are effective), from the effects of the flexibility (once the “rigid” controllers
are implemented, one can see how the “flexible” ones improve the closed-loop
behaviour, if they do). In the case of the linear system in Figure 9.1, the
scheme in (7.68) reduces to a PD control.

Z
Fig. 9.2. Joint angles on the Capri robot

In order to perform the experiments, three different desired trajectories
have been implemented for the Capri robot (see Figure 9.2 for the defini-
tion of the angles, due to the fact that the Capri robot is a parallel-drive
manipulator):

. . qi1d 0.8sin(ft)
D t t, 1: = = .
e Desired trajectory 1: q14 ((hzd ) ( —0.8sin(ft)
e Desired trajectory 2: q14 = (%?;Ef?ﬁ?)
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5
e lo®)]
e Desired trajectory 3: q14 =

5

S e=al10)

with f = w(l — exp(—at))?, a = 14, w = 9 rad/s, g(t) is a square function
with magnitude 0.8 rad, period 5 s, and b = 30. The variable s is the Laplace
transform variable. The choice for f allows one to smooth sufficiently the de-
sired orbit to be tracked, as required by the theoretical developments. The
other parameters values have been chosen so that the nonlinearities and the
flexibilities effects are significant. Concerning the system in Figure 9.1, two
desired trajectories have been chosen: g4 = sin(wt) and ¢1q = %[g(t)].
The parameters w and b have been varied as indicated in the figures cap-
tions. These time functions, which are sufficiently different to one another,
have been chosen to permit to conclude about the capability of adaptation
of the controllers to a modification of the desired motion. This is believed to
constitute an important property in applications, since it dispenses the user
from retuning the control gains between two different tasks. As a matter of
fact, the following criteria have been retained to evaluate the performance of
the controllers:

e The tracking error during the steady-state regime is an important parame-
ter for performance evaluation. The quadratic errors sums e; = f1200 G (t)dt
for each joint (¢ = 1,2 for the Capri robot and ¢ = 3 for the pulleys) and
the maximum tracking error (pulleys) have been computed on-line.

The shape and magnitude of the input signal.

The capabilities of the various control schemes to provide an acceptable
performance for any of the above desired motions, without having to retune
the feedback gains.

The transient behaviour has not been included in this list. This will be
explained from the observation of the experimental results. Let us emphasize
that the presented results therefore concern two quite different plants (one
nonlinear with high stiffness, the other one linear and with high flexibility),
and with significantly different motions. They are consequently expected to
provide an objective view of the capabilities of the various controllers.

Remark 9.2 (Feedback gains tuning method). Two methods have been em-
ployed to tune the gains. From a general point of view, one has to confess
that one of the main drawbacks of nonlinear controllers such as backstepping
and passivity-based ones, is that Lyapunov-like analysis does not provide the
designer or the user with any acceptable way to tune the gains. The fact that
increasing the gains accelerates the convergence of the Lyapunov function to-
wards zero, is a nice theoretical result, that happens to be somewhat limited
in practice.

Concerning the Capri robot, experiments were started with the first link
fixed with respect to the base, i.e. with only the second link to be controlled.
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The gains of the PD input were chosen from the second-order approximation
obtained by assuming an infinite joint stiffness. From the fact that the Slotine
and Li scheme in (7.68) mainly consists of a PD action plus a nonlinear part,
these values have been used as a basis for the tuning of the gains A and A\
in (7.68). The full-order system is linear of order 4 (a one degree-of-freedom
flexible joint manipulator). The gains were tuned by essentially placing the
closed-loop poles according to simple criteria like an optimal response time,
nonoscillatory modes. In all cases, the desired trajectory 1 was used to de-
termine a first set of gains. This provided a basis to choose the gains for the
complete robot. Experiments were started with trajectory 1, and the gains
were modified in real-time (essentially by increasing them in a heuristic man-
ner) until the performance observed through the TRACE30W could no more
be improved. Then trajectories 2 and 3 were tested, and the gains modified
again if needed.

It has to be stressed that even in the linear case (like for the pulley-
system), tuning the gains of such nonlinear controls is not evident. Indeed the
gains appear quite nonlinearly in the state feedback, and their influence on
the closed-loop dynamics is not obvious. For instance it is difficult to find a
region in the gain space of the passivity-based controller in (9.3), such that
the gains can be modified and at the same time the poles remain real.

In view of these limitations and of the lack of a systematic manner to
calculate optimal feedback gains, advantage has been taken in [79] of the
pulley-system linearity. Since this system is linear, the controllers in (9.1),
(9.2) and (9.3) reduce to linear feedbacks of the form v = Gz + h(t), where
h(t) accounts for the tracking terms. De Larminat [279] has proposed a sys-
tematic (and more or less heuristic) method to calculate the matrix G for LQ
controllers. Actually one should notice that despite the fact that the nonlin-
ear backstepping and passivity-based controllers have a linear structure when
applied to a linear system, their gains appear in a very nonlinear way in the
state feedback matrix G. As an example, the term multiplying ¢; for the
scheme in (9.3) is equal to — (Mg + k) ’\}6)‘ + (N2 + ng\)”lli*l')‘1 + IQ% (the
gains A and Ay can be introduced in (7.123) and (7.124) respectively instead
of using only one gain in both expressions, so that the passivity-based con-
troller has three gains). The tuning method proposed in [279] that applies to
LQ controllers allows one to choose the weighting matrices of the quadratic
form to be minimized, in accordance with the desired closed-loop bandwidth
(or cut-off frequency w.(CL)). The advantages of this method are that the
user focuses on one closed-loop parameter only to tune the gains, which is
quite appreciable in practice. Therefore one gets an “optimal” state feedback
matrix Grq, with a controller © = GrLqz in the case of regulation. Since the
various controllers used in the experiments yield some state feedback matrices
Gpp, Geack1, Geackz and Gygs respectively, which are (highly) nonlinear
functions of the gains as shown above, we choose to calculate their gains so
that the norms ||GLg — Geonr|| are minimum. This amounts to solving a
nonlinear set of equations f(Z) = 0 where Z is the vector of gains. This is in
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general a hard task, since we do not know a priori any root (otherwise the job
would be done!). This has been done numerically by constructing a grid in the
gain space of each scheme and minimizing the above norm with a standard
optimization routine. The experimental results prove that the method may
work well, despite possible improvements (especially in the numerical way to
solve f(Z) = 0). Its extension towards the nonlinear case remains an open
problem. |

The quadratic error sums e, ey are reported in Tables 9.1 and 9.2. The
error eg is in Table 9.3. The maximum tracking errors |g1 — ¢4|max for the
pulley-system are reported in Table 9.4. All the results for the pulley-system
in Tables 9.3 and 9.4 concern the desired motion ¢14 = sin(wt). In each case
the presented figures represent an average of several experiments. Concerning
trajectories 2 and 3 in Tables 9.1 and 9.2, the results outside brackets have
been obtained after having retuned the feedback gains. The ones in brackets
have been obtained using the same gains as for trajectory 1. When they are
not modified, it means that we have not been able to improve the results.
A cross x indicates that no feedback gains have been found to stabilize the
system.

The next results that concern the Capri robot are reported in Figures 9.3—
9.21 and 9.33. The tracking errors ¢i1, ¢i2 and the inputs (currents) I.; and
I.» at each motor, are depicted in Figures 9.3-9.13. Figures 9.14-9.21 con-
tain results concerning the transient behaviour when the second link position
tracking errors are initially of 0.4 rad. The inputs I.; and I., are the calcu-
lated ones, not the true input of the actuators (they coincide as long as there
is no saturation, i.e. I, < 2 A and I.o < 2 A). The results concerning the
pulley-system are in Figures 9.22-9.32. The signals ¢4(¢) and ¢1(¢) are shown
in the upper boxes, and the torque input u is depicted in the lower boxes.

The following comments can be made:

Adaptation to the Desired Motion

The gains of the PD controller that correspond to the tests on the Capri
robot, reported in Tables 9.1 and 9.2, are given in Table 9.5. They show that
significant changes have been necessary from one desired motion to the next.
One sees that the PD gains have had to be modified drastically to maintain
a reasonable performance level. On the contrary it is observable from Tables
9.1 and 9.2 that even without any gain modification, the other controllers still
perform well in general. In any case the modifications have seldom exceeded
50 % and concerned very few gains [80]. Since this is also true for the Slotine
and Li controller, we conclude that the insensitivity of the performance with
respect to desired motion changes is essentially due to the compensation of
the nonlinearities.

The Slotine and Li controller seems to provide the most invariant per-
formance with respect to the desired motion. This is especially apparent for
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trajectory 2 on the Capri experiments. In this case it provides the best error
es, even after having retuned the gains for Controllers 2 and 3. This may
be explained by the fact that the input in (7.68) is much smoother than the
others (see Figure 9.7). This in turn may be a consequence of its simplicity,
and from the fact that it does not use the noisy potentiometer signal.

0.4
0.2

-0.2

q1t[rad]
q12t [rad]

-0.4

-0.6

-0.8
(0]

S = S S N S

(o] 5 10 15 (o] 5 10 15

Fig. 9.5. PD controller, desired trajectory 3

Backstepping Controllers

For the Capri experiments, it has not been possible to find feedback gains
that stabilize controller 1. On the contrary this has been possible for the
pulley-system, see Figures 9.30, 9.23 and 9.26. This confirms the fact that the
modification of the intermediate Lyapunov function (see (7.139) and (7.140))
may play a significant role in practice, and that the term K(s; + $1) is a
high-gain in the loop if K is large.

Compensation of Nonlinearities

Although the PD algorithm provides a stable closed-loop behaviour in all cases
(for the Capri experiments and at the price of very large gain modifications as
we pointed out above), its performance is poor for trajectories 1 and 2. The
behaviour is much better for trajectory 3. This can be explained since this is
almost a regulation task. The improvements obtained with the Slotine and Li
scheme show that the Coriolis and centrifugal terms may play an important
role depending on the desired motion.
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Compensation of Flexibilities

The PD and the Slotine and Li controls behave well for the Capri robot
because the joint stiffness is large. The results obtained for the pulley-system
show that the behaviour deteriorates a lot if K is small; see Tables 9.3 and
9.4.

Controller Complexity

The rather complex structure of the nonlinear Controllers 1, 2 and 3 is not
an obstacle to their implementation with the available real-time computer de-
scribed above. In particular recall that the acceleraton and jerk are estimated
by inverting the dynamics (see Section (7.5)). Such terms have a complicated
structure and depend on the system’s physical parameters in a nonlinear way.
Some experiments have shown that the sampling period (1 ms) could have
been decreased to 0.5 ms.

Torque Input

The major problem that prevents certain controllers from behaving correctly is
the input magnitude and shape. This has been noted above. The performance
of Controllers 2 and 3 may be less good than that of the Slotine and Li
algorithm, mainly because of the chattering in the input, inducing vibrations
in the mechanical structure. Chattering is particularly present during the
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regulation phases in I for trajectory 3 and Controllers 2 and 3; see Figures
9.11 and 9.13. On the contrary Figures 9.5 and 9.8 show smooth inputs. It
may be expected from Figures 9.18-9.21 that a less noisy velocity ¢; obtained
from a better position measurement would bring the shape of 1.2 close to the
input in figures 9.16 and 9.17. Indeed they differ only in terms of chatter. One
concludes that an optical encoder to measure ¢; would be a better solution.

Backstepping vs Passivity-based Controls

It is noteworthy that Controllers 2 and 3 possess quite similar closed-loop
behaviours; see Figures 9.31 and 9.32, 9.24 and 9.25, 9.27 and 9.28 for the
pulley-system, 9.9 and 9.33, 9.10 and 9.12, 9.11 and 9.13 for the Capri robot
(although I.o chatters slightly less for Controller 3, see Figures 9.9 and 9.33,
and 9.11 and 9.13). The advantage of passivity-based methods is that the
controllers are obtained in one shot, whereas the backstepping approach a
priori leads to various algorithms. This can be an advantage (more degrees
of freedom), but also a drawback as Controller 1 behaviour proves. Notice on
figures 9.29, 9.30, 9.31 and 9.32 that Controllers 2 and 3 allow one to damp
the oscillations much better than Controller 1 and the PD (it is possible that
the PD gains could have been tuned in a better way for these experiments;
see however the paragraph below on gain tuning for the pulley-system).

Transient Behaviour

The transient behaviour for the tracking error gi2 can be improved slightly
when the flexibilities are taken into account in the controller design. This can
be seen by comparing figures 9.6 and 9.7 with figures 9.9 and 9.10, 9.33 and
9.12. The tracking error tends to oscillate more for the Slotine and Li scheme
than for the others. Notice that these results have been obtained with initial
tracking errors close to zero. However the results in Figures 9.14-9.21 prove
that the controllers respond quite well to initial state deviation. The transient
duration is around 0.5 s for all the controllers. The tracking errors have a
similar shape once the transient has vanished. The only significant difference
is in the initial input I.5. The torque is initially much higher for nonzero initial
conditions.

Feedback Gains Tuning

The method described in remark 9.2 for tuning the gains in the case of the
pulley-system provides good preliminary results. The gains that have been
used in all the experiments for the pulley-system have not been modified
during the tests on the real device to tentatively improve the results. They
have been kept constant. This tends to prove that such a method is quite
promising since it relies on the choice of a single parameter (the closed loop
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bandwidth, chosen as w.(CL) = 11 rad/s in the experiments) and is therefore
quite attractive for potential users.

