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1 Introduction

The main objective of these lectures is to provide a complete but compact introduction
to modern linear control systems, which, in contrast with the classical approach, seeks
to utilize rigirous mathematical methods and computer-aided optimization in design and
analysis of feedback systems. The presentation will explain basic principles, mathemati-
cal results, and numerical implementation strategies related to the use of optimization in
design and analysis of dynamical systems which are either linear or can be dependably
approximated by linear systems. The basic principles include use of L2 gains or Inte-
gral Quadratic Constraints for quantifying quality of linear approximations and feedback
system performance, use of generalized small gain conditions and convex optimization
in analysis of robustness to modeling errors and uncertain parameters, and use of Schur
decomposition for explicit optimization of linear feedback and reduced models of linear
systems. Among the remarkable mathematical results associated with the theory are
Kalman-Yakubovich-Popov lemma describing the relation between frequency domain in-
equalities and stabilizing solutions of Riccati equations, Adamyan-Arov-Krein theorem
on Hankel optimal model reduction, and the state space solution of H-Infinity optimiza-
tion problem. Practical implementation of these basic concepts and mathematical theory
rely on numerical linear algebra and convex optimization engines: linear equation solvers,
Schur decomposition, and LMI optimization (semidefinite programming).

1.1 Motivating examples

Typically, the need to use modern linear control arises when working with models which
are “complex” (no good second order approximation) or MIMO (multiple input, multiple
output), or when optimization of performance is a concern. Application of modern lin-
ear control to a set of system optimization questions is sketched here, though complete
solutions will have to wait until the essential techniques are developed in the coming
sections.

1.1.1 Inverted pendulum with delayed control

Consider the standard equations for inverted pendulum with no friction (Figure 1.1):
0(t) = wisin(6(t)) +v(t — T), (1.1)

where 0(t) is the angular position, w? = g/L > 0 is the ratio of free fall acceleration and
pendulum’s length, v(t) is the control torgue to mass ratio, and 7' > 0 is the control loop
delay.



Figure 1.1: Inverted pendulum

Assuming that a and T are known, a basic task of linear control could be to stabilize
locally the upright position of the pendulum by finding a finite order LTI (linear time
invariant) feedback law,

U(t) = C’fa:f(t)+Df9(t), (1.2)
brlt) = Agaglt) + Byoe) (1.3

where Ay, By, Cy, Dy are constant real coefficient matrices, and xy = x4(t) is the state of
the feedback system. The term “local” refers to using an intentionally weakened stabi-
lization requirement: all solutions (0(t),z¢(t)) of (1.1)-(1.3) with initial conditions 6(0),
0(0), z;(0) sufficiently close to zero should converge to zero as t — oco.

In this example, the original model is “complex”, in the sense that it involves a non-
linear component 6(¢) — sin(6(t)) and an infinite order LTI component v(t) — v(t — T').
Application of modern control principles to the stabilization problem would begin with
finding good finite order LTI approximation of (1.1), complete with error bounds, ex-
pressed in terms of L2 gains.

Memoryless nonlinear transformations, such as 6(t) — sin(6(t)), cannot be approx-
imated by the linear ones with arbitrary accuracy. As a compromise, higher quality of
approximation in a certain region of values of the input is achieved at the expense of
lowering the quality in the complementing region. If the region of admissible values of
6(t) is [—6o, Op], where 6y € (0,7), one can use sin(6(t)) ~ kO(t), where

1 sin(fy)

R

defines the center line {(¢,k6) : 6 € R} of the (non-convex) cone spanned by the points
(0,sin(0)) with |f| < 6. This leads to a finite order LTT representation

sin(0(t)) = kO(t) + dy wi (1), (1.4)

8
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w1y

Figure 1.2: Linearization of sin(+)

visualized by the block diagram of Figure 1.2, where w; is a scaled modeling error signal,
A is the modeling error system, mapping e; to wy,

wy = dy(sin(0) — k0), (1.5)
61(t> = dlDdG(t),

Del = 05(1 — sin((%)/(%).

A simple calculation shows that

/O\wl(t)\2dt§/0 lex (1) 2, (1.7)

provided that |0(t)| < 6y for all t. Condition (1.7) serves as an L2 gain bound for the
modeling error system A;, quantifying the approximation error. The theory of approx-
imating nonlinear systems by the linear ones, and using conditional energy gain bounds
in stability and performance analysis is a component of modern control.

For the delay transformation v(t) — v(t — T'), one can use representation of the form

vt —T) = (t) + dy ws(t), (1.8)
f](t) = Cdl’d(t) + de(t), (19)
i’d(t) = Adl’d(t) + de(t), (1.10)

where Ay, By, C4, Dy are coefficient matrices of an LTI state space model approximating
the delay, ws(t) is scaled delay modeling error, and dy > 0 is a scaling parameter. A
pure delay cannot be approximated by a finite order LTI system with arbitrary accuracy,



because the error is always large for high frequencies. As a compromise, the approximation
error is quantified by establishing an energy bound of the form

/0\w2(t)\2dt§/0 leo(t)|dL, (1.11)

where
62(t) = dg(Cegl’d(t) + Degv(t)) (112)

is an auxiliary output of (1.10), defining e as the result of applying a low-pass filter to v.
For example, when 7" > 0 is small enough, which makes the delay easier to approximate,
the coefficients in (1.9),(1.10),(1.12) can be defined by

1-Ts/2 s+a
D I—A)) 'By=——"t2 Do+ Cu(sl — A By = p—0—"—
a+ Cals a)” B T+ 7520 27 2(s )™ B P14 Ts/2
where ) T ) T/
» > max | TIT (mior _ L= JOT/2N |
wR | jw+a 1+ jwT/2

The theory of efficient approximation of high (or infinite) order LTI systems by systems
of low order (model reduction) is an important part of modern control.
Combining equations (1.1) - (1.12) yields a linear model (see Figure 1.3)

w1, — dl_l () wg O 1/82 Del L dl L, e

+

Figure 1.3: Linearized pendulum model

6—wi = W2di'wi + Cuzat) + Dao(t) + dy 'ws,
g = Agzq+ Bav,
e1 = diDab,
er = do(Ceaxq + Deyv,

10



where L2 gain from e = [e;; 5] to w = [wy; we] is known to be not larger than 1. According
to the small gain theorem, a controller (1.2), (1.3) stabilizes system (1.1) if the L2 gain
from w to e in the LTI model (1.2), (1.3), (1.13) - (1.16) is less than 1. The feedback
design is now reduced to finding the coefficients of controller (1.2), (1.3) and the positive
coefficients dy, dy in (1.13) - (1.16) minimizing the L2 gain.

For dy,dy > 0 fixed, one can use the technique of designing LTI feedback control
minimizing an L2 gain in an LTT closed loop system, a major component of modern control
called H-Infinity optimization. Similarly, for a fixed controller (1.2), (1.3), one can use
semidefinite programming to minimize the L2 gain as a function of scaling parameters
dy,dy. Combined together, H-Infinity optimization and semidefinite programming form
an ad-hoc procedure of D-K iteration for designing robust feedback controllers.

Once a controller (1.2), (1.3) stabilizing (1.1) subject to the assumption |0(t)| < 6 is
designed, it remains to calculate the range of initial conditions in (1.1), (1.2), (1.3) which
guarantee that the assumption |0(f)| < 6y is satisfied for all £ > 0. This can be achieved
by utilizing a variety of L2 gain bounds for the nonlinear closed loop system within the
framework of Integral Quadratic Constraints.

1.1.2 Efficient MIMO stabilization

Consider a situation where an array of low quality sensors and weak actuators is used
to reduce oscilations induced in an undamped flexible system by white noise type dis-
turbances. For simplicity, the flexible system will be represented as a set of m identical
point masses moving in a single dimension and connected by identical springs, as shown

on Figure 1.4.
q1 g2 dm
FA Ao - o
o o e

1 2 m

Figure 1.4: MIMO control of a flexible system
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System equations are assumed to have the form

G = r(e—aq)+ fi +bw,
G = r(qe—1+ qr+1 — 2qx) + fe +bwg, (k=2,...,m—1)
dm = T(Qm—l - Qm) + fm + bwmv

where ¢ is the displacement of the k-th mass, f is the force produced by the k-th
actuator, wy, is the noisy force disturbing the k-th mass, and r,b are constant positive
coefficients. In addition, the measurement process is modeled by

yk:gk+vka gk:a(gk_Qk)> (k:]-)"'am)v

where ;. is the k-th mass position measurement, g is the signal modeling sensor inertia,
and v, is measurement noise. The objective is to design a feedback law defining f =
[f1;---; fm] as a causal finite order LTI function of measurement y = [y1;...;y,,] which
minimizes the mean square value of f in the case when w;, v; are modeled as incependent
white noise stochastic processes.

The practical difficulty of this feedback optimization task is due to the multiplicity of
the sensors, as well as the need to minimize the control effort. The problem can be cast as
H2 optimization, solved efficiently using standard operations of numerical linear algebra.

1.2 Structure of the lectures

The material to be presented can be divided into three categories.

1.2.1 Systems and their approximation

Basic elements of system modeling are introduced here. Signals are considered as functions
of continuous time ¢ > 0. System models of three types are considered.

(a) Finite order linear time-invariant (LTI) systems described by state space equations
and, with some loss of information, by transfer matrices. State space LTI models
will be the main objects on which optimization and analysis is performed, even when
the ultimate objective is feedback design for distributed or nonlinear systems.

(b) LTI models defined by transfer matrices (in general, non-rational), to represent dis-
tributed dynamics, and to be approximated by finite order LTI systems.

(c) General systems, defined as arbitrary relations between signals, are used as a generic
system class, incorporating LTI models, as well as the error systems produced by
approximating general nonlinear and time-varying phenomena by LTI models.

12



Stability of systems, as well as quality of approximation of one system by another,
is defined in terms of L2 gain. The “small 1.2 gain” criterion is presented for analysis
of stability of system interconnections. In particular, sampled data quantized implemen-
tations of linear continuous time feedback controllers will also be considered within an
approximation and robustness framework.

1.2.2 Explicit optimization of linear systems

H2 and H-Infinity optimization of linear feedback, as well as Hankel optimal model re-
duction and balanced truncation will be discussed here. The key result is the Kalman-
Yakubovich-Popov (KYP) lemma, relating frequency and time domain specifications, es-
tablishing conditions of existence of stabilizing solutions of Riccati equations, and general-
izing Lyapunov theorems to the case of LTI systems with external inputs. Using the KYP
lemma and the generalized Parrot’s lemma yields explicit formulae for H2 and H-Infinity
optimal controllers, computed in terms of Schur decomposition of associated Hamiltonian
matrices.

1.2.3 Convex optimization and robustness analysis

Non-classical optimization of linear feedback, as well as advanced analysis of nonlinear,
uncertain, and time-varying systems leads to convex optimization (in most situations,
semidefinite programming) via Q-parameterization and Integral Quadratic Constraints
(IQC). This can also be combined with H-Infinity optimization, leading to D-K iteration
methods in feedback design for robustness.

13



2 System models

Basic elements of system modeling are introduced here. Signals are considered as func-
tions of continuous time t € R. System models of three types are considered. General
systems, defined as arbitrary relations between signals, are used as a generic system class,
incorporating finite order linear time-invariant (LTI) systems described by state space
equations, and LTI models defined by transfer matrices (in general, non-rational), to rep-
resent distributed dynamics. Stability of systems, as well as quality of approximation of
one system by another, is defined in terms of L2 gain. The “small L2 gain” criterion is
presented for analysis of stability of system interconnections.

2.1 (General systems

General systems are simply sets of signals.

2.1.1 Signals

Signals are defined as locally square integrable functions f of continuous time ¢ € R.

Definition. An m-dimensional signal is a locally square integrable function f : R — R™.
The argument t € R is referred to as continuous time. The set of all m-dimensional
continuous time signals is denoted by L. (R™).

Recall that two square integrable functions fi, fo : R +— R™ are considered equal
when their values coincide for almost all values of ¢, i.e. when fi(t) = f2(t) on a set with
a complement of zero (Lebesgue) measure. (A set X C R is said to have zero measure
when it can be covered by a countable family of open intervals of arbitrarily small total
length.) This corresponds to a force interpretation of general continuous time signals:
they are expressing themselves through integrals, and an integral of an ordinary function
f = f(t) does not change when f is modified on a set of zero measure. Accordingly, for
a continuous time signal f = f(¢), equality f = 0 means that f(¢) = 0 for almost all ¢.
In this framework, the value f = f(T') of a general continuous time signal f at time T
is meaningless, because it can be changed without modifying the signal. To recover the
ability to work with individual values of continuous time signals, the notion of an essential
limit

a = ess }LH% f(t)

can be used, which means that, after modifying the values of f at a set of measure zero,

14



one can get a signal f such that .
a = lim f(t).

t—T

Example. Function f: R — R, defined by
[t t#0,
f(t)_{ 0, t=0,
is a signal for @ > —0.5. For a = 0, it is the same signal as f(¢) = 1 (in particular, the essential

limit of f(t) as ¢ — 0 equals 1). The Dirac delta 6(¢) is not a signal at all (because it is a
generalized function, not a locally square integrable function).