The actuators and current drivers neglected dynamics may have a signif-
icant influence on the closed-loop behaviour. A close look at Tables 9.3 and
9.4 shows the existence of a resonance phenomenon in the closed-loop. This
can be confirmed numerically by replacing v with u; = 1455 Which allows one
to suspect that this actuator neglected dynamics may play a crucial role in
the loop. It might be then argued that developing velocity observers for such
systems may not be so important, whereas some neglected dynamics, whose
influence has received less attention in the literature, have a significant effect.

Remark 9.3. The peaks in the input I.o for trajectory 1 are due to the satu-
ration of the DC tachometers when the trajectory is at its maximum speed.
When the saturation stops, the velocity signal delivered by the tachometers
has a short noisy transient that results in such peaks in the input. However
this has not had any significant influence on the performance, since such peaks
are naturally filtered by the actuators (let us recall that the calculated inputs
are depicted).

9.1.5 Conclusions

In this section we have presented experimental results that concern the ap-
plication of passivity-based (PD, Slotine and Li, the controller in Subsection
7.5.1) and backstepping controllers, to two quite different laboratory plants
which serve as flexible joint-rigid link manipulators. The major conclusion is
that passivity-based controllers provide generally very good results. In partic-
ular the PD and Slotine and Li algorithms show quite good robustness and
provide a high level of performance when the flexibility remains small enough.
Tracking with high flexibility implies the choice of controllers which are de-
signed from a model that incorporates the joint compliance. These experimen-
tal results illustrate nicely the developments of the foregoing chapter: one goes
from the PD scheme to the one in Subsection 7.5.1 by adding more complexity,
but always through the addition of new dissipative modules to the controller,
and consequently to the closed-loop system. These three schemes can really
be considered to belong to the same “family”, namely passivity-based con-
trollers. It is therefore not surprizing that their closed-loop behaviour when
applied to real plants reproduces this “dissipative modularity”: the PD works
well when nonlinearities and flexibilities remain small enough, the Slotine and
Li algorithm improves the robustness with respect to nonlinearities, and the
scheme in Subsection 7.5.1 provides a significant advantage over the other two
only if these two dynamical effects are large enough. Finally it is noteworthy
that all controllers present a good robustness with respect to the uncertainties
listed in Subsection 9.1.3.
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Table 9.1. Quadratic error sums e; and ez (Capri robot)

| Controller [le1 (traj. 1)[es (traj. 1)] es (traj. 2) [e2 (traj. 2)]

PD 0.346 84.5 1.4 (1.6) |360 (1000)

SLI 0.11 37.9 |0.02 (0.034)] 40 (51)
Controller 1 X X X X
Controller 2 0.34 12 0.3 75 (173)
Controller 3 0.64 9 0.224 (0.6) | 70 (150)

Table 9.2. Quadratic error sums e; and ez (Capri robot)

| Controller [[ ey (traj. 3) [e2 (traj. 3)]

PD 0.3 (0.3) 50 (50)

SLI 0.055 (0.055)| 30 (30)
Controller 1 X X
Controller 2{/0.135 (0.135)| 30 (30
Controller 3|| 0.19 (0.19) | 15 (15)

15
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Table 9.3. Quadratic error sum es (pulley system)
|w (rad/s)|| PD |Control. 1|Control. 2|Control. 3]

2.5 0.70 0.21 0.25 0.33
5 3.54 2.57 1.54 2.78
7.5 20.86| 8.53 4.17 7.92
10 X 20.60 13.00 19.03
12.5 X 48.07 35.15 36.05
15 X 63.44 53.33 31.03
20 X 37.70 2.97 8.58

Table 9.4. Maximum tracking error (pulley system)
|w (rad/s)]] PD [Controller 1]Controller 2|Controller 3]

2.5 0.0630| 0.0293 0.0374 0.0386
5 0.0943| 0.1138 0.0840 0.0983
7.5 0.1946| 0.1501 0.1040 0.1472
10 X 0.2428 0.1823 0.2150
12.5 X 0.4138 0.2965 0.2910
15 X 0.4494 0.3418 0.2581
20 X 0.2842 0.0842 0.1364

Table 9.5. Feedback gains (Capri robot)

|PD Controller”traj. 1|traj. 2|traj. 3|

A21 1500 | 650 | 1500
A22 250 10 250
A11 30 4 30
A12 5 3.5 5

9.2 Stabilization of the Inverted Pendulum

9.2.1 Introduction

The inverted pendulum is a very popular experiment used for educational
purposes in modern control theory. It is basically a pole which has a pivot
on a cart that can be moved horizontally. The pole moves freely around the
cart and the control objective is to bring the pole to the upper unstable
equilibrium position by moving the cart on the horizontal plane. Since the
angular acceleration of the pole cannot be controlled directly, the inverted
pendulum is an underactuated mechanical system. Therefore, the techniques
developed for fully-actuated mechanical robot manipulators cannot be used
to control the inverted pendulum.

The cart and pole system is also known because the standard nonlinear
control techniques are ineffective to control it. Indeed the relative degree of
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Fig. 9.34. The Capri robot of the Laboratoire d’Automatique de Grenoble

the system is not constant (when the output is chosen to be the swinging en-
ergy of the pendulum), the system is not input-output linearizable. Jakubczyk
and Respondek [231] have shown that the inverted pendulum is not feedback
linearizable. An additional difficulty comes from the fact that when the pen-
dulum swings past the horizontal the controllability distribution does not have
a constant rank.

9.2.2 System’s Dynamics

Consider the cart and pendulum system as shown in Figure 9.36. We will con-
sider the standard assumptions, i.e. massless rod, point masses, no flexibilities
and no friction. M is the mass of the cart, m the mass of the pendulum, con-
centrated in the bob, 6 the angle that the pendulum makes with the vertical
and ! the length of the rod. The equations of motion can be obtained either
by applying Newton’s second law or by the Fuler-Lagrange formulation.

The system can be written as

M (q(£))q(t) + Clq(t), 4(1))d(t) + g(q(t)) = 7(t) (9.5)

where:

RE: | M +m mlcosf
o= 5] M= | (9.6)
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Fig. 9.35. The pulley system of the Laboratoire d’Automatique de Grenoble

_»l sin

Fig. 9.36. The cart pendulum system
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~ |0 —mlsin 00
_ 0 _|f
9(9) = {—mglsin@] and 7= {O} (98)
Note that M(q) is symmetric and
det(M(q)) = (M + m)ml? — m?*cos?0
(9.9)

= Mm%+ m??sin®0 > 0
Therefore, M (q) is positive definite for all ¢. From (9.6) and (9.7) it follows
that

0 ml sin 99}

M(g,4) —2C(g,d) = {mlsin&é 0 (9.10)

which is a skew-symmetric matrix (see Lemma 6.16). The potential energy
of the pendulum can be defined as U(6) = mgl(cosf — 1). Note that U(0) is
related to g(q) as follows:

00 =50 = | _ateins] (0.11)

Passivity of the Inverted Pendulum
The total energy of the cart and pole system is given by

E(q,q) = K(q,4) +U(q)
(9.12)

= 14" M(q)¢ + mgl(cosf — 1)

Therefore from (9.5), (9.6), (9.7), (9.8), (9.10) and (9.11) we obtain:

Integrating both sides of the above equation we obtain
Jy &) f(t)dt = B(t) — B(0)

> —2mgl — E(0)



500 9 Experimental Results

Therefore, the system having f as input and & as output is passive. Note
that for f = 0 and 6 € [0,27[ the system (9.5) has a subset of two equi-
librium points. (x,a'c,&,é) = (%,0,0,0) is an unstable equilibrium point and
(z,%,0,0) = (x,0,7,0) is a stable equilibrium point. The total energy E(q,q)
is equal to O for the unstable equilibrium point and to —2mgl for the stable
equilibrium point. The control objective is to stabilize the system around its
unstable equilibrium point, i.e. to bring the pendulum to its upper position
and the cart displacement to zero simultaneously.

9.2.3 Stabilizing Control Law

Let us first note that in view of (9.12) and (9.6), if # = 0 and E(q, ¢) = 0 then

1 .
iml202 = mgl(1 — cos ) (9.15)

The above equation defines a very particular trajectory which corresponds
to a homoclinic orbit. Note that § = 0 only when # = 0. This means that
the pendulum angular position moves clockwise or counter-clockwise until
it reaches the equilibrium point (6,6) = (0,0). Thus our objective can be
reached if the system can be brought to the orbit (9.15) for £ =0, z = 0 and
E = 0. Bringing the system to this homoclinic orbit solves the problem of
“swinging up” the pendulum. In order to balance the pendulum at the upper
equilibrium position the control must eventually be switched to a controller
which guarantees (local) asymptotic stability of this equilibrium [474]. By
guaranteeing convergence to the above homoclinic orbit, we guarantee that the
trajectory will enter the basin of attraction of any (local) balancing controller.
We do not consider in this book the design of the balancing controller.

The passivity property of the system suggests us to use the total energy
E(q,q) in (9.12) in the controller design. Since we wish to bring to zero z, &
and E we propose the following Lyapunov function candidate:

N N A ke
Vie.d) = 5 EXg.4) + 5 4° + o’ (9.16)

where kg, k, and k, are strictly positive constants. Note that V' (g, q) is a
positive semi-definite function. Differentiating V(q,¢) and using (9.13) we
obtain

— kpEif + kyii + ki (9.17)

=a(kgEf + k& + kyx)

Let us now compute Z from (9.5). The inverse of M (q) can be obtained
from (9.6), (9.7) and (9.9) and is given by:
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1 2
1 [ ml mlcos@] (9.18)

- det(M) | —mlcos® M +m

with det(M) = ml?(M + msin? @). Therefore we have

5] =t ([ L0 sind IHE

0 —m2120sin 0 cos §

n —m?2l2gsinf cosd n mi?f
(M + m)mgl sin 6 —ml f cos6

Thus Z(-) can be written as

1

#(t) = M + msin6(t)

[m sin 0(£)(162(t) — g cosB(t)) + f(t)} (9.19)
Introducing the above in (9.17) one has

. A2
Vig.d) =% {f (kEE + +,’j;’sin29) + Bomeln 010 —gcosf) kmx} (9.20)

For simplicity and without loss of generality we will consider M = m =
[l =1, thus

sin (62 —g cos
V(g,d) = | (ke + ke ) + 205000 4k (9.21)

We propose a control law such that

. 2 .
k, ) ky blna(G gcos 9) + kpx = —kgo T (922)

kpE +
f ( b 1 + sin?0 1 + sin?0

which will lead to

V(q.4) = —kari? (9.23)

Note that other functions f(&) such that & f(&) > 0 are also possible. The
control law in (9.22) will have no singularities provided that

k,
kpFE + ——— 0 9.24
(E +1—|—sin20>7& ( )
The above condition will be satisfied if for some € > 0
Be _ ke
|B|<te__ ke (9.25)

2 (1 + sin20)
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Note that when using the control law (9.22), the pendulum can get stuck
at the (lower) stable equilibrium point, (z,,6,8) = (0,0,7,0). In order to
avoid this singular point, which occurs when E = —2mgl (see (9.12)), we
require |E| < 2mgl i.e. |E|] < 2¢g (for m = 1, [ = 1). Taking also (9.25) into
account, we require

ko
L — €
|E| < ¢ = min (29, ’“EQ ) (9.26)

Since V'(+) is a non-increasing function (see (9.23)), (9.26) will hold if the
initial conditions are such that

2

V(0) < % (9.27)

The above defines the region of attraction as will be shown in the next
section.

Domain of Attraction

The condition (9.27) imposes bounds on the initial energy of the system.
Note that the potential energy U = mgl(cos@ — 1) lies between —2¢ and 0,
for m = [ = 1. This means that the initial kinetic energy should belong to
[0,c+2g). Note also that the initial position of the cart 2(0) is arbitrary since
we can always choose an appropiate value for k; in V(-) in (9.16). If z(0)
is large we should choose k, small. The convergence rate of the algorithm
may however decrease when k, is small. Note that when the initial kinetic
energy K(q(0),¢(0)) is zero, the initial angular position #(0) should belong
to (—m, 7). This means that the only forbidden point is #(0) = «. When the
initial kinetic energy K(g(0),¢(0)) is different from zero, i.e. K(q(0),¢(0))
belongs to (0,c¢+ 2g) (see (9.26) and (9.27)), then there are less restrictions
on the initial angular position 6(0). In particular, #(0) can even be pointing
downwards, i.e. 8 = 7 provided that K(q(0),¢(0)) is not zero. Despite the
fact that our controller is local, its basin of attraction is far from being small.
The simulation example and the real-time experiments will show this feature.
For future use we will rewrite the control law f from (9.22) as

k, sin 6 (g cos — 92) - (1+ sin29) (kzx + kag)

/= ko + (1 + sin%0) kpE

(9.28)

The stability analysis can be obtained by using the Krasovskii-LaSalle’s
invariance Theorem. The stability properties are summarized in the following
lemma.

Lemma 9.4. Consider the inverted pendulum system (9.5) and the controller
in (9.28) with strictly positive constants kg, ky, kz and kq,. Provided that the
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state initial conditions satisfy the inequalities at Equations (9.26) and (9.27),
then the solution of the closed-loop system converges to the invariant set M
given by the homoclinic orbit (9.15) with (x, %) = (0,0). Note that f(-) does
not necessarily converge to zero. |

Proof: The proof can be found in [314]. [

9.2.4 Simulation Results

In order to observe the performance of the proposed control law based on an
energy approach of the system, we have performed simulations on MATLAB®
using Simulink®©.