Example. As a rule, continuous time signals are represented in MATLAB by column vectors
of their uniformly sampled values, as in

f(0)

T
INT = f(: ) ;

F(NT)

where T is the sampling time, and N + 1 is the number of samples.
The following code represents and displays a continuous time signal f(t) = sin(¢)/(1 + ¢)
using 200 samples with sampling time 0.1.

N=200; % number of samples

T=0.1; % sampling time

t=(0:T: (N*T-T/2))’; % first N time samples as a column vector
f=sin(t)./(1+t); % first N samples of f

close(gct); % close existing figures, if any
plot(t,f); % plot using the continuous signal style
grid % put the grid for convenience

Execution of this code produces the plot on Figure 2.5.
A similar result is achieved by using SCILAB’s

N=200; // number of samples

T=0.1; // sampling time

t=(0:T: (N*T-T/2))’; // first N time samples as a column vector
f=sin(t)./(1+t); // first N samples of f

delete(’all’); // close existing graphics

plot(t,f); // plot using the continuous signal style
xgrid // put the grid for convenience

15



Figure 2.5: MATLAB plot of signal f(t) = sin(t)/(1 +t)

We will frequently use the operation of concatenation on signals, forming a signal
h=[f;g] € Lye(R™") from f € Ly.(R™) and g € Ly.(R?) according to

2.1.2 Behavioral models

An autonomous system is simply a set of signals of a fixed dimension, i.e. a subset
of Lye(R™) for some m. An input/output system with m-dimensional input f and g-
dimensional output y is a subset of Lo.(R™) X Lg.(RY), interpreted as the set of all
possible input/output pairs (f,y).

Q) — w0}

Figure 2.6: System with input f and output y

Example. The set S C Lo (R!) of all “unit step” shaped functions

1, t<T,
fT(t):{ 0, t>T

is an autonomous system.

16



Example. The set of all pairs (f,%) € Loo(R!) x La.(R!) such that
y()f (1) = [y(®)|

defines the sign system y(t) = sign(f(¢)): a nonlinear memoryless relation in which some inputs
produce multiple outputs.

Example. The time delay by T system with m-dimensional input is defined as the the

S = {(f, y) € Lge(Rm) X Lge(Rm) : y(tl) = f(tQ) for t1 —tg = T}

2.1.3 L2 power gain

L2 power gain is a numerical characteristic which is defined for every input/output sys-
tem. Finiteness of L2 power gain is frequently used as definition of stability. As will be
supported by the small gain theorem, to be stated later, L2 power gain is a key concept
in system approximations and robustness analysis.

Definition. L2 power gain of an input/output system S C Lo.(R™) X Lo.(RY) is the
maximal lower bound of v > 0 such that
T

for every pair (f,y) € S.

L2 power gain of a system is either a non-negative real number or infinity. For some
systems, L2 power gain is the same as the maximal ratio of output and input energies
(square integrals) subject to a zero initial condition assumption (frequently called L2 gain.
For other systems, L2 gain and L2 power gain are different quantities.

The informal rationale behind the definition is as follows: for “zero initial conditions”
(whatever this means), we expect the “energy” of the output to be bounded by the energy
of the input times the L2 gain squared. Since non-zero initial conditions can produce non-
zero output even for zero input, the actual definition says that the difference between the
energies must be bounded on one side.

For memoryless systems, calculation of L2 power gain is relatively easy.

Theorem 2.1 Let ¢: R x R?+— R™ be a piecewise continuous function, such that

(¢, v)]

te[to,t1],07£0 |U|

< 00
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for all tg < ty. The the formula

w(t) = é(t, v(t))
defines a system mapping every signal v = v(t) € Lo.(RY) to a signal w = w(t) =
o(t,v(t)) € Lo (R™). Moreover

(a) L2 power gain of the system is not larger than
|6(t, )]

?

lim sup
T—+00 {>T v#£0 |U|

(b) for every e >0, L2 power gain of the system is not smaller than

lim sup k: mes<t>T: sup [6(,v)] >kp=o00,,
T—+00 |v|>e |U|

where mes{ X'} denotes the Lebesque measure of a subset X C R.

Example. L2 power gain of system y(t) = tf(¢) is infinity. L2 power gain of system y(t) =
et f(t) is zero. L2 power gain of the delay by T transformation introduced earlier is 1 for 7' > 0
and oo for T' < 0.

Throughout the class, L2 power gains will be used, sometimes referred to as “L.2 gains”
for simplicity.

2.1.4 Outer approximations of systems

As a rule, analysis and design for a system which is difficult to handle directly, due to the
presence of nonlinearity, time variation, or infinite dimensionality, begins with finding its
outer approximation.

Definition. Let S be a system with m-dimensional input and ¢-dimensional output. A
system S with rm-dimensional input and ¢-dimensional output, where m > m and § > q,
is called an outer approximation of S if for every input/output pair (f,y) € S there exist
(v, w) € Lye(RI9) X Loo(R™™) such that ([f;w],[y;v]) € S. Accordingly, the set A of
all such pairs (v,w) is called the error system.

To quantify accuracy of an outer approximation, a simplified description of the error
system A, such as an L2 power gain bound, can be used.
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Figure 2.7: Outer approximation

When § has finite L2 gain, one frequently uses a “direct” outer approximation format
defined by

~

S = Alfiwl [w+ys f1) = (f,9:) € Spyw € Lae(RT)},
A= A{(fy—w): (fy) €S (fw) €S}

where S, C Ly (R™) X Loe(R?) is a system approximating S, as shown on Figure 2.8.
However, the direct approach typically does not work with unstable systems.

Figure 2.8: “Direct” outer approximation

Example. Nonlinear system

S={(f,y) € Loc(R) x Loc(R) = y(t) =sin(f(t))}

can be approximated by linear system

S ={([f;w] [y;v]) € Lae(R?) x Lae(R?) 1 y(t) = af(t) + w(t), v(t) = f(2),
with the error system

A ={(v,w) € Lae(R) X Loe(R) :  w(t) =sin(v(t)) — av(t)}.
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The minimal L2 power gain = 0.6086 of A is achieved at a ~ 0.3914.

Example. Unstable uncertain system

S= {(fay) S L26(R) X L26(R) : y(t) = ay(t) + f(t)v a < [072]}

can be approximated by linear system

S = {([fsw] [y;v]) € Lae(R?) x Lae(R?) = (t) = y(t) + f(1) +w(t), w(t) =y(1)},

with
A ={(v,w) € Lac(R) X Lae(R) : w(t) =0v(t), d=a—1¢€[-1,1]}.

The L2 power gain of A is not larger than 1. Note that a “direct” approximation of S by the
“central” system

S={(f,y) € Lac(R) x Loe(R) :  §(t) = y(t) + f(t)}

would lead to an unstable error system (infinite L2 power gain).