We have considered the real system parameters M = M +m = 1.2, ml? =
0.0097 and ml = 0.04, and g = 9.804 ms~2 of the inverted pendulum at
the University of Illinois at Urbana-Champaign. Recall that the control law
requires initial conditions such that (9.27) is satisfied. We have chosen the
gains kg =1, ky, = 1, k, = 1072 and kg, = 1. These gains have been chosen
to increase the convergence rate in order to switch to a linear stabilizing
controller in a reasonable time. The algorithm brings the inverted pendulum
close to the homoclinic orbit but the inverted pendulum will remain swinging
while getting closer and closer to the origin. Once the system is close enough
to the origin, i.e. (|z| < 0.1,|¢] < 0.2,]0] < 0.3,]8] < 0.3), we switch to the
linear LQR controller f = —K[z & 6 6] where K = [44 23 74 11].
Figure 9.37 shows the results for an initial position:

z=01,2=0
. (9.29)
=2 =0

Simulations showed that the nonlinear control law brings the system to
the homoclinic orbit (see the phase plot in figure 9.37). Switching to the
linear controller occurs at time ¢ = 120 s. Note that before the switching the
energy F goes to zero and that the Lyapunov function V(-) is decreasing and
converges to zero.

9.2.5 Experimental Results

We have performed experiments on the inverted pendulum setting at the
University of Illinois at Urbana-Champaign. The parameters of the model
used for the controller design and the linear controller gains K are the same as
in the previous section. For this experiment we have chosen the gains kg = 1,
k, = 1.15, k, = 20 and kg4, = 0.001. Figure 9.38 shows the results for an
initial position:
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Fig. 9.37. Simulation results for the inverted pendulum

z =0, =0
. (9.30)
0=n+01,60=0.1

Real-time experiments showed that the nonlinear control law brings the
system to the homoclinic orbit (see the phase plot in Figure 9.38). Switching
to the linear controller occurs at time t = 27 s. Note that the control input
lies in an acceptable range. Note that in both simulation and experimental
results, the initial conditions lie slightly outside the domain of attraction. This
proves that the domain of attraction in (9.26) and (9.27) is conservative.

9.3 Conclusions

In the first part of this chapter dedicated to experimental validations of
passivity-based control schemes, we have presented a set of experiments on
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Fig. 9.38. Experimental results for the inverted pendulum

two types of manipulators with flexible joints and rigid links: the first setup is
nonlinear, with low flexibility. The second setup is linear but with high flexibil-
ity. Various passivity-based controllers, with increasing complexity, have been
tested on the two devices. The results are quite encouraging and show that
this design concept yields very nice results for robust tracking control. Then
we have presented a control strategy for the inverted pendulum that brings
the pendulum to a homoclinic orbit, while the cart displacement converges
to zero. Therefore the state will enter the basin of attraction of any locally
convergent controller. The control strategy is based on the total energy of the
system, using its passivity properties. A Lyapunov function is obtained using
the total energy of the system. The convergence analysis is carried out using
the Krasovskii-LaSalle’s invariance principle. The system nonlinearities have
not been compensated which has enabled us to exploit the physical proper-
ties of the system in the stability analysis. The proposed control strategy is
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proved to be applicable to a wider class of underactuated mechanical systems
(see [138,139)).

As recalled in the introduction of Chapter 4, there are many other fields of
applications to which the passivity-based approach applies and provides good
results. Experimental results with passivity-based controllers have been pre-
sented in many other papers which are impossible to describe comprehensively
in this chapter.
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Background Material

In this Appendix we present the background for the main tools used through-
out the book; namely, Lyapunov stability, differential geometry for nonlinear
systems, Riccati equations, viscosity solutions of PDEs, some useful matrix al-
gebra results, and some results that are used in the proof of the KYP Lemma.

A.1 Lyapunov Stability

Let us consider a nonlinear system represented as

#(t) = f(x(t), 1), =(0)=xo (A1)

where f(-) is a nonlinear vector function, and x(¢t) € IR" is the state vec-
tor. We suppose that the system is well-posed, i.e. a unique solution exists
globally (see Section 3.9.2 for details on existence, uniqueness and continuous
dependence on parameters). We may for instance assume that the conditions
of Theorem 3.55 are satisfied. We refer the reader to Theorems 3.83 and 3.84
for extensions of Lyapunov stability to more general systems like evolution
variational inequalities. In this Appendix we focus on ODEs.

A.1.1 Autonomous systems

The nonlinear system (A.1) is said to be autonomous (or time-invariant) if
f () does not depend explicitly on time, i.e.,

@(t) = f(x(t)) (A.2)

Otherwise the system is called non-autonomous (or time-varying). In this
section, we briefly review the Lyapunov theory results for autonomous systems
while non-autonomous systems will be reviewed in the next section. Lyapunov
theory is the fundamental tool for stability analysis of dynamic systems. The
basic stability concepts are summarized in the following definitions.
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Definition A.1 (Equilibrium). A state «* is an equilibrium point of (A.2)
if f(z*) = 0.

Definition A.2 (Stability). The equilibrium point © = 0 is said to be stable
if, for any p > 0, there exists r > 0 such that if ||x(0)]| < r, then ||z(t)|| < p
Vt > 0. Otherwise the equilibrium point is unstable.

Definition A.3 (Asymptotic stability). An equilibrium point x = 0 is
asymptotically stable if it is stable, and if in addition there exists some r > 0
such that ||z(0)|| < r implies that x(t) — 0 as t — oo.

Definition A.4 (Marginal stability). An equilibrium point that is Lya-
punov stable but not asymptotically stable is called marginally stable.

Definition A.5 (Exponential stability). An equilibrium point is exponen-
tially stable if there exist two strictly positive numbers o and A independent
of time and initial conditions such that

[z(t)]| < aflz(0)lexp(=At),  Vt>0 (A.3)
in some ball around the origin. [ ]

The above definitions correspond to local properties of the system around
the equilibrium point. The above stability concepts become global when their
corresponding conditions are satisfied for any initial state.

Lyapunov Linearization Method

Assume that f(z) in (A.2) is continuously differentiable and that x = 0 is an
equilibrium point. Then, using Taylor expansion, the system dynamics can be
written as

_of

(t) = t) + A4
B(t) = 5. » (t) + o(x) (A.4)
where o stands for higher-order terms in z. Linearization of the original non-

linear system at the equilibrium point is given by
z(t) = Ax(t) (A.5)
where A denotes the Jacobian matrix of f with respect to x at x =0, i.e.,

_of

or|,_,

A

A linear time-invariant system of the form (A.5) is (asymptotically) stable
if Ais a (strictly) stable matrix, i.e., if all the eigenvalues of A have (negative)
nonpositive real parts. The stability of linear time-invariant systems can be
determined according to the following theorem.
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Theorem A.6. The equilibrium state x = 0 of the the system (A.5) is asymp-
totically stable if and only if, given any matriz Q@ > 0, the solution P to the
Lyapunov equation

ATP+ PA=-Q (A.6)

is positive definite. If Q) is only positive semi-definite (QQ > 0), then only
stability is concluded. |

The following theorem somewhat clarifies some points:

Theorem A.7. [500] Given a matriz A € IR"*", the following statements
are equivalent:

o A is a Hurwitz matriz.
There exists some positive definite matris Q € IR"™™ such that ATP +

PA = —Q has a corresponding unique solution for P, and this P is positive
definite.

e For every positive definite matriz Q € IR™*", ATP + PA = —Q has a
unique solution for P, and this solution is positive definite. |

The term “corresponding unique solution” means the matrix

P = /OO exp(ATt)Q exp(At)dt
0

Local stability of the original nonlinear system can be inferred from sta-
bility of the linearized system as stated in the following theorem.

Theorem A.8. If the linearized system is strictly stable (unstable), then the
equilibrium point of the nonlinear system is locally asymptotically stable (un-
stable). [ |

The above theorem does not allow us to conclude anything when the lin-
earized system is marginally stable. Then one has to rely on more sophisticated
tools like the invariant manifold theory [256].

Lyapunov’s Direct Method
Let us consider the following definitions.

Definition A.9 ((Semi-)definiteness). A scalar continuous function V :
IRT — IR" is said to be locally positive (semi-)definite if V(0) = 0 and V (z) >
0 (V(x) >0) for x # 0. Similarly, V(-) is said to be negative (semi-)definite
if =V (+) is positive (semi-)definite. [ |

Another definition of positive definiteness can be given:
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Definition A.10. A function V : Rt — IR™ is said to be locally positive
definite if it is continuous, V(0) = 0, and there exists a constant r > 0 and a
function a(-) of class K such that

a|lz|]) < V(x) (A7

for all ||z|| <. [ |

It happens that both characterizations are equivalent [500, Lemma 5.2.6].
In fact if V(0) = 0 and V(z) > 0 when x # 0, one can always find a class-K
function which locally lowerbounds V'(-) in a neighborhood of z = 0.

Definition A.11 (Lyapunov function). V(z) s called a Lyapunov func-
tion for the system (A.2) if, in a ball B containing the origin, V (x) is positive
definite and has continuous partial derivatives, and if its time derivative along
the solutions of (A.2) is negative semi-definite, i.e., V(z) = (0V/dz)f(z) < 0.
|

The following Theorems can be used for local and global analysis of sta-
bility, respectively. Assume that f(0) = 0 and that * = 0 is an isolated fixed
point of (A.2).

Theorem A.12. [Local stability] The equilibrium point x* = 0 of the sys-
tem (A.2) is (asymptotically) stable in a ball B if there exists a scalar function
V() with continuous derivatives such that V(x) is positive definite and V (z)
is megative semi-definite (negative definite) in the ball B. [ |

Theorem A.13. [Global stability] The equilibrium point of system (A.2) is
globally asymptotically stable if there exists a scalar function V(x) with con-
tinuous first order derivatives such that V (x) is positive definite, V (x) is neg-
ative definite and V (x) is radially unbounded, i.e., V(x) — oo as ||z| — oo.
|

Clearly the global asymptotic stability implies that 0 is the unique fixed
point of (A.2) in the whole state space IR™.

Krasovskii-LaSalle’s Invariant Set Theorem

Krasovskii-LaSalle’s results extend the stability analysis of the previous The-
orems when V(-) is only negative semi-definite. They are stated as follows.

Definition A.14 (Invariant set). A set S is an invariant set for a dynamic
system if every trajectory starting in S remains in S. ]

Invariant sets include equilibrium points, limit cycles, as well as any tra-
jectory of an autonomous system.
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Theorem A.15. [Krasovskii-LaSalle] Consider the system (A.2) with f(-)
continuous, and let V(z) be a scalar function with continuous first partial
derivatives. Consider a region I' defined by V(z) < v for some v > 0. As-
sume that the region I' is bounded and V(z) < 0 V& € I'. Let £ be the set
of all points in I where V() = 0, and M be the largest invariant set in 2.
Then, every solution x(t) originating in I" tends to M as t — oo. On the
other hand, if V(z) < 0 Vz and V(z) — oo as ||z| — oo, then all solutions
globally asymptotically converge to M ast — oo. |

Some crucial properties for the invariance principle to hold, are that state
trajectories are continuous with respect to initial data, and that the w—limit
sets are compact invariant sets. Not all the systems examined in this book
possess those properties (for instance the nonsmooth Lagrangian systems of
Section 6.8.2 do not necessarily enjoy the continuity-in-the-initial-data prop-
erty). Another formulation of this result is as follows [351].

Theorem A.16. Under the same assumptions of Theorem A.15, let K be the
set of points not containing whole trajectories of the system for <t < co. Then
if V(z) <0 outside of K and V (z) = 0 inside K, the system is asymptotically
stable. ]

Notice in particular that {x = 0} ¢ K. K can be a surface, a line, etc. In
Theorem A.6, notice that if Q = CTC with (A, C) being an observable pair,
then asymptotic stability is obtained again. More formally:

Corollary A.17. If C € R™*" and the pair (A, C) is observable, then the
matriz A is asymptotically stable if and only if there exists a matrix P =
PT > 0 that is the unique solution of ATP 4+ PA+ CTC = 0. ]

The proof of this corollary is based on the quadratic function V(z) =
2T Pz, whose derivative is computed along the solutions of #(t) = Ax(t). Then
use the Krasovskii-LaSalle Theorem to conclude on the asymptotic stability,
using that the Kalman observability matrix is full-rank.

A.1.2 Non-autonomous Systems

In this section we consider non-autonomous nonlinear systems represented
by (A.1). The stability concepts are characterized by the following definitions.

Definition A.18 (Equilibrium). A state x* is an equilibrium point of (A.1)
if f(z*,t) =0Vt > to. n

Definition A.19 (Stability). The equilibrium point x = 0 is stable at t =t
if for any p > 0 there exists an r(p,to) > 0 such that ||z(to)|| < r = ||z(t)] <
p, YVt > tg. Otherwise the equilibrium point x = 0 is unstable. |
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Definition A.20 (Asymptotic stability). The equilibrium point x = 0 is
asymptotically stable at t = to if it is stable and if it exists r(top) > 0 such
that ||z(to)|| < r(to) = z(t) — 0 as t — oo. [ |

Definition A.21 (Exponential stability). The equilibrium point x = 0 is
exponentially stable if there exist two positive numbers o and A such that
[z < allz(to)]] exp(=A(t — to)) Vt > to, for z(ty) sufficiently small. [

Definition A.22 (Global asymptotic stability). The equilibrium point
x = 0 is globally asymptotically stable if it is stable and x(t) — 0 as t — oo
YV x(ty) € R". [

The stability properties are called uniform when they hold independently
of the initial time ¢y as in the following definitions.

Definition A.23 (Uniform stability). The equilibrium point x = 0 is uni-
formly stable if it is stable with r = r(p) that can be chosen independently of
to- |

Definition A.24 (Uniform asymptotic stability). The equilibrium point
x = 0 is uniformly asymptotically stable if it is uniformly stable and there
exists a ball of attraction B, independent of to, such that x(tg) € B = z(t) — 0
ast — oo. |

Lyapunov’s Linearization Method

Using Taylor expansion, the system (A.1) can be rewritten as
z(t) = A(t)x(t) + o(z, t) (A.8)

where
_9f

A(t) = D
=0

(t)
A linear approximation of (A.1) is given by
z(t) = A(t)x(t) (A.9)

The result of Theorem A.6 can be extended to linear time-varying systems
of the form (A.9) as follows.

Theorem A.25. A necessary and sufficient condition for the uniform asymp-
totic stability of the origin of the system (A.9) is that a matriz P(t) exists such
that

V(t,z) =2 P(t)z >0

and
V(t,z(t) = 2T () (AT P(t) + P(t) A+ P(t))z(t) < k@)V (¢, z(t))

where limy_, o, f; k(T)dT = —o0 uniformly with respect to tg. ]
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We can now state the following result.

Theorem A.26. If the linearized system (A.9) is uniformly asymptotically
stable, then the equilibrium point ©* = 0 of the original system (A.1) is also
uniformly asymptotically stable. |

Lyapunov’s Direct Method

We present now the Lyapunov stability theorems for non-autonomous systems.
The following Definitions are required.

Definition A.27. [Function of class K] A continuous function « : [0,k) —
IR is said to be of class K if

(1) #(0) =0
(iW)k(x) >0 Vx>0
(iii)k(-) is nondecreasing

Statements (ii) and (i) can also be replaced with
(ii’)k is strictly increasing

so0 that the inverse function k~1(-) is defined. The function is said to be of
class Ko if k = 00 and k(x) — 00 as x — 00. ]

Definition A.28. A class KCL—function is a function x : RY x RT — IR"
such that k(-,t) is of class Ko for each t and lims_, 4 o0 t>0 k(r, 1) = 0. [ |

Based on the definition of function of class K, a modified definition of
exponential stability can be given.

Definition A.29 (K-exponential stability). The equilibrium point x = 0 is
K-exponentially stable if there exist a function k(-) of class K and a positive
number A such that ||z(t)]| < k(||z(to)|]) exp(=A(t — to)) Yt > to, for z(to)
sufficiently small. [ ]

Definition A.30 (Positive definite function). A function V(z,t) is said
to be locally (globally) positive definite if and only if there exists a function
a(-) of class KK such that V(0,t) =0 and V(z,t) > a(||z||) Yt > 0 and Vx in
a ball B. |

Definition A.31 (Decrescent function). A function V (z,t) is locally (glob-
ally) decrescent if and only if there exists a function ((-) of class K such that
V(0,t) =0 and V(z,t) < B(||z||]), Yt > 0 and Vz in a ball B. [ |

The main Lyapunov stability theorem can now be stated as follows.
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Theorem A.32. Assume that V(x,t) has continuous first derivatives around
the equilibrium point * = 0. Consider the following conditions on V() and
V() where a(-), B(:) and y(-) denote functions of class K,and let B, be the
closed ball with radius v > 0 and center x* = 0:

(1) V(z,t) > a(llz||) >0, Vo € By, YVt >t

(i) V(z,t) < 0

(iii) V(x,t) < B(||lz), Vo € Br, VE > 1o (A.10)

(10) V(z,t) < —v(||lz]|) <0, Vo € By, Vt >t
(v) lim af|z]]) = oo

Then the equilibrium point x* = 0 is:

Stable if conditions (i) and (i) hold

Uniformly stable if conditions (i)-(iii) hold

Uniformly asymptotically stable if conditions (i)—(iv) hold

Globally uniformly asymptotically stable if conditions (i)—(iv) hold globally,
i.e. B, = IR" and (v) holds [

Barbalat’s Lemma

Krasovskii-LaSalle’s results are only applicable to autonomous systems. On
the other hand, Barbalat’s Lemma can be used to obtain stability results when
the Lyapunov function derivative is negative semi-definite.

Lemma A.33. [Barbalat] If the differentiable function f(-) has a finite limit
as t — oo, and if f(-) is uniformly continuous, then f(t) -0 ast —oco. N

This lemma can be applied for studying stability of non-autonomous sys-
tems with Lyapunov Theorem, as stated by the following result.

Lemma A.34. If a scalar function V(z,t) is lower bounded and V(x,t) is
negative semi-definite, then V(x,t) — 0 as t — oo if V(z,t) is uniformly
continuous in time. |

Matrosov’s Theorem

Theorem A.35 (Matrosov’s Theorem). Let {2 C IR" be an open con-
nected domain containing the origin x = 0. If there exists two continuously
differentiable functions V : [tg, +00) x 2 — IR and W : [tg,+00) x 2 — IR, a
continuous function V* : 2 — IR, three functions o(-), B(+), v(-) of class K,
such that for every (x,t) € [to, +00) X £2 one has
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a(|lzll) < V(=) < B(][[])

V(t,x) <V*(z) <0

|W (¢, )| is bounded

max(d(z, E)), [W(t, 2)]) 2 v(||a]]), where E = {x € 2| V*(x) = 0}
[|f(t,2)|| is bounded

Choosing a > 0 such that the closed ball B, C 2, define for all t €
[to, +00): V' ={z € 2| V(t,x) < a(a)}. Then

o Forall xg € V;O ws T(t) tends to zero asymptotically uniformly in to, o
e The origin is uniformly asymptotically stable in the sense of Lyapunov

The following may help in checking the Theorem’s conditions.

Lemma A.36. [389] The fourth condition in Matrosov’s Theorem is satisfied
if:

° W(x, t) is continuous in both arguments and depends on time in the follow-
ing way: W(z,t) = g(x, B(t)) where g(-) is continuous in both arguments,
B(+) is continuous and its image lies in a bounded set K.

o There exists a class K function k(-) such that |W(z,t)| > «(||z||) for all
z € FE and alllt > tg. [ |

A.2 Differential Geometry Theory

Consider a nonlinear affine single-input/single-output system of the form
o(t) = f(x(t) + g(@(t))u(t)
y(t) = h(xz(t))

where I : IR"™ — IR and f,g : IR" — IR" are smooth functions. For ease of
presentation we assume that the system (A.11) has an equilibrium at z* = 0.

(A.11)

Definition A.37 (Lie derivative). The Lie derivative of h with respect to
f is the scalar

oh
Lih=—
th=o"f
and the higher derivatives satisfy the recursion
Lih = Ly(L"'h)

with LSh = h. m
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Definition A.38 (Lie bracket). The Lie bracket of f and g is the vector

@ _9f

and the recursive operation is established by

fg - [fa d;_lg]

[f7 ]_

Some properties of Lie brackets are:
[ f1 + aafa, g = i [f1, 9] + aalfa, g]

[.f:g] = _[gvf]
and the Jacobi identity

Ladgh = Lf(Lgh) — Lg(th)
To define nonlinear changes of coordinates we need the following concept.

Definition A.39 (Diffeomorphism). A function ¢(x) : R" — IR" is said
to be a diffeomorphism in a region 2 € IR" if it is smooth, and ¢~ (z) ewists
and is also smooth. ]

A sufficient condition for a smooth function ¢(z) to be a diffeomorphism
in a neighbourhood of the origin is that the Jacobian d¢/0z be nonsingular
at zero. The conditions for feedback linearizability of a nonlinear system are
strongly related with the following theorem.

Theorem A.40. [Frobenius] Consider a set of linearly independent vectors
{fi(@),..., fm(x)} with fi(x) : R" — IR". Then, the following statements
are equivalent:

(i) (Complete integrability) there exist n—m scalar functions h;(z) : R" — IR
such that
Lf7h120 IS’L ]Sn—m

where Oh;/0x are linearly independent
(i) (Involutivity) there exist scalar functions oy, (x) : R™ — IR such that

fuf] Zamk
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A.2.1 Normal Form

In this section we present the normal form of a nonlinear system which has
been instrumental for the development of the feedback linearizing technique.
For this, it is convenient to define the notion of relative degree of a nonlinear
system.

Definition A.41 (Relative degree). The single input-single output sys-
tem (A.11) has relative degree r at x =0 if

(i) LgL’}h(x) =0, for all x in a neighbourhood of the origin and for all k <
r—1
(ii) Lg Ly h(z) # 0 [ |

It is worth noticing that in the case of linear systems, e.g., f(z) = Az,
g(x) = Bz, h(x) = Cuz, the integer r is characterized by the conditions
CA*B = 0Vk <r—1and CA""'B # 0. It is well known that these are
exactly the conditions that define the relative degree of a linear system. An-
other interesting interpretation of the relative degree is that r is exactly the
number of times we have to differentiate the output to obtain the input ex-
plicitly appearing. Let us now asumme that v and y both have dimension m
in (A.11).

Definition A.42 (Vector relative degree). The multi input-multi output
system (A.11) has vector relative degree [r1,79,...,7]T € R™ at z =0 if

(i) ngL’Jih(x) =0, Yz in a neighborhood of the origin and Yk < r; —1
Lg, L7 'hy .. Ly, L 'hy

(i) The matriz ' o ' is nonsingular in a neigh-

L L Yy -« Lg, L™ hy
borhood of the origin ]

Definition A.43 (Uniform vector relative degree). Let u(t) € IR™ and
y(t) € R™ in (A.11). The system is said to have a uniform relative degree r
if ri =71 for all 1 < i < m in the previous definition. ]

We note that this definition is different from the definition of the uniform
relative degree in [227, p.427] where uniformity refers to the fact that the
system (single input-single output) has a (scalar) relative degree r at each
z(t) € IR". Here we rather employ uniformity in the sense that the vector
relative degree has equal elements. In the linear invariant multivariable case,
such a property has favourable consequences as recalled a few lines below.

The functions chh for i = 0,1,...,7 — 1 have a special significance as
demonstrated in the following theorem.
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Theorem A.44. [Normal form] If the single input-single output system (A.11)
has relative degree v < n, then it is possible to find n—r functions ¢,41(x), ..., dn(x)
so that

h(x)
th(x)

= . A2
¢($) Lf 1h(x) ( )
¢T+1(x)
is a diffeomorphism z = ¢(x) that transforms the system into the following
normal form

21 = Z9
22 = Z3
Zr_1=2r
Zr = b(2) + a(2)u (A-13)
Zr1 = gr41(2)
Zn = Qn(z)
Moreover, a(z) # 0 in a neighborhood of zg = ¢(0). [ |

A similar canonical form can be derived for the multivariable case, however
more it is more involved [227]. In the case of a linear time invariant system
(A, B,C), a similar canonical state space realization has been shown to exist
in [432], provided CA*B = 0 for all i = 0,1, ..., — 2, and the matrix CA" "B
is nonsingular. This Sannuti’s canonical form is quite interesting as the zero
dynamics taks the form £(t) = Ap&(t) + Boz1(t): it involves only the output
z1 of the system. The conditions on the Markov parameters are sufficient
conditions for the invertibility of the system [429]. Other such canonical state
space representations have been derived by Sannuti and co-workers [424,433,
434], which are usually not mentioned in textbooks.

A.2.2 Feedback Linearization
From the above theorem we see that the state feedback control law

1
u= @(—b(z) +v) (A.14)
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yields a closed-loop system consisting of a chain of r integrators and an (n—r)-
dimensional autonomous system. In the particular case of r = n we fully
linearize the system. The first set of conditions for the triple { f(x), g(x), h(z)}
to have relative degree n is given by the partial differential equation

% (g(x)aadfg(x), . .,ad;}—Qg(x)) —0

The Frobenius Theorem shows that the existence of solutions to this equation
is equivalent to the involutivity of {g(x),adrg(z), ..., ad?_Qg(x)}. It can be
shown that the second condition, i.e. LgL?_lh(a:) # 0 is ensured by the linear
independence of {g(z),adsg(z), ... ,ad?‘lg(x)}.

The preceding discussion is summarized by the following key Theorem.

Theorem A.45. For the system (A.11) there exists an output function h(x)
such that the triple {f(z),g(x), h(x)} has relative degree n at © = 0 if and
only if:

(1) The matriz {g(0),adsg(0), ... ,ad}’flg(O)} is full rank
(i1) The set {g(z),adsg(x),. .., ad}“Qg(x)} is involutive around the origin

The importance of the preceding theorem can hardly be overestimated.
It gives (a priori verifiable) necessary and sufficient conditions for full lin-
earization of a nonlinear affine system. However, it should be pointed out
that this control design approach requires on one hand the solution of a set of
partial differential equations. On the other hand, it is intrinsically nonrobust
since it relies on exact cancellation of nonlinearities. In the linear case this is
tantamount to pole-zero cancellation.

A.2.3 Stabilization of Feedback Linearizable Systems

If the relative degree of the system r < n then, under the action of the feedback
linearizing controller (A.14), there remains an (n — r)-dimensional subsystem.
The importance of this subsystem is underscored in the proposition below.