2.1.5 Small gain theorem

Let A be a system with m-dimensional output w and g-dimensional input v. Let S be
a system with 7m-dimensional input [f;w] and ¢-dimensional output [y; v], where m > m
and ¢ > ¢. The block diagram on Figure 2.7 defines an interconnection system S with
input f of dimension m = m — m and output y of dimension g = ¢ — ¢, defined as the set
of all pairs (f,y) for which there exist (v,w) € A such that ([f;w], [y;v]) € S.

When sufficiently good bounds on L2 gains of S and A are known, a bound on the L2
gain of S can be established in the form of the small L2 gain theorem.

Theorem 2.2 If L2 gain of S is not larger than 1 and L2 of A is strictly smaller than 1
then L2 gain of S is not larger than 1.

The small gain theorem is a tool for proving stability of systems for which outer
approximations with small L2 gains of error systems are known.

Proof. Let ||h||3 denote signal energy restricted to a finite interval:

2 T 2
Ih]3 = /0 ()Pt
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By assumption, for every 6 > 1

inf {O(IF 17+ [wlz) = lylz + olz} > —oo,

inf 2 2 > —
inf {Jof} — o3} > —o

for all signals f,y,v,w from Figure 2.7. Combining these inequalities yields
inf {0||f|7 — |yllF} >0
Inf {01l fIz — llyliz} > 0,

which proves the theorem. [ |

As a rule, the small gain theorem is used with “scaling”. For example, if it is known
that, for the interconnection described by Figure 2.7, L2 gain of S is known to be less
than a > 0, and L2 gain of A is known to be not larger than b > 0, where ab < 1, applying
the small gain theorem to the scaled systems

S = {(fiwlly/a;v/al): ([fiw] [y;0]) € 8},
Ay = {w/a,w): (v,w) € A}

yields an L2 power gain bound of a for the closed loop relation between f and y.

2.2 Transfer matrix models of LTI systems

General LTI systems (not necessarily of finite order) are conveniently defined by their
transfer matrices, using Laplace transforms.

2.2.1 Laplace transform and continuous time Fourier transform

We will only consider Laplace transforms which regions of convergence containing the
region
C,={seC: Re(s) >r}

for sufficiently large r.

Definition. A function f : R +— R™ is said to have Laplace transform with region of
convergence C, when the integral

Fo = [ fe

=—00
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converges absolutely for all s € C with Re(s) > r. In this case the function F(s) : CH¢ -
C™ is called Laplace transform of f.

Laplace transform F' : C, — C™ of a function f : R +— R™ is real analytical, in
the sense that f(s) = w implies f(5) = w. However, it is not true that all real analytical
functions F': C, — C™ are z-transforms of functions f: R +— R™.

Example. F(s) =1 is not Laplace transform of an ordinary function.

The following theorem provides necessary and sufficient conditions for a real analytical

function F': C, — C™ to be Laplace transform of a locally square integrable function
f: R—R™
Theorem 2.3 Let F : CR s C™ be a real analytical function. The following conditions

are equivalent:

(a) F is Laplace transform of some locally square integrable function f: R+— R™;

(b) for every R > r function w — F(R+ jw) is square integrable on R.
Moreover, when conditions (a),(b) are satisfied, equality

eRt 00 )
f(t) / F(R + jw)e’tdw, (2.1)

T or

understood as
oo Q 2
lim ‘ ft)e Bt — / F(R+ jw)e'dw| dt =0,
Q—+oo J_ o )

defines a function f: R +— R™ for which F is its Laplace transform.

In particular, formula (2.1) implies that a real analytical function F': C, — C™ is
Laplace transforms of a function f : R +— R™ satisfying f(¢) = 0 for t < T if and only if
the integrals

/ TE|IF(R + jw)|?dw

are uniformly bounded for R > R, for some Ry > r.
Example. Function F : C{¢ — C, defined by
F(s) =log(s)/(s + 1),
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(using the main branch of the logarithm, i.e. log(l) = 0), is Laplace transform of a signal
f € La.(RY) such that f(t) =0 for t < 0.

Laplace transforms are closely related to continuous time Fourier transforms and the
Parceval identity.

Theorem 2.4 Let f: R +— R"™ be square integrable, i.e. such that

| 1ror <.

o0

Then there exists a unique square integrable function f : R— C™ (called the continuous
time Fourier transform of f) such that

e}

[~ |- [ e

Q——+oo oo

2
dt = 0.

Moreover, the Parceval identity

| irora = o [ 1iGwP 22)

o 2
holds for this function.
The following is an important implication of the Parceval identity.

Theorem 2.5 Let F': Cl— C™ be Laplace transform of a square integrable function
f: R—R"™ Then

[e.e]

lim [ |F(r 4 jw) — f(w)|*dw = 0. (2.3)

In other words, continuous time Fourier transform f of a square integrable function
f: R~ R"™ which has Laplace transform in the region Re(s) > 0 is a limit of restrictions
of its Laplace transform to the lines Re(s) = const approaching the unit circle.

2.2.2 Transfer matrix models of continuous time systems

Recall that a function H is called meromorphic on Cy when H : Q2 +— C?™ is analytical,
where (2 is an open subset of Cy such that Cy\ is countable, and (s—s0)*H (s) is bounded
in a neighborhood of every point sy € C\(2. Note that a meromorphic function H(s) on
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Cy is automatically defined at a point sy € Cy for which the limit lim,_.,, H(s) exists.
For example, functions Hi(s) = 1/(s — 1) and H(s) = s/(s — 1) are meromorphic on Cy
and not defined at sq = 1, but their difference H = Hy — H; is a meromorphic function
defined for all s € C,.

Definition. A transfer matrix is a meromorphic function defined on Cy which is bounded
in the region Re(s) > R for some R > r.

The following technical result can be used to define general transfer matrix models.

Theorem 2.6 Let H be a q-by-m transfer matriz. Let f € Lo.(R™) be a signal which
decays faster than every exponent ast — —oo, i.e.

/ e’ |f(—t)Pdt < o0 ¥V reR.
0

Then there exists a unique signal y € Loo(RY) such that for every T € R and t < T the
identity y(t) = yr(t) holds, where yr is the inverse Laplace transform (with the region of
convergence containing C, for somer € R) of Yr(s) = H(s)Fr(s), and Fr is the Laplace

transform of
fr(t) = { {;f“’ i;;

Proof. Note that fr has Laplace transform Fr in the whole complex plane, and, since H is
real analytical in C, for some r > 0, Yr is Laplace transform of a function yr : R — R™. Since
fr(t) — fr(t) = 0 for t < T whenever 7 > T, the integrals

/ TR (R + jw) — Fy (R + jo) 2w
are bounded as R — co. The boundedness of H(s) implies boundedness of the integrals
| TR ) - YR+ )P

as R — oo, which means that yr(t) = y,(t) whenever 7 > T and ¢t < T. Hence y is uniquely
defined by

y(t) = y+1(t) (t€R).
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Definition. Let H be a g-by-m transfer matrix. Transfer matrix model defined by H
is the set of all pairs (fo,y0) € Loe(R™) X Loo(R?) such that for every T € R there
exists f € L9o(R™), a signal which decays faster than every exponent as t — —oo,
and y € L. (RY), uniquely defined for f by Theorem 2.6, satisfying f(t) = fo(t) and
yo(t) = y(t) fort > T.