Theorem A.46. Consider the system (A.11) assumed to have relative de-
gree r. Further, assume that the trivial equilibrium of the following (n — r)-
dimensional dynamical system is locally asymptotically stable:

ZZ’T_H = qr+1(0, . ,0, Rp4lye--s Zn)
Zn = QR(Ov"'aOaZT+17"'aZn)
where qri1, ..., qn are given by the normal form. Under these conditions, the

control law (A.14) yields a locally asymptotically stable closed-loop system. R
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The (n — r)-dimensional system (A.15) is known as the zero dynamics. It
represents the dynamics of the unobservable part of the system when the input
is set equal to zero and the output is constrained to be identically zero. It is
worth highlighting the qualifier local in the above theorem; in other words,
it can be shown that the conditions above are not enough to ensure global
asymptotic stability.

A.2.4 Further Reading

The original Lyapunov Theorem is contained in [322], while stability of nonlin-
ear dynamic systems is widely covered in [282,292]. The proofs of the theorems
concerning Lyapunov stability theorem can be found in [199,256,500]. An ex-
tensive presentation of differential geometry methods can be found in [227]
and the references therein. For the extension to the multivariable case and
further details we refer the reader again to [227,381].

A.3 Viscosity Solutions

This section intends to briefly describe what viscosity solutions of first order
nonlinear partial differential equations of the form

F(z,V(z),VV(z)) =0 (A.15)

are, where z € IR", V : IR" — IR, V is the differential operator (the Euclidean
gradient), and F : IR" x IR x IR" — IR is continuous. A function V(-) is
differentiable at z and with derivative C if

i VE) = V@) = Tz = )

z—x |z — x|

=0 (A.16)

and this equality can equivalently be stated with the two inequalities supposed
to hold simulatenaously

s V(&) = V@) =Tz~ )

z—x |Z—$|

<0 (A.17)

(in other words ( satisfies (A.17) if and only if the plane z — V() +¢T (2 —z)
is tangent from above to the graph of V(-) at x), and

b g V) = V@) = - )

z—x |z —Jj|

>0, (A.18)

(in other words ( satisfies (A.18) if and only if the plane z — V(2) + (7 (z —z)
is tangent from below to the graph of V'(-) at x). The superdifferential of V (-)
at  is then defined as the set
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DtV(z) ={¢ € R" | (A.17)holds}
and the subdifferential of V(-) at x is then defined as the set

D~ V(z) = {¢ € R" | (A.18)holds}

It is noteworthy that such sets may be empty, see the examples below.
Sometimes these sets are named one-sided differentials. The function V(-) is
said to be a viscosity subsolution of the partial differential equation (A.15) if
for each z € IR™ one has

F(z,V(x),() <0

for all ¢ € DTV (z). The function V(-) is said to be a wviscosity supersolution
of the partial differential equation (A.15) if for aecach z € IR" one has

F(z,V(x),() 20

for all ( € D™V(x). The function V() is said to be a wviscosity solution of
the partial differential equation (A.15) if it is both a viscosity subsolution and
a viscosity supersolution of this partial differential equation. As we already
pointed out in section 4.4.5, in case of proper ! convex functions the viscosity
subdifferential (or subgradient) and the convex analysis subgradient, are the
same [415, Proposition 8.12]. We now consider two illustrating examples taken
from [64].

Example A.47. Consider the function

0 ifz<0
V(z) =< xifz €[0,]1] (A.19)
1 ifx>1

Then DV (0) = 0, D~V(0) = [0, +00), DYV (z) = D~V (z) = {3/z} if
z€(0,1), DYV(1)=[0,4], D~V(1) = 0.

Ezample A.48. Counsider F(z,V(z),VV(z)) =1 — |%—Z|. Then V : R — R
x +— |x| is a viscosity solution of 1 — |%—Z| = 0. Indeed V(+) is differentiable at
all z # 0 and one has DYV(0) = 0, and D~V(0) = [-1,1]. V() is indeed a
supersolution since 1 — || > 0 for all ¢ € D~ u(0) = [-1,1].

Ezample A.49. The same function V(z) = |z| is not a viscosity solution of
-1+ |%| = 0. At 2 = 0 and choosing ¢ = 0 one obtains —1+ 0] = -1 < 0
so the function is not a supersolution, though it is a viscosity subsolution.

! Proper in this context means that V(z) < +oco for at least one z € IR™, and
V(z) > —oo for all z € IR".
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It is a fact that if V() is convex and not differentiable at x then DTV (z) =
(). The following Lemma says a bit more.

Lemma A.50. Let V() be continuous on some interval I > x. Then:

If V() is differentiable at x: DTV (z) = D™V (z) = {VV(x)}
If the sets DTV (z) and D~V (z) are both nonempty, then V(-) is differ-
entiable at x and the first item holds

o The sets of points where a one-sided differential exists:

I"={zel | DTV(z) £ 0}

and
I"={zel | DV(z)#0}

are both nonempty. Both It and I~ are dense in I. |

The second item says that if a function is not differentiable at x then
necessarily one of the two sets must be empty. This confirms the above ex-
amples. The third item says that the points z where the continuous function
V(-) admits a superdifferential and a subdifferential, exist in I and even are
numerous in I: they form dense subsets of I (take any point y € I and any
neighborhood of y: there is an « in such a neighborhood at which V(-) has a
one-sided differential). There is another way to define a viscosity solution.

Lemma A.51. Let V(-) be continuous on some interval I. Then

e ( € D*V(x) if and only if there exists a function o € CY(I) such that
Vo(z) =C¢ and V — ¢ has a local mazimum at x.

e ( € D™V(x) if and only if there exists a function ¢ € C1(I) such that
Vo(x) =C¢ and V — ¢ has a local minimum at x. [ |

From the first item it becomes clear why a convex function that is not
differentiable at & has D*V(z) = 0. Then a continuous function V(-) is a
viscosity subsolution of F(z,V(x),VV(z)) = 0 if for every C* function ()
such that V' — ¢ has a local maximum at x one has F(x,V(x), Vp(z)) <0. It
is a viscosity supersolution of F(z,V (x), VV (z)) = 0 if for every C* function
©(+) such that V — ¢ has a local minimum at x one has F(z,V(x), Vo(x)) > 0.

The following result is interesting:
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Proposition A.52. [418] Given a system ©(t) = f(x(t),u(t)) whose
solution on [to,t1] is an absolutely continuous function such that
z(t) = f(z(t),u(t)) for almost all t € [to,t1], a supply rate w(x,u)
such that w(0,u) > 0, and a continuous function V : IR™ — IR such
that V(0) = 0, then:

V(z(th)) = V(z(to) < :Ol w(z(t), u(t))dt
holds for every solution [tg,t1] — IR™

)

(T f(z,u) <w(x,u) for everyx € R", ue U, and ( € D~V (z)
(A.20)

In other words one may write the infinitesimal version of the dissipation
inequality when the storage function is not differentiable, by replacing its
gradient by a viscosity subgradient.

A.4 Algebraic Riccati Equations

The topic of studying and solving Riccati equations is a wide topic and we
do not pretend to cover it in this small appendix. The results we present
only aim at showing that under some conditions which are different from the
conditions stated in the foregoing chapters, existence of solutions to algebraic
Riccati equations can be guaranteed. Let us consider the following algebraic
Riccati equation:

PDP +PA+ATP - C =0, (A.21)

where A € R"", C € R"™™ and D € IR™™". P is the unknown ma-
trix. Before going on we need a number of definitions. A subspace 2 C IR*"
is called N—neutral if 27 Ny = 0 for all 2,y € £ (2 may be Ker(N),
or Ker(NT)). The neutrality index (M, N) of a pair of matrices (M, N)
is the maximal dimension of a real M —invariant N —neutral subspace in
IR*". A pair of matrices (A, D) is sign controllable if every Ao € IR at least
one of the subspaces Ker(A\gI, — A)" and Ker(—Aol,, — A)™ is contained in
Range[D, AD, ..., A" 1D], and for every A + ju € C, A € R and u € IR,
u # 0, at least one of the two subspaces Ker[(A? + u?)I, + 2)\A + A%]" is
contained in Range[D, AD, ..., A"~1D]. Another way to characterize the sign-
controllability of the pair (A, D) is: for any A € C, at least one of the two
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matrices (A, —A D) and (—AI,,—A D) is full-rank [273]. Sign-controllability
of (A, D) implies that there exists a matrix K such that FF = A+ DK is un-
mized,i.e. o(F)No(—FT) = (.

We now define the two matrices in IR>"*2"
(A D
M =
C —AT
0 I,
H =
|1, 0

Theorem A.53. [{/16] Let D > 0 and (A, D) be sign controllable. Suppose
that the matrix M is invertible. Then the following statements are equivalent:

The ARE (A.21) has a real solution.

The ARE (A.21) has a real solution P for which rank(P — PT) < 2(n —
+(M, H)).

The matriz M has a real n—dimensional invariant subspace.

FEither n is even, or n is odd and M has a real eigenvalue.

If y(M,N) = n there exists a real symmeltric solution. ]

We recall that an M —invariant subspace (2 is a subspace such that for all
v € 2, Mv € {2. Comparing (A.21) to (3.140) one sees that A in (A.21) is
replaced by A+ BR™'C in (3.140), whereas BR~'BT in (3.140) plays the role
of D in (A.21), and CTR~1C + Q in (3.140) plays the role of —C' in (A.21).
Theorems 3.42, 3.43 and 3.44 state stronger results than Theorem A.53 since
the negative definiteness (resp. positivite definiteness) of the solution is crucial
in the framework of optimal control (resp. dissipative systems). On the other
hand the conditions of Theorems 3.42, 3.43 and 3.44 look much simpler than
those of Theorem A.53.

Let us now consider the following Riccati inequality:

PA+ATP-PBBTP+Q >0 (A.22)
Lemma A.54. [259] Suppose that the pair (A, B) is stabilizable. The follow-

ing three statements are equivalent:

o There exists a symmetric matriz P solving (A.22).
o There exists a symmetric matrix P~ such that

P A+ ATP~ — P BBTP~+Q =0, ¢(A-—BBTP)C C".

A —BBT
e The Hamiltonian matric H = has no eigenvalues on the
—-Q —AT

1Maginary aris.
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Suppose that one of these conditions hold. Then any solution P of (A.22)
satisfies P < P~. [ ]

The notation o(A) € €~ means that all the eigenvalues of A have negative
real parts. In case the pair (A, B) is not stabilizable, things are more complex
and one has first to perform a decomposition of A and B before proposing a
test; see [443].

Further study on Riccati equations, their solvability and their link with
the KYP Lemma set of equations solvability, may be found in [37,38]. A
special type of Riccati equations that correspond to the KYP Lemma set of
equations for descriptor systems may be found in [501]. See also [290] for upper
bounds estimation of solutions to AREs. The problem of the existence of a real
symmetric negative semi-definite solution to AREs is a tricky problem [490].

A.4.1 Reduced Riccati Equation for WSPR Systems

The following is taken from Hodaka et al. [213]. As we have explained the
KYP Lemma set of equations form a LMI which is in turn equivalent to a
Riccati equation. When the transfer function H(s) € €™*™ is SSPR, then
D + DT > 0 and this Riccati equation has a positive definite symmetric
solution P. The point now is: what happens when H(s) is not SSPR and
when D # 07 The algorithm that is proposed next, allows one to character-
ize WSPRness, SPRness and PRness in terms of Riccati equations and the
inherent integration of the system. The developments are rather lengthy and
need some preliminary results.

Definition A.55. [{29] The transfer function H(s) = C(sl, — A)"'B +
D e €™ is invertible if there exists a proper transfer function H(s) and a
nonnegative integer | such that

H(s)H(s) = 5L (A.23)

The least integer 1 satisfying (A.23) is called the inherent integration of H(s).
|

A m x m transfer function is invertible if and only if it has rank m over
the field of proper transfer functions.

Lemma A.56. [/29] The inherent integration of H(s) is k if and only if for
1=0,1,2,... k-1,
rank(Qi[A, B, L, W) — rank(Q;—1[A, B, L,W]) < m (A.24)

and rank(Qr[A, B, L, W1])—rank(Qr_1[A, B, L, W]) = m, where Qo(A, B, L, W)
A
=W, forl=1,2,..
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W 0 0 0
LB 1% 0 .. 0
QUA,B,LW)2 | LAB LB W .. 0
LA-'B LA-2B LA3B .. W
and rank(Q_1[A, B, L, W]) e 0. n

We now proceed with the main developments. Let us assume that H(s)

is PR and that rank(H(s) + HZ(—s)) = m. Let Ho(s) = H(s), and Xy =

(Ao, Bo, Co, Dyg) is a minimal realization of Hy with Ay € IR"™*™ By €
R™*™ Cy € R™ ™ Doy € R™* ™, ng > 1. The rest of the sequence {X;};>0
is constructed as follows: X; = (4;, B;, Ci, D;), A; € R™*™ B; € R™™*™,
C; € R™*™, D; € R™™, Hi(s) = Ci(sl,, — A;)"'B; + D;, and we define
®,(s) = H;(s) + HI' (—s). Let us suppose that H;(s) is PR. The next three
conditions are denoted as II;:

(a) (4;, Bi, Ci, D;) is minimal.
(b) The KYP Lemma set of equations in (3.2) is satisfied with (4, B;, C;,D;),
P, = PiT > 0 and L;, W;, and we denote R; = WiTWi =D;+ DlT.

e (c) rank(®;(s)) =m.

Taking G;(s) = W; + LT (sI,, — A;) 1B, gives ®;(s) = GT(—s)G(s), so
that (c) can be replaced by rank(G;(s)) = m or

Ai — SIm Bi
det Z0 (A.25)
irw
Let r; =rank(R;). If r; = m then R; > 0 and the algorithm is terminated.
In such a case the transfer function H(s) is SSPR. If r; < m, the algorithm

proceeds as follows. Since R; = RZT > 0, there exists an orthogonal matrix
S; € R™*™ such that

R 0
STR;S; = (A.26)
00

where R; € IR™*" is positive definite. Partition S; such that S; = [S;1 Siz]
with S;1 € R™ ", S;5 € R™* (=74, Using the nonsingular matrix S;, let us
introduce the matrices

[Bii Biz] = [BiSi1  BiSi2] (A.27)
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(Wi Wia] = [WiSi1  WiSi2] (A.28)
C; Sgci
= (A.29)
c, STe,
Di1 Djo SID;Si1 SED;Sio
_ (A.30)
Dis Dj4 SLD;Si1 SLD;Sio

Lemma A.57. [213] If the property II; is satisfied, then:

L] W12 =0 and PiBig = Cg
e By has full column rank, Ci2 has full row rank and n; > m — r;. [ |

Proof: Let us pre and post-multiply the KYP Lemma set of equations of prop-
erty II; (b) above, by diag(I,,,S?) and diag(I,,, S;), respectively. The first
condition follows. Now postmultiplying the matrix in (A.25) by diag(Z,,,S;)
gives

A; — sy, By By
det Z0 (A.31)

LT W; 0
This secures that B;s has full column rank and consequently n; > m — r;.
Finally it follows from P;B;3 = Cg and Pi > 0 that C;o has full row rank. B
Let E; = CioB;s = BiTQPiBig = EZT > 0 by Lemma A.57. A square root

1 . .
A; = E? = AT > 0 exists. Moreover there exist matrices N; € IR™*+*™ and
M,; € IR™* ™+ such that

NiBijy =0, CpM;=0, N;M;=I,,,, (A.32)
where n; 1 2 n; —m+7i. Let us define a nonsingular matrix T; € IR™*™ as

N;
T, = , T, = [M; BinA;' (A.33)
A;lcig
Using the full-rank matrices T; and S; we can consider transformations of
input, output and state variables as u; = S;u;, y¥:5:9;, T; = T;x;, where

Sleul Uil
i = (A.34)
Shu; Us2
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Shyi L
Y = = (A.35)
Siszi Yi2
Nix; Tit1
T = = (A.36)
A;lcigxi T;
Let us now introduce matrices with subscripts (i + 1) defined by
A1 = N;AiM;, Bip1 = [N;A;Bin A7 N;Bj|
—A; Cin AiM;
Cit1 =
Ci1 M;
~ A7 CipAiBin AT — AT Cia By (A.37)
Diq1 =
Ci Bin A7 Dy

Piy1 = MPPM;, Ly =ML

Wis1 = [LTBp A" Wal, Rip1 = Diy1 + DL,

and the 7 4+ 1-th system is defined as X; 11 = (Ai+1, Bit1, Cit1, Dit1) with
o _ (7T ,T

Uiy = (T ug).

Lemma A.58. [215] If the property II; holds for the system X;, then IT;1q

holds for the system X; 1. ]

Proof: Define the matrices A; = TiAiTi_l, B, = T;B;S;, C; = SiTCQTiT,
D; = SI'D;S;, Ry = STRiS;, P, = T, "1 ', LT = LTT', W; = W;S,.
(a): the controllability of (A;, B;) is equivalent to that of (A;, B;). Since A;
is full-rank it follows that (A;y1, B;y1) is controllable. In a similar way one
can show that (A4;11,Ci+1) is observable. (b): since M; has full column rank
and P, = P > 0, it follows that P;y; = PL, > 0. Pre and postmultiplying
the KYP Lemma set of equations for X; by diag(T; * S¥) and diag(T;* S;)
respectively, we obtain the KYP Lemma set of equations for X;11. (c): pre
and postmultiplying the matrix in (A.25) by diag(7; I,,) and diag(T;* S;)
respectively, and since ¢; is full-rank, it follows that rank(®;41(s)) =m. =

One sees that the algorithm preserves the PRness, in the sense that if X;
is PR then Y;; is PR. However there is no guarantee yet that the algorithm
terminates.

Lemma A.59. [215] Assume that the property II; holds for the transfer func-
tion H,(s). Consider the transfer functions G;(s) = W; + LT (sI,,, — A;) 1B,
and Gi11(8) as defined in the algorithm. Let k; and k;11 be the inherent inte-
grations of G;(s) and G;11(s) respectively. Then k;11 = k; — 1. [ |
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Proof: the equations

rank(Qq[A;, B;, Li, W;]) = r; + rank(Q—1[Ait+1, Bit1, Lit1, Wit1])  (A.38)

for 1 =0,1,2,... secure that

rank(Qi—1[Ait1, Bit1, Liy1, Wiy1]) — rank(Qi—2[Aiv1, Bit1, Liv1, Wiy1])
= rank(Q[A;, B;, Li, W;]) — rank(Qi—1[A;, By, Li, W;])

for I = 0,1,2,.... Then it follows from Lemma A.56 that k;41 = k; — 1.
Therefore it is sufficient to prove (A.38). From the definitions one has

Wit = [LiBi A7t Wi

and
LT AL Bigy = LT M;(N; A M;)' Ny [A;i Bin A7Y Bi)

for I =0,1,2,.... By noting these identities and M;N; = I,,, — BigEi_lCig, we
can verify the equation

rank(Qi—1[Ait1, Bit1, Liv1, Wiy1]) =
L;Bio Wi 0 0 .. 0 0
L;A;Bjs L;Bj1 L;Bjs W; .. 0 0

= rank

LiA™ By LiAY2Byy LAY 2By LAY 3By ... LiBin Wiy

We may also obtain

rank(Q;[4;, Bi, L;, W;]) =

Wi 0 0 0 ... 00
L;Bj; L;B;s W; 0 ... 00
= rank
LA By LA By LiAT2By LiA2Bis ... Wiy 0
Therefore we obtain (A.38). [ |

The main result is coming now.
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Theorem A.60. [213] Suppose that the realization (A, B,C,D) is mini-
mal and that H(s) = C(sl, — A)"'B + D € €™ ™. If H(s) is PR and
rank(H (s) + HT (—s)) = m, then there exists an integer k > 0 such that the
inherent integration of ®(s) = H(s)+ H™ (—s) is 2k and the transfer function
Hy(s), which is constructed from the algorithm applied to Hy(s) = H(s) and
(Ao, By, Co, Do) = (A, B,C, D), satisfies R, = Hy(c0) + H{ (00) > 0, and
any solution P of the KYP Lemma set of equations for H(s) is given by

P = ./\/}?Pk./\/k € IR"™o*"o (A.39)

(notice that ng =n), where
Py = diag(Py, E;*y, . By By
with Py a (ng + km + Zf;ol r;) X (ng + km + ngol r;) matriz, and

Ni_1Ng_o...N1 Ny
Cr—1,2Nk—2...N1 Ny
Ni =
C12Ng
Coz
isa (nk—l—km—i—Zf:_Ol ;) X ng matriz. The matriz Py is any symmetric positive
definite solution of the Riccati equation:

PoAp + AL + (CF — P AR)R, Y (Cy — BEP,) =0 (A.40)
If H(s) = C(sI, — A)"*B+ D is WSPR then (A.40) has a unique positive
definite symmetric stabilizing solution Pj. |

For the ease of reading let us recall that Ny € R™ > Cyo €
R Xk p e RIMTTEIX (M=) Proof: From the KYP Lemma it follows
that &(s) = G(s)GT (—s) holds, where G(s) = W+LT (sI,—A)~1 B. Also since
G(s) is invertible there exists a nonnegative integer k such that the inherent
integration of G(s) is k. Then it is easy to see that the inherent integration
of &(s) is 2k. Now since (Ag, Bo, Co, Dp) has the property Iy and since the
inherent integration of G(s) is k, Lemmas A.58 and A.59 show that we can
apply the algorithm to the system Y. Then the system Xy = (A, By, Ck, D)
has the property IT; and the inherent integration of Gi(s) is zero. The last
condition is equivalent to det(Wy) # 0, or Ry, = Gj.(00) + GZ(00) > 0. From
the property ITj, (b) we have L} = W, T (C}, — BF P;) and (A.40) in the case

Py 0 ) and B = T, TPT 1,

when ng > 0. By examination of ﬁz =
0 Ini*nwrl

we get
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P, =TT (Pi“ 0 )Ti

! 0 Im—m+1

P; 0 N;
_ T T i+1 4
w7 en(" ) (es)

Repeating the equation above, one can obtain (A.39). When ng = 0 it
follows from ny = ng_1 — m + rp—1 that ny_1 = m — r_1. This means that
Bj—1,2 is square and from Lemma A.57 it is nonsingular. This yields

(A.41)

Py = 01?71}231;11}2 =Cy-12E, 1 Cr—12
Combining this and (A.41) gives (A.39) with ny = 0. Furthermore if H(s)
Ak — ]wInk Bk
is WSPR then det # 0, for all w € R, and (Ag, LY) is
LT Wi
observable. This means that Hy(s) is SSPR and that the Riccati equation
(A.40) has a unique stabilizing solution (see for instance Theorem 3.44). ®W

A.5 Some Useful Matrix Algebra

In this section some matrix algebra results are provided, some of which are
instrumental in the PR and dissipative systems characterization.

A.5.1 Results Useful for the KYP Lemma LMI

Theorem A.61. Let G € R"*", g€ IR™™™, ' € IR™™ be arbitrary
matrices and vector, respectively. Then

{ST%] >0 G>0andl —¢g"G g >0

= TI'>0andG—gl'¢g" >0 (A42)

— p(gTG g 1) <1

. . . . . r g7
Since proving that ] > 0 is equivalent to proving that { g ] > 0,

G g

gt' I g G

the equivalence between (3.3) and (3.17) follows from Theorem A.61, identi-
fying I’ with —PA — AT P and G with D + D?. The matrix I' — ¢g?’G g is
the so-called Schur complement of G in [ST %} . Another useful result is the

following;:
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Lemma A.62. [272] Let G € R™™™ be an invertible matriz and I" be square.

Then mnk[?T %] =m if and only if I = gTG1g. [ ]
Still, another result related to the above is the following:
My Mo
Proposition A.63. [157, 260] Let M = be a real symmetric
Mlig Moo

matriz. Then M > 0 if and only if there exists real matrices L and W such
that My1 = LLT, Mo = LW, Moy > WTW. Moreover M > 0 if and only if
L is full rank and Moy > WTW. [ ]

Proof: Let us prove the first part with > 0. The “if” sense is easy to prove.

The “only if” is as follows: Assume M > 0. Let S be any real square matrix

such that M = STS, i.e. S is a square root of M. Let S = QR be the QR

factorization of S with an orthonormal matrix () and an upper triangular

matrix R. Then M = RT R is a Cholesky factorization of M. Let us partition
Ri1 Ris A LT w

the matrix R as R = = . From M = RTR it follows
0 Roo 0 Roo

that My = LLY, Myy = LW, Moy = WTW + R, Ry > WTW. Therefore L

and W satisfy the conditions of the proposition. [ |

This proposition allows us to rewrite (3.2) as an inequality. Another result
that may be useful for the degenerate case of systems where D > 0 is the
following one.

Ry 0
Lemma A.64. Let Q, S, R be real matrices with R = , Ri > 0.
00
Then
Q 5152
QS
=|STR 0|>0 (A.43)
ST R
ST o 0
if and only if
Q S
>0 (A.44)
ST R,
and
Q>0
, (A.45)
Se =0

where S1 and Se are of appropriate dimensions. ]
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One sees that applying Theorem A.61 the reduced order LMI can be rewrit-
ten as the Riccati inequality Q—S7 R1S; > 0. This is the reduced order Riccati
inequality satisfied by a PR system with a feedthrough term D > 0.

The following is taken from [61] and also concerns the degenerate case
when D > 0, where At is the Moore-Penrose pseudo inverse of the matrix A.

QS
Lemma A.65. Suppose that @ and R are symmetric. Then >0if
ST R
and only if R >0, Q — SRTST >0, S(I - RR") =0. m

A.5.2 Inverse of Matrices

The following can be found in classical books on matrix algebra or linear sys-
tems [214,246,272]. Let A € R™*™ and C € IR™" be nonsingular matrices.
Then

(A+ BCD) ' =A' - A'B(DA"'B+C~1)"'DA™! (A.46)

so that

(I+C(sI—A)'B)y'=1-C(sI - A+ BC)™'B, (A.47)

where I has the appropriate dimension. Let now A and B be square nonsin-
gular matrices. Then

Ao\ ! A1 0

(c B) = (-B—ch—l B—l) (A-48)
and

AD\ " [A' —AlDpB?

<0 B) :< 0 B! ) (A-49)
Let A be square nonsingular. Then
A D\ ' [(A'+EG'F —EG!