Example. When T > 0, function H(s) = e~ 1% is a transfer matriz, and hence defines a
transfer matrix model. The standard properties of Laplace transforms indicate that the resulting
model is identical to the “pure delay by T” system, defined as the set of all pairs (f,y) €
Lye(RY) x Loo(RY) such that y(t) = f(t — T) for all t € R.

Note that transfer function H(s) = e~ cannot be defined explicitly in MATLAB, because it
is not rational. Instead, one can specify an approximation, such as H.(s) = (1—0.5s)/(140.5s),
by
s=tf(’s’);

He=(1-0.5%s)/(1+0.5%s)

In SCILAB, the corresponding code is
s=poly(0,’s’);

G=(s+1)/(s"2+3%*s+1)

2.2.3 H-Infinity norm

For a complex matrix M, let || M|| denote the operator norm of M, i.e. the square root of
the largest eigenvalue of M'M (also called the largest singular number of M, sometimes
denoted by opmax(M)).

Theorem 2.7 The H-Infinity norm ||G||« of transfer matriz G is defined by
1Glls = sup [|G(s)]], (2.4)

Re(s)>o0
where the supremum equals infinity when G has a pole in Cy.

When H-Infinity norm is finite, it can be defined in terms of the limit behavior of
|G(s)]| as Re(s) — +0.

Theorem 2.8 Assume G : Cy +— C¥™ has finite H-Infinity norm. Then |G|l equals
the mazimal possible limit value of ||G(s)| as Re(s) — +0.
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Example. H-Infinity norm of G(s) = e~ ® equals 1. H-Infinity norm of G(s) = e® equals
infinity.

Example. To calculate H-Infinity norms of rational functions in MATLAB, use the norm.m
function, as in

s=tf(’s’);
norm([1 1/(s+1);1/(s"2+s+1) 0],Inf)

In SCILAB, the corresponding code is

s=poly(0,’s’);
h_norm([1 1/(s+1);1/(s"2+s+1) 0])

2.2.4 L2 gain of transfer matrix models

The importance of H-Infinity norm is largely due to the fact that L2 gain of a transfer
matrix model equals H-Infinity norm of the transfer matrix.

Theorem 2.9 L2 gain of a transfer matriz model equals H-Infinity norm of the transfer
matrix.

Proof. To show that L2 gain cannot be larger than H-Infinity norm, use the Parceval theo-
rem. Recall the definition of a transfer matrix model. Consider an input signal f € Lo.(R™),
assuming, without loss of generality, that

fr(t) = { gft)’ i;;

has Laplace transform for all s € C for all T € R. Then y(t) = yr(t) for t < T, where the
Laplace transforms Y7 and Fr of yr and fr respectively are related by Yr(s) = H(s)Frp(s) for
Re(s) > 0. Since fr is square integrable, the integrals

/ IFyp(r + o) P

are uniformly bounded for » > 0, and, by the boundedness of H(s) for Re(s) > 0, so are the
integrals

/ |Fy 1 (r + joo) Pde.
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According to Parceval theorem and the relation between Laplace transforms and continuous
time Fourier transforms,

|G OP ~ lar@)Pyar 20,

where  is the H-Infinity norm of H. Hence

T 0
wt [ GAIOF - oPY 2 [ GAIOR - y©P i > —oc.
>0 Jo oo
To show that H-Infinity norm cannot be larger than L2 gain, consider a transfer matrix
H = H(s) which defines a transfer matrix model with a finite L2 gain .
Let us show first that H has an analytical extension defined on Cy. Indeed, for every vector
fo € R™ consider the inputs

—t
e e, 120,
() =
fi®) { 0, t <0,
where e; for i = 1,...,m are the standard basis vectors in R". Let y; be the outputs corre-

sponding to inputs f; and zero initial conditions, (¢ = 0 in the standard definition). Since f; are
square integrable and L2 gain is assumed to be finite, the outputs y; are square integrable as
well. Hence y; have Laplace transforms Y; = Y;(s), defined for Re(s) > 0, and Y;(s) = H(s)F;(s).
Therefore Y (s) = H(s)F(s), where Y is the square matrix with columns Y; and F' is the square
matrix with columns F;. Since F(s) = (s + 1)7'I,,, H has analytical extension defined for
s € Cp by
H(s) = (s+1)Y(s).
Since the columns of Y = Y (s) are Laplace transforms of square integrable signals, for every

fo € C™ we have i,

sup/ Y (r + jw) fo2dw < oc.

r>0 J—o00
Hence, for an arbitrary sg € Cy,

e _ 2
r>0J—c0 S — 580

as well.
Now for arbitrary sg € Cy and fo € C™ let f¢ be the complex vector-valued function

eSOtf()v t>0,

f(t):{o, t<0.

Let fr, fi be the signals defined by f = f, + jfi. Let y.,y; be the resulting system responses,
defined with zero initial conditions. For F' = F,. + jF; and Y =Y, + jY;, where F., F;, Y., Y;
are the the Laplace transforms of f,., fi, v, y;, we have

Y (s) = Yo(s) + H(so)F(s),
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where

H{(s) — H(so)

Yo(s) = —2—

(1—elo=)T) f,

is Laplace transform of a square integrable function. In other words, the difference y(t) —
H(so)f(t), where y = y, + jy;, is a square integrable function. Hence for every

7 € (0,[H(s0) fol /| fol)
the integrals

T
PR PR P e
converge to minus infinity as T — oo, which implies that at least one of the integrals
T
| R0 = o)y
or
T 2 2
| GO = o)y
is not bounded from below. [
Using H-Infinity norm allows one to quantify quality of approximations for LTT sys-
tems.
2.2.5 Outer approximations of transfer matrix models

For the purpose of computer-aided analysis and design, non-rational transfer matrix mod-
els are approximated by the rational ones. In principle, if H and H, are two transfer
matrices such that H-Infinity norm of H — H, is small, H, can be used to define a good
approximation of H. However, a bit of caution is need here: the difference of two transfer
models H; and H,, defined as the system for which the outputs y, corresponding to a
given input f, are differences y = y; — yo of all possible responses y; of H;, is not, in
general, a transfer matrix model.

Example. The difference of two “pure integrator” systems
¢
y,(t) = —l—/ fi(T)dT
0
responds with an arbitrary constant output to every input f € Lge(Rl).

One of many acceptable ways to approximate systems with non-rational transfer ma-
trices is justified by the following statement.
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Theorem 2.10 Let H and H, be two transfer matrices such that H-Infinity norm of
WY H — H,)W; ™ equals v < oo, where Wi, W, are two square transfer matrices such
that Wy, Wy, W' and Wy have finite H-Infinity norms. Then system with transfer
matrix

~ | H W,

ol

defines an outer approzimation of H for which L2 gain of the error system equals 7.

The block diagram illustrating Theorem 2.10 is shown on Figure 2.9.

——————————————

______________

Figure 2.9: Outer approximation of LTI systems

Example. For transfer function

e—TS

s—1’
where 7 > 0 is a parameter, an approximation in the form

H(s) =

e 7T T 1
s—1 1+0571+0.57s

can be used. To use the fact that approximation has better quality at low frequencies, use
weights Wi (s) = 1,

Ho(s) =

1+
10+ s’
L2 gain of the error system will be given by

Wl (S) WQ(S) =1.

h=|(H — Ho)/Wlloo,
which can be computed using MATLAB code
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s=tf(’s’); % useful "transfer function"
HO=exp(-tau)/(s-1)-(tau/(1+tau/2))/(1+tau*s/2); 7 approximation of H

W=(1+s)/(1+s/10); % frequency weight
w=linspace(0,100,10000) ; % frequency samples
HOw=squeeze (freqresp(HO,w)).’; % frequency response of HO

Ww=squeeze (freqresp(W,w)).’; % frequency response of WO

Hw=exp (~tau*j*w) ./ (j*w-1); % frequency response of H

h=max (abs ((HOw-Hw) . /Ww) ) ; % approximate weighted H-Infinity error

In particular, for 7 = 0.1, the H-Infinity norm of A is not larger than 0.0042.
The corresponding SCILAB code is

function h=ex2(tau)

s=poly(0,’s’); // useful "transfer function"
j=sqrt(-1); // square root from -1
HO=exp(-tau)/(s-1)-(tau/(1+tau/2))/(1+tau*s/2); // approximation of H
[A0,B0,C0,D0O]=abcd (HO) ; // state space coefficients of H
W=(1+s)/(1+s/10); // frequency weight

[Aw,Bw,Cw,Dw]=abcd (W) ; // state space coefficients of W
w=linspace(0,100,10000) ; // frequency samples
HOw=freq(A0,B0,CO,DO, j*w) ; // frequency response of HO
Ww=freq(Aw,Bw,Cw,Dw,w) ; // frequency response of WO

Hu=exp (-tauxj*w) ./ (j*w-1); // frequency response of H

h=max (abs ((HOw-Hw) . /Ww)) ; // approximate weighted H-Infinity error

2.3 State space models

Finite dimensional state space models are very convenient in system-related calculations.

2.3.1 Definition of state space LTI models

A (continuous time) state space model defines a system with m - dimensional input and ¢ -
dimensional output, related by

y(t) = Cz(t) + Df(t), @(t) = Ax(t)+ Bf(t) for t >0, (2.5)

where A, B,C, D are real matrices of dimensions n-by-n, n-by-m, ¢-by-n, and ¢-by-m respec-
tively, the differential equation in (2.5) is understood as

£(t)) = 2(0) + /0 {Az(r) + Bf(r)}dr,

and x(0) € R" is an arbitrary “initial condition” parameter.
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C —(f— y(t)
+
D

Figure 2.10: A state space model

The special case when n = 0, and hence A, B,C are “empty” matrices, generating the
memoryless system y(t) = D f(t), is also allowed.
A common notation for the system H defined by (2.5) is

A|B
n= <ﬂ7> -
The transfer matriz of state space model (2.5) is the maximal analytical extension of
H(s)=D+C(sI — A)™'B, (2.6)

defined for all complex s except, possibly, some eigenvalues of A. In addition,

H(co) = lim H(s)=D.

|s|—o0

2.3.2 Controllability and observability

The correspondence between state space models, transfer matrices, and transfer matrix models
is determined by controllability, observability, and coordinate transformations in the same way
as in the discrete time case.

Matrices A, B,C in (2.6) are not uniquely defined by transfer matrix H = H(s).

On one hand, the change of coordinates transformation

A~ S71AS, C— CS, B+~ S7'B, (2.7)

where S is an arbitrary non-singular n-by-n matrix, has no effect on H(s). This is to be expected,
as (2.7) reflects a coordinate change substitution = := Sz in (2.5).
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On the other hand, if matrices A, B, C have the block form

| A Ap | B B
A_[O A22],B_[0],0_[01 Cy ], (2.8)
then
D+Ci(sI —A)'Bi=D+C(sI - A7'B (2.9)

for all s but a finite number of them, and hence Ay, Bi,Cy, D define same transfer matrix.

The possibility of representing a state space model in the form of (2.8) after a change
of coordinates is referred to as lack of controllability.

Definition. A pair (A, B) (and also state space model (2.5)) is called controllable if there
exist no coordinate transformation A — S™'AS, B + S™'B after which A, B have the
form (2.8).

Another opportunity to reduce the dimension of x(t) without changing the transfer
matrix appears when

All 0 Bl
A= B = C=|C; 0 2.10
[ Ay Ago :| ’ |: B, :| ’ |: 1 } ’ ( )

which also implies (2.9).

Definition. The pair (C, A) (and also state space model (2.5)) is called observable if
there exist no coordinate transformation A — S™YAS, C — CS after which A,C have
the form (2.10).

Clearly, if a state space model is not controllable or not observable, the dimension of
x can be reduced without changing the resulting transfer matrix.

Definition. The minimal dimension of x(t) in a state space model with transfer matrix
H = H(s) is called order of H.

Only a state space model which is minimal, i.e. both controllable and observable,
can have the number of states which equals the dimension of the corresponding transfer
matrix.

Theorem 2.11 All controllable and observable state space models with a given finite order
transfer matriz (2.6) have same dimension n.
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An LTI system defined by a state space model with transfer matrix H is not necessarily
identical to the LTT system defined by the transfer matrix model with the same transfer
matrix H.

Example. State space model
i(t) = z(t), y(t) =x(t) + f(1) (2.11)

has transfer matrix H(z) = 1. The corresponding transfer matrix model produces a unique
output y for every input f, while the state space model produces a continuum of outputs
(parameterized by z(0)) for each input f.

It can be shown that this disagreement between models is due to a specific lack of
controllability.

Theorem 2.12 A state space model defined by matrices A, B, C, D, where the pair (C, A)
is observable, is identical to the transfer matriz model defined by H(s) = D+C(sI—A)"'B
if and only if the pair (A, B) is controllable.

Note that a state space model with transfer matrix H = H(s) is not necessarily the
same system as the transfer matrix model defined by H.