(c B) = ( _G-F a1 ) (A-50)

where G = B— CA™'D, E=A"'D, F = CA~'. The matrix G is the Schur
complement of A.
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A.5.3 Jordan Chain

Let T denote a linear transformation acting on an n—dimensional linear space
S. A sequence {vg, vy, ..., vr—1} is called a Jordan chain of length r associated
with the eigenvalue A, if

T(’UQ) = )\UO

T(Ul) = Avy + vg
(A51)

T(Ur—l) = AUp_1 + Vr_2

The vector v,_; is a generalized eigenvector of T of order r. Equiva-
lently, the vector (T — A)"~!(v,_1) is an eigenvector of T. Equivalently,
(T — M)*(v,_1) = 0 for k > r. The length of any Jordan chain of T is finite,
and the members of a Jordan chain are linearly independent [272, §6.3].

A.5.4 Auxiliary Lemmas for the KYP Lemma Proof
The following results are used in Anderson’s proof of the KYP Lemma 3.1.

Lemma A.66. [11] Let (A, B,C) be a minimal realization for H(s). Suppose
that all the poles of H(s) lie in Re[s] < 0. With H(s) and Wy(s) related as
in (3.12). Suppose that Wy(s) has a minimal realization (F,G,L). Then the
matrices A and F are similar. [ |

Proof: Since (A4, B,C) is a realization for H(s), a direct calculation shows
that

A 0 B cT
(A1,B1,Ch) = ) ;
0 —AT cT -B

is a realization of H(s) + HT(—s). Since H(s) and H”(s) cannot have a pole
in common (the poles of H(s) are in Re[s] < 0 and those of H”(—s) are in
Rel[s] > 0) then the degree of H(s) + HT (—s) is equal to twice the degree of
H(s). Thus the triple (A, By, C1) is minimal. By direct calculation one finds
that

WE(—s)Wo(s) = GT(—sI,, — AT)'LLY (sI,, — A)~'G
(A.52)
= CQ(SIn — AQ)_lBQ

with
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F 0 G 0
(A2, B2,C2) = ; )
LLT —FT 0 -G
Using items (i) and (ii) below (3.12), it can then be shown that the de-
gree of W' (—s)Wy(s) is twice the degree of Wy(s) and therefore the triple
(Ag, By, Cy) is minimal. Let P = PT > 0 be the unique positive definite so-
lution of FTP + PF = —LL". The existence of such a P follows from item
(i) below (3.12) and the minimality of (F, G, L). Then one may apply Lemma

A.69 below, choosing % IO to obtain the following alternative realization
of Wi'(—s)Wy(s)

F 0 G PG
(A3, B3, C3) = ; )
0 —FT PG -G
Since (A1, B1,C1) and (As, B3, Cs) are minimal realizations of the same
transfer matrix, and since A has eigenvalues with strictly negative real part,
so has F' from item (i) below (3.12). The result follows from Lemma A.69.
|

Corollary A.67. Let H(s) have a minimal realization (A, B,C) and let H(s)
and Wy(s) be related as in (3.12). Then there exists matrices K, L such
that Wo(s) has a minimal realization (A, K,L). Furthermore, two minimal
realizations of H(s) + HT (—s) = WT (—s)Wy(s) are given by

A 0 Bl [COT
(A17 Blv Cl) = ) )
0-A"| |cT] |-B
and
A 0 K| [PK
(A37 B37 03) = ’ )
0 —AT PK| |-K
where P is uniquely defined by PA+ ATP = —LLT. ]

Lemma A.68. [11] Let H(s) have a minimal realization (A, B,C) and let
H(s) and Wo(s) be related as in (3.12). Then there exists a matriz L such
that (A, B, L) is a minimal realization for Woy(s). [ |

Lemma A.69. Let (A1, B1,C1) and (Aa, Ba, Ca) be two minimal realizations
of the rational matriz H(s). Then there exists a nonsingular matriz T such
that Ay = TAT™Y, By = TBy, Coy = (TT)71Cy. Conversely if (A1, By, C1)
is minimal and T is nonsingular, then this triple (As, By, Ca) is minimal. W
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Corollary A.70. The only matrices which commute with {jg —BLT] are of

the form [7(;1 19 ], where T1 and TQT commute with A. [ |
1
The next lemma is a specific version of the KYP Lemma that is needed in
its proof.

Lemma A.71. Let H(s) be PR and have only purely imaginary poles, with
H(c0) = 0. Let (A, B,C) be a minimal realization of H(s). Then there exists
P = PT >0 such that

PA+ATP =0
(A.53)
PB=CT

Proof: The procedure consists in finding a minimal realization (4, B, C) for
which the matrix P has an obvious form. Then use the fact that if P satisfies
the set of equations (A.53) then P* = (T'T)~'PT~! satisfies the correspond-
ing set of equations for the minimal realization (TAT !, TB, (T~1)TC). Thus
if one exhibits a symmetric positive definite P for a particular minimal real-
ization, a symmetric positive definite P will exist for all minimal realizations.

It is possible to write H(s) as H(s) = >, ﬁgfw? where the w; are all
different and the matrices A; and B; satisfy certain requirements [376]. Let
us realize each term (A;s + B;)(s? + w?)~! separately with a minimal real-
ization (F;, Gy, H;). Select a P; such that (A.53) is satisfied, so as to obtain
a minimal reaization (F, G,H) and a P satisfying (A.53) with F' = -+, F;,
GT = [GT G¥...], HT = [HT HY...] and P = +,;P;, where + is the direct
sum of the matrices [272, p.145-146]. As a consequence we can consider the
realization of the simpler transfer function

As+ B

- A54
s2 4+ wd (A-54)

H(s) =
If the degree of H(s) in (A.54) is equal to 2k, then there exists k com-
plex vectors v; such that vfv; = 1, vlv; = mu;, 0 < p; < 1, p; € R,

and H(s) = Ele Vvl Bivg } [376]. Direct sum techniques allow one to

s—jwo s+jwo
restrict considerations to obtaining a minimal realization for the degree 2, i.e.

=T =0T
H(s)= ———+ 2 (A.55)
S — Jwo S+ Jwo

Now define y; = % and yo = f , and check that

) =l | 50 0] ]

s24wi |—wo s | |Ys
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and then

0 wo Y1 Yi
( s My ) ) { |: 0 0 :| ) |: y2l ) yQZ )

defines a minimal realization of (A.55) with the set of equations (A.53) satis-
fied. [ |

A.6 Well-posedness Results for State Delay Systems

In this appendix we provide an existence and uniqueness of solutions for sys-
tems as in (5.82) or (5.84). Let us consider the state delay control equation

&(t) = Ax(t) + Lzy + Bu(t), t >0
2(0) = 29
(A.56)
zo(+) = o(:)
y(t) = Cx(t)
where A € R"™", L : C([-7,0], R") — IR" and B : R™ — IR" are bounded
linear operators. Here for a function z : [-7,00) — IR", the history of the

function z(-) is the function z; : [—7,0] — IR"™ defined by z:(0) = z(t + 0) for
t>0and 6 € [—7,0]. It is assumed further that u € £, ..

Definition A.72 (Mild solution). For the initial condition z° € IR" and
¢ € C([-7,0], IR™), a mild solution of the system (A.56) is the function defined
by

z(t) = et420 + fg et=94 Las + Bu(s)]ds, t>0
(A.57)
z(t+0) =¢0), —1<0<0

By using a straightforward argument from fixed point theory, one can see
that the system (A.56) possesses a unique mild solution given as in Definition
A.72. An example of delay operator is given by

0
Lf=Aif(-m)+ [ Ax(0)f(0)do (A.58)
where A1 € R™", Ay(0) € C([-7,0], R"™"), 1 > 0. More generally, let
p o [-7,0] = LR™*™) be a function of bounded variation. We define the
delay operator by
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0
Lf = [ du(0)f(0) (A.59)
Now if we set u = Ay1[_; )(-) + A2(-) then we obtain the delay operator
defined by (A.58). Here 1_; ¢)(-) is the indicator function of the interval [—, 0]
(not the same indicator as the one of convex analysis used elsewhere in this
book), i.e. the function that takes values 1 in [—7,0] and 0 outside.
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Hamilton-Jacobi-Bellman equation,
243, 246

Hamiltonian

Index 571

function, 231, 235, 246, 309
matrix, 78
systems, 351, 355
haptic interface, 177
heat equation, 255
hermitian form, 243
Hill D.J., 211
Hill D.J. and Moylan P., 195, 196
HJB equation, 243
holonomic constraints, 358
homoclinic orbit, 500
hyperstability, 310
hysteresis (Preisach), 152

iISS system, 284
iISS-Lyapunov function, 285
impedance matching, 31
impulse-free system, 92
inclusion (differential), 148
indicator function, 142, 156
induced norms, 188
induction motors, 357
inequality (frequency domain), 120
infinite-dimensional systems, 252
inherent integration, 525
input-to-state ultimately bounded
(ISUB), 286
integrability (complete), 516
interconnection
feedback, 388, 402, 406, 421, 424
of positive real systems, 57
terms, 430
invariant set, 510
inverse optimal control, 243
inverse transfer function, 58
inverted pendulum, 496
invertible system, 280, 525
involutivity, 516
irreversible system, 202
ISP (Input Strictly Passive), 12, 13, 21,
28, 30, 59, 209, 213, 229, 258, 259,
290
ISS (input-to-state stability), 282
ISS-Lyapunov function, 283
ISUB (input-to-state ultimately
bounded), 286

Johansson’s scheme, 405
Jordan chain, 103, 534



572 Index

Kalman’s conjecture, 141, 142
Kalman-Bucy filter, 131
Kalman-Yakubovich-Popov lemma, 69,
346, 347, 393, 394
nonlinear systems, 222, 223
PR systems, 70
SPR systems, 81
Kalman-Yakubovich-Popov lemma
positive systems, 256
non-minimal systems, 100
time-varying systems, 116
unobservable systems, 104
Kato’s Theorem, 153
kinetic energy loss, 366
kinetic metric, 365
Krasovskii-LaSalle’s invariant set
theorem, 160, 510
KYP Lemma (discrete-time), 171
KYP Lemma (finite frequency range),
134
KYP Lemma (infinite dimension), 252
KYP Lemma (nonnegative systems),
256
KYP Lemma (proof), 74
KYP Lemma (stabilizable systems), 107
KYP Lemma (time-varying systems),
116

Lagrange-Dirichlet theorem, 375, 378

Lagrangian (hyperregular), 322

Lagrangian control systems, 318

Lagrangian systems, 315, 316

Landau’s scheme, 172

large-scale systems, 264

LaSalle’s invariance principle, 384

LaSalle’s theorem, 160, 510

LBV (local bounded variation), 367

LCS (linear complementarity system),
149, 159

least-squares update law, 440

Lefschetz-Kalman-Yakubovich lemma,
79

Legendre transformation, 317, 328

Lie bracket, 516

Lie derivative, 515

linear complementarity systems (LCS),
149

linear matrix inequality (LMI), 120

Lipschitz continuity, 183

Lipschitz continuity (local), 182
Lipschitz continuous, 146
LMI, 92, 120
local w- reachability, 204
local boundedness, 195
local dissipativity, 197
local stability, 510
locally reachable, 269
loop transformations, 162
lossless system, 208, 263, 376
lossless system (discrete-time), 247
lower semi-continuity, 146
lower semi-continuous, 235
Lozano-Brogliato scheme, 414
Lozano-Brogliato scheme (adaptive),
442
LQ control, 76, 244, 475, 503
LQG controllers (passive), 131
Lur’e equations, 81
Lur’e problem, 135
Lyapunov
direct method, 509, 513
equation, 509
function, 391, 393, 403, 510
linearization method, 512
stability, 375, 507, 514
linearization method, 508

magnetic energy, 354

marginal stability, 508

Markov parameter, 71

Markus-Yamabe’s conjecture, 141

mass-spring system, 2

Matrosov’s theorem, 399, 514

maximal monotone mappings, 144, 254

McClamroch-Wang’s coordinates, 359

Measure Differential Equations (MDE),
383

measure differential inclusion, 367

mechanical analogs for PD controllers,
25

mechanical resonances, 47

Meyer-Kalman-Yakubovich Lemma,
102, 460

mild solution, 537

MIMO systems, 27, 37, 40, 43, 47

minimal stability, 311

minimum phase systems, 277

missile guidance, 177



mixed+observable subsystem, 105

monotone (strongly), 139

monotone mapping, 139, 144, 254, 370,
385

Moore-Penrose pseudo-inverse, 233

Moreau’s inclusion, 367

Moreau’s Lemma, 368

Moreau’s sweeping process, 149, 367

Morse’s high order tuners, 463

MSPR functions, 62

multivalued functions, 142

multivalued mapping, 144, 220, 370

multivariable systems, 27, 37, 40, 43, 47

natural outputs, 328, 337

negative cone, 144

negative definite, 509

negative semi-definite, 509

neural networks, 177

neutral subspace, 523

non-affine in the input systems, 230

non-autonomous system, 511

non-minimal systems (KYP Lemma),
100

nonlinear discrete-time systems, 247

nonlinear-in-the-input systems, 230

nonnegative matrix, 255

nonnegative systems, 255

nonsmooth bouncing system, 347, 378

nonsmooth Lagrangian system, 365, 432

nonsmooth mechanical systems, 432

nonsmooth systems, 142, 152, 274, 309,
363

normal cone, 139, 144, 368

normal form, 276, 517

normal rank (polynomial matrix), 102

Normed spaces, 178

Nyquist criterion, 166

observer design, 113

one-sided differentials, 521

operator (input-output), 116

optimal control, 76, 119, 244

optimal control (inverse), 243

optimal control (singular), 234

OSP (Output Strictly Passive), 12, 13,
19, 209, 213, 216, 258, 259, 356,
460

OSP and SPR, 213

Index 573

output feedback to obtain SPR systems,
65

P + observer control, 408
Paden-Panja scheme, 398, 410
parallel interconnection, 14
parameter adaptation law, 443
parameter projection (differentiable),
443
Parseval’s theorem, 15, 42
partial differential inequalities, 219, 231
partial differential inequality, 206, 235,
309, 402
particulate process, 177
passification, 65, 276
passification by pole shifting, 276
passive (exponential), 298
passive output, 345
passive PID-regulator, 24
passive systems, 207
passive systems
feedback equivalence to , 276
passive systems (discrete-time), 247
passivity, 207
passivity
definition, 11
input strict, 12, 389, 390
linear multivariable systems, 27
linear systems, 16, 37
linear systems with delay, 288
linear systems with distributed delay,
291
of PID controllers, 24
of the inverted pendulum, 499
output strict, 12, 391, 410
very strict, 12, 402
passivity theorem, 393, 421
passivity theorem
one channel, 257
two channels, 259
passivity-based control, 386, 398, 404,
414, 442, 468, 501
PD + gravity compensation, 436
PD control, 25, 386, 398, 422, 428, 476
pedantic language, 146
persistent excitation, 274
phase lag, 212
physiological systems, 177
PID control, 24, 391
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piecewise continuous functions, 366