Example. State space model

@(t) =0, y(t) = z(t) + £ (1), (2.12)

has transfer matrix H(s) = 1. However, its possible response to a zero input is not necessarily
zero (as would be in the case of the transfer matrix model defined by H(s) = 1): every constant
output is also possible.

The following theorem gives a characterization of state space models of minimal di-
mension defining a given system.

Theorem 2.13 Among all state space models defining the same system, models with
observable pairs (C, A) have the (identical) minimal dimension of the state vector.

According to the theorem, state space model (2.12) is minimal for the system it defines.

Example. To get a state space model of continuous time system with transfer matrix

1= 0|

one can use MATLAB code
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s=tf(’s’);

H=[1/s 1/s;1/s 1/8];
H=minreal(ss(H));
[A,B,C,D]=ssdata(H)

Note the use of function minreal.m which finds a controllable and observable state space model
for H.

For this example, SCILAB turns out to be smarter: it produces a minimal realization right
away.

s=poly(0,’s’);
[A,B,C,D]=abcd([1/s 1/s;1/s 1/s])

2.3.3 L2 gain of state space models

Numerical calculations of L2 gains of finite order LTT systems are typically performed
on state space models. Mathematical results enabling such calculations will be discussed
later. This section discusses the relation between L2 gain of a state space model and
H-Infinity norm of the corresponding transfer matrix.

Let us call a square matrix a Hurwitz matriz, if it does not have eigenvalues s with
Re(s) > 0.

Definition. A pair (A, B) of real matrices of dimensions n-by-n and n-by-m respectively
is called stabilizable if there exists an m-by-n real matrix F' such that A + BF is a
Hurwitz matrix. A pair (C, A) of real matrices is called detectable when the pair (A’, C")
is continuous time stabilizable.

Theorem 2.14 L2 gain of the state space model with coefficients A, B,C, D, where the

pair (A, B) is stabilizable and the pair (C, A) is detectable, equals H-Infinity norm of its
transfer matrix. In particular, the state space model is stable when A is a Hurwitz matrix.

Example. State space model (2.12) has infinite L2 gain, despite the fact that its transfer
matrix is H(s) = 1. The controllability assumption does not hold here.

Example. State space model



has L2 gain 1, despite the fact that the pair (A, B) is not stabilizable and the pair (C, A) is not
detectable.
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3 Classical optimization schemes

Classical formulations of finite order LTI feedback design problems are given in this sec-
tion.

3.1 Feedback stabilization setup

This section defines the stabilization part of a typical finite order LTI feedback design
problem.

3.1.1 Plant, controller, closed loop system

A general objective of feedback design is to provide efficient algorithms for finding causal
finite order LTI systems K to achieve stability and optimize performance in the feedback
interconnection shown on Figure 3.11.

w ] -, €

Figure 3.11: Standard feedback design diagram

The elements of the diagram on Figure 3.11 have the following meaning.

P is the plant: an LTI system defined by a state space model, the coefficients of
which are known precisely (in some instances, the model can be defined by a proper
rational transfer matrix). Input of the plant is partitioned into two components (generally,
vectors): disturbance w and controlw. Similarly, output of the plant is partitioned into two
components: cost e and measurement y. Block I represents a controller: an LTI system
defined by a state space or rational transfer matrix model (with input y and output u) to
be optimized in design problems, to be analyzed in analysis problems.
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The plant equations have the form

©(t) = Ax(t) + Biw(t) + Bau(t), (3.1)
6(t) = Cll’(t) + an(t) + DmU(t), .

Note the zero coefficient Doy = 0 at control in the sensor equation. This assumption
about the plant structure is discussed in the next subsection.
The controller equations are chosen among general state space models

if(t) = Agag(t) + Byyh), (3.4)
ult) = Cyay(t) + Dyy(t). (3.5)

The resulting closed loop system G has state space model

xg(t) = Ayxy(t) + Byw(t), (3.6)
o) = Cyu,(t)+ Cyu(t), (3.7)
where ”
x(t
zy(t) = { 4 (t) } ’ (3.8)
Ag Bg _ Af Bf
{ c, D, ] = My + M, { c; D, Mo, (3.9)
A 0 B 0 B, 07 0
My = 0 0 0 S M=\ 1 0 , My = c 0 D ) (3.10)
Cy, 0 Dy 0 Dis 2 2

The feedback interconnection of (3.1)-(3.3) and (3.4),(3.5) is called stable if A, in (3.9)
is a Hurwitz matrix. In all problems to be considered, the feedback must be stabilizing,
i.e. making matrix A, stable.

3.1.2 On the assumption Dy = 0

The assumption Dsy = 0 made in (3.1)-(3.3) appears to be justified by “common sense”:
since u(t) describes the outcome of some decision-making process within the controller,
based on past measurements, causality is expected to prevent y(¢) from depending on
u(t). At an abstract level, a setup with Dyy # 0 is either equivalent to a setup with Dag
replaced by zero, or is ill-posed in a certain sense.
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Indeed, when (3.3) is replaced by the more general
y = Cow + Doyw + Daou, (3.11)
an admissible feedback must satisfy the well posedness constraint
det(I — DyDyy) # 0. (3.12)
However, every controller
u=Cyry+ Ds(Cox + Dyyw + Dapu) (3.13)
satisfying condition (3.12) can be written as
U= éfxf‘l'bf(CQxf‘l'DQlQU), (3.14)

where ) )
Cy= (I —DyDy)'Cy, Dy= (I~ DyDy) 'Dy. (3.15)

This shows that replacing Dss with zero does not reduce the set of achievable closed loop
systems. On the other hand, for a general Dyy # 0, not every controller (3.14) can be
obtained using coefficients defined by (3.15) with some C, Dy, because

I+ DyDyy = (I — DyDyy) ™"

must be an invertible matrix. Therefore, in the case when optimization over controllers
(3.14) yields the optimal ones for which I+ DDy, is not invertible, the original feedback
setup with (3.13) will be ill-posed, i.e. without an optimal solution.

Example. Consider the task of minimizing H-Infinity norm of the closed loop system for the
plant
e(t) = y(t) = u(t) + w(t), (3.16)

11
P(s) = [ 11 } .
Using feedback u(t) = Dyy(t) with Dy # 1 yields e(t) = y(t) = (1—Dy) " 'w(t). Hence H-Infinity

norm of the closed loop system can be made arbitrarily small when D; — oo. However, the zero
lower bound is not achieved by any particular admissible controller.

transfer matrix
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f K(s) v
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Figure 3.12: Interconnection with interconnection noise

3.1.3 Transfer matrices of feedback interconnection

The complete feedback interconnection system for Figure 3.11 is shown on Figure 3.12,
where v and f are interconnection noises.
The resulting interconnection system has inputs w, v, f and outputs e, y, u.