piecewise continuous systems, 349

polar cone, 144

Popov function, 41, 100, 121, 126, 134

Popov triple, 121

Popov V.M., 121, 167, 178, 310

Popov’s criterion, 166, 173

Popov’s hyperstability, 310

Popov’s line, 170

Port controlled Hamiltonian systems,
359

port controlled Hamiltonian systems,
332

position feedback, 408

positive definite, 509

positive definite function, 513

positive matrix, 255

positive real (discrete-time), 171

positive real and bounded real, 36

positive real lemma, 70

positive real transfer function, 40, 44,
45

positive semi-definite, 509

positive systems, 255

potential energy, 375

potential energy shaping, 388

power converters, 177

power gain, 262

PR functions (discretization of), 175

PR tangent linearization, 249

PR transfer function, 40, 45, 389, 392

principle of optimality, 119

prismatic joints, 345

process systems, 177

proper convex function, 521

proper function, 270

proper system, 185

pseudo inverse (Moore-Penrose), 233

pulley system, 470

quadratic matrix inequality (QMI), 120
quadratic storage functions, 71, 194
quasi-dissipative, 197, 262, 286
quasi-dissipativity, 197

rational transfer function, 19
Rayleigh dissipation, 341
reachability, 201

reachability (local w—), 204

reachability (local w—uniform), 219

reachability (uniform), 198

reachable (locally), 269

reduced order dynamics, 359

regular point, 277

regular subgradient, 220

regularity of storage functions, 217, 382

regularization (storage functions), 221

relative degree, 276, 460, 517

relative degree (uniform), 517

relay characteristic, 143

required supply, 201, 240, 342, 346, 353,
402

resonances, 47

reversible system, 202

Riccati equality, 77, 207

Riccati equation, 120, 125, 131, 203,
240, 243, 295, 523

Riccati inequality, 76, 120, 215, 232,
266, 289

Riccati inequality (degenerate), 233

Riccati inequality (reduced order), 533

robot manipulators

flexible joint, 343, 414, 452, 467
rigid, 340, 386, 408, 436

RORE (Reduced Order Riccati

Equation), 234, 525

Sadegh and Horowitz controller, 399
sampled systems, 175

Sannuti’s canonical form, 518
satellites, 177

scattering formulation, 28, 34, 37
Schur complement, 297, 531

SDP and KYP Lemma, 134

secant condition, 263

second order sweeping process, 367
sector condition, 294
semi-continuous, 146

semi-global stability, 410
semidefinite programming (SDP), 134
Sen (De La) M., 175

separation principle, 410

sign controllable, 104, 524

singular optimal control, 234
singular system, 91, 213

Slotine and Li (switching), 432
Slotine-Li scheme, 399, 412, 438
small gain theorem, 29, 191, 310



smart actuators, 177

spectral factorization, 109

spectral function, 41, 100, 311

SPR (extended), 62, 134

SPR (test for), 57

SPR and OSP, 213

SPR dynamic feedback, 113

SPR system, 79

SPR transfer function, 54, 298, 457, 458

stability, 508, 511

stability (minimal), 311

stability on K, 154

stabilization by output feedback, 272

stabilization of feedback linearizable
systems, 519

stabilizing solution (ARE), 124, 125,
211, 530

stabilizing solutions (ARE), 243

storage function, 119, 152, 382, 389, 438

storage function

definition, 194

storage function (virtual), 217

strict passivity (weak), 208

strictly passive (discrete-time), 247

strictly passive systems, 208

strictly positive real systems, 53

strong controllability, 218

strong SPR transfer function, 59, 78,
213

strongly finite time detectable, 286

subdifferential, 143

subgradient, 143, 220

supply rate, 13, 353

supply rate (Hoo), 210

supply rate (general), 209

sweeping process (second order), 367

switching control, 503

switching Slotine and Li scheme, 432

switching systems, 293, 349

systems (large-scale), 264

tangent cone, 144

tangent linearization, 249
Thomson-Tait’s formula, 382
time-invariant system, 507
time-varying system, 507
time-varying systems, 115, 229, 273
total variation, 366

tracking control, 398

Index 575

transfer function (rational), 19
Tsypkin criterion, 173
tuning of gains, 474

ultimate dissipativity, 196

uncontrollable systems (KYP lemma),
100

underactuated mechanical system, 497

uniform asymptotic stability, 512

uniform continuity, 183

uniform reachability, 204

uniform relative degree, 517

uniform stability, 512

uniformly observable, 269

unilateral constraint, 364, 365

uniqueness of solutions (ODE), 137

unmixed matrix, 104, 524

unobservable systems (KYP lemma),
100

value function, 119

variational inequalities, 152, 274, 364,
365

variational inequalities (PR), 156

variational test, 204

velocity potential, 369

virtual available storage, 201

virtual storage function, 217

virtual work principle, 362

viscosity solution, 235

viscosity solutions, 309, 520

viscosity subgradient, 220

visual feedback control, 177

VSP (pseudo), 261

VSP (Very Strictly Passive), 12, 13,
209, 217, 259, 402

wave equation, 253

weak solution, 235

weak SPR transfer function, 59, 95, 263,
270

weak strict passivity, 208

weakly dissipative, 195, 197, 198

Weierstrass form, 91

well-posedness (ODE), 137

WFGS (finite-gain stable), 191, 212,
216

Willems J.C., 119, 194

WSPR, 95, 270, 530
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Yakubovich-Kalman-Popov Lemma, 69 zero-state observable (ZSO), 266

zero dynamics, 172, 277, 520 Z3D, 266 )
zero-state detectable (ZSD), 266 ZSD (locally uniformly), 269
zero-state observable, 391 7ZS0, 266



Addendum-Erratum to Dissipative Systems Analysis and Control, 2nd Edition

(the first figure indicates the page number)

Notation section: A(A): an eigenvalue of A € IR™*".
Notation section: o(A): the set of eigenvalues of A € R™" (i.e. the spectrum of A).

17, 18, 28: line 2 after (2.22), and also in (2.24), (2.29), (2.30), line 3 in the equation above (2.75):
change up(t) to u(7), and ur(jw) to u(jw).

17: line 8, the integration is done over 7 € [0, 1]

59, lemma 2.55: rational

81, Lemma 3.11: fipin(A) denotes the minimum eigenvalue of the symmetrized matrix %(A + AT).
81: gmin(B) > 0 is equivalent to Ker(B) = {0}, and to m < n and B of full rank m.

81, last line: it is H(jw — ), not T(jw — p)

89 line 6: it is H(jw), not T(jw)

88, line -3: it is H(jw), not T(jw)

101: in the framed set of implications/equivalences, the last implication has to be reversed and in
the last line this is P = PT >0 (hence the last condition is really sufficient for PRness as indicated
in the paragraph in between the two framed sets.

119: in (3.134) it is 07 (x)[Az + Bu + w(z,u) > 0

121, line 5 after remark 3.38: Thus H(—jw, jw) is the condition....
123, left hand side of (3.148): P is G

124, line 2: Pis G

125: line 5 after Theorem 3.44: numerically

Section 3.9 (Lur’e problem and absolute stability): it’s also worth reading the survey by R. Shorten
et al, ”Stability Criteria for Switched and Hybrid Systems”, STAM review, vol.49, no 4, pp.545-592,
2007, and in particular section 6 therein. Their Theorem 6.2 is close to Theorem 2.49 page 57 in
the book.

147, example 3.75: it is Az = 0 if 2 < 0. The notation 2 means max(0, z).

149, the dissipativity of linear complementarity systems is throughly investigated in Camlibel, Ian-

nelli, Vasca, " Passivity and complementarity”, Mathematical Programming A, 2013, DOL: 10.1007/s10107-
013-0678-4 . Closely related results concerning Lur’e set-valued systems are in Brogliato and
Goeleven, "Existence, uniqueness of solutions and stability of nonsmooth multivalued Lur’e dy-
namical systems”, Journal of Convex Analysis, vol.20, no 3, 2013, and ”Well-posedness, stability

and invariance results for a class of multivalued Lur'e dynamical systems”, Nonlinear Analysis:
Theory, Methods and Applications, vol.74, pp.195-212, 2011.

167, in Remark 3.96 this is [0, 00) (see Theorem 3.91)



175, preservation of dissipativity after time-discretization has recently been tackled in S. Greenhalg,
V. Acary, B. Brogliato, ” Preservation of the dissipativity properties of a class of nonsmooth dynami-
cal systems with the (6, v)-algorithm”, Numerische Mathematik. See several references that concern
this issue in this article. The issue that is tackled concerns the preservation of the strorage function,
the supply rate, and the dissipation function, and therefore yields much more stringent conditions
than the mere preservation of dissipativity (with possible different supply rate, dissipation function
after discretization).

170, about the Popov’s line. In the book by Aiserman and Gantmacher from 1965 it is pointed
outy that Popov criterion also holds in the case of a negative slope %

192, in (4.18) all T are ¢
197: second line of definition 4.26: u(t) € U.

197-198: the role of the additive constants 3 which basically accounts for initial stored energy, has
also been investigated in D.H. Hill: "Dissipative nonlinear systems: basic properties and stability
analysis”, Proc. of IEEE CDC, pp.3259-3264, 16-18 December 1992.

204, Theorem 4.43: It is supposed that there exists a storage function V(-) such that V(z*) = 0,
so that V,.(z*) = 0. From the definition of the required supply in Definition 4.36, this also assumes
that the system is reachable from z*. This is Theorem 2 in [510].

202: more on reversibility and its relationship with reciprocity, for LTT systems, is in [511,sections
8 and 9]. In particular Theorem 8 of [51] provides a way to check reversibility.

230 and 116: Lemma 3.36 page 116, and Lemma 4.91 page 230, are taken from the book referenced
145 by Faurre, Clerget and Germain. In fact Lemma 3.36 is presented in the book by Faurre et al
as a corollary of Lemma 4.91.

230, Lemma 4.91: in (4.94) this is V (¢, z).
p.247, line 10: alll should be all.

248 and 249, replace all (4.108) by (4.163)
251, Theorem 4.111, line 2: R™*™

Section 5.1: Most of the results presented in this section have been stated in two articles by
D.J. Hill and P. Moylan: ”Stability results for nonlinear feedback systems”, Automatica, vol.13,
pp.377-382, 1977, and ”General instability results for interconnected systems”, SIAM J. Control
and Optimization, vol.21, no 2, pp.256-279, 1983. The errata for these papers include the following.
In the STAM paper, the first condition that appears in equation (12), Theorem 7, is redundant. In
the Automatica article, condition (iii) of Theorem 4 can be removed, while condition (ii) should be
stated with TA(-) a nonnegative real valued function.

267: from Lemma 5.13 and Corollary 3.4 it may be deduced that the solutions P = PT of the KYP
Lemma LMI, are > 0 if (C, A) is observable.

298: in Theorem 5.68, this is ”...with input u(-)...”
305: line before section 5.9.4: Bounded

306: Theorem 5.71 is taken from M.R. James et al, STAM J. Control Optimization, vol.43, no 5,
pp.1535-1582, 2005.



366: generally speaking BV functions do not satisfy that for any ¢, there exists a o such the function
is continuous on [t,t+0). This is because at ¢ a BV function may possess an accumulation of jumps
on the left, and an accumulation of jumps on the right. But in mechanical systems with frictionless
unilateral constraints and piecewise analytic data, accumulations of impacts on the right do not
exist (result of Ballard in 2000). So in this particular case the generalized velocity has this property.

368: line -8, it is =y (z).
382: ¢ in the line after (7.10) refers to the & in (6.184)

section 3.9.4: Notice that for a maximal monotone operator F : R" — R", z + y = F(z), with
F = 0f where f(-) is convex, proper, lower semi continuous, then the “input-output” product
satisfies 2Ty = f(z) + f*(y), where f*(-) is the dual function of f(-).

409: CTCE means Cross Terms Cancellation Equality

431 line 2 section 7.8.3: (6.162) is (6.156), and A, is as in (6.169)
133, line -2 before (3.176): P,

426, line 6: actuator dynamics

431, line 1, (7.169): \,, is Ag

536, line 11 in the proof of Lemma A.71: realization

564, reference [470]: 1992
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