Theorem 3.1 Let K and Py be the m-by-q transfer matrix of controller K and the q-
by-m lower right corner of the transfer matriz

Py Pro
P =
{le Pzz}

of plant P. Then transfer matriz H of the interconnection system with input [w;v; f] and
output [e;y;ul is given by

-1

I 0 -P, Py 0 0
H=1|0 I —Py Py 0 01, (3.17)
0 -K I 0 K I

and transfer matrix G of the closed loop system is given by
G:P11+P12K(I—P22K)_1P21. (318)

According to Theorem 3.1, when the pair (A, B) is stabilizable and the pair (C, A) is
detectable, stability of interconnection from Figure 3.11 is implied by stability of transfer
matrix H from (3.17). On the other hand, under the same assumptions, stability of the
closed loop transfer matrix G does not necessarily imply stability of the interconnection.
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w cs/(s+1) 1/s

Figure 3.13: Zero/pole cancellation

3.1.4 Zero/pole cancellation: an example

Consider the continuous time SISO (single input, single output) control feedback setup

described by the block diagram on Figure 3.13, where ¢ > 0 is a constant parameter.
Here 1/s describes a servo system to be controlled, and ¢s/(s + 1) is the controller,

designed with an intention to minimize lower frequency tracking error (i.e. to make the

absolute value of the closed loop transfer function from w to e as small as possible).
This setup corresponds to the general form with

P =y L] x-S

This results in the closed loop system (input w, output e) with transfer function

s+1
s+1+c

G(s) =

Since G has no poles with non-negative real part, this gives a (false) impression of stability.
Also, as G(jw) — 0 as w — oo, the tracking objective also appears to be satisfied for
large ¢ > 0. Nevertheless, the controller does not stabilize the system, and G(0) = 1 for
every stabilizing controller.

To see that controller K(s) = c¢s/(s + 1) is not stabilizing, introduce the control
disturbance input, as shown on Figure 3.14. The transfer function from f to e equals

s+1
Gre(s) = ———,
se(s) s(s+1+c¢)
and hence the interconnection is not stable.
The effect observed in this example can be called zero/pole cancellation: cancellation
of unstable zeros and poles could lead to an instability which does not express itself in the
closed loop transfer matrix G.
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w cs/(s+1) 1/s

Figure 3.14: Zero/pole cancellation unmasked

3.2 Norm minimization schemes and singularity

In this section we discuss those details of feedback optimization setup which are common
between different performance criteria.

A typical feedback optimization setup (see Figure 3.15) calls for minimization of a
certain quantity ® = ®(G), associated with the closed loop system G (input w, output
e), over the set of all controllers I which make the feedback interconnection with a given
plant P stable.

Figure 3.15: Standard feedback design diagram

Among the variety of possible optimization schemes, an important class is formed by
norm minimization, where the quantity ® = ®(G) is a norm defined on the set of stable
transfer matrices, in the sense that

O(G) > 0 for G #0, O(cG) = |c|P(G) for c € R, O(G; + G2) < P(Gy) + P(Go).

Classical feedback optimization methods provide efficient minimization of H-Infinity
norm, H2 norm, and, in a specific setting, Hankel norm, for which norm minimization,
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under mild assumptions, is solvable in a finite number of modal decompositions and linear
equation solves.

3.2.1 Well posedness of norm minimization problems

Certain conditions of well posedness must be satisfied by the plant model for the clas-
sical optimization algorithms to work properly. Typically, the following well posedness
assumptions are needed to guarantee existence of an optimal controller in a feedback
optimization problem.

(a) The pair (A, By) is stabilizable.
(b) The pair (Cy, A) is detectable.

(c) The setup is not singular.

Here a state space feedback optimization setup is said to be control singular at fre-
quency w € [0, o0] if matrix

o A— sl BQ
EC(S) B |: Cl D12 }

is not left invertible at s = jw (D15 acts as E.(jw) for w = 00). The setup is called sensor
singular at frequency w € [0, oo] if

. A— sl Bl
Em(5> B |: C12 D21 }

is not right invertible at s = jw (Do acts as E,,(jw) for w = 00).
As a rule, presence of a singularity reflects certain dangerous omissions/simplifications
in the plant model.

3.2.2 Examples involving different types of singularity

Consider the feedback design setup shown on Figure 3.16, where H is a given system to
be controlled, K is the feedback system to be designed (accordingly, u is control and y is
the measurement), r is either sensor noise or a reference signal modeled by the shaping
transfer function W, d is the plant disturbance, and w = [wy;wy] is the “formal” external
input.
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Figure 3.16: Examples of singularity

Control singularity at w = oo The setup with

H(s) = — . Wils) = Wals) =1, e=y,
apparently aimed at minimizing the reference tracking error, has control singularity at
w = oo. This is due to the fact that no penalty is put on using high frequency control
(Py1(00) = 0). Selecting controller u = —Ky, where K > 0 is a large positive constant,
allows one to make the closed loop gain from w to e arbitrarily small at all frequencies
except w = oo, but the zero gain cannot be achieved. The “ultimate” controller has an
infinite gain.

Control singularity at w =0 The setup with

H(s)= 1, Wils)=Wals) =1, e=n,
apparently aimed at minimizing the control effort, has control singularity at w = 0. This
is due to the fact that no penalty is put on a failure to stabilize the plant. Selecting
controller u = — Ky, where K > 0 is a small positive constant, allows one to make the
closed loop gain from w to e arbitrarily small at all frequencies except w = 0, but the zero
gain cannot be achieved. The “ultimate” controller has zero gain, and does not stabilize
the system (there will be a zero/pole cancellation at s = 0).

Sensor singularity at w = oo The setup with

Hmzmugzgf?tmwwﬁﬁezlyy

apparently aimed at modeling r as a low frequency reference signal, has sensor singularity
at w = oo. This is due to the fact that no high frequency noise is assumed to be present
in the measurement (Pj3(o0) = 0). The “ultimate” controller is not proper.
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Sensor singularity at w =0 The setup with

Hs) =

, Wils) =1, Wy(s) =0, e= [;ﬂ
apparently aimed at ignoring the plant disturbance, has sensor singularity at w = 0. This
is due to the fact that input to a marginally unstable subsystem is assumed to be perfectly
known. The “ultimate” controller is not stabilizing (there will be a zero/pole cancellation
at s = 0), as it attempts to estimate the output of pure integrator by integrating w(t)
internally.

3.3 H-Infinity optimization

H-Infinity minimization is a major tool for designing feedback controllers for loop-shaping
and robustness in the presence of plant modeling errors.

3.3.1 H-Infinity norm and its calculation

Recall that L-Infinity norm of a rational transfer matrix H is defined by

[H |l = sup [[H(jw)]].
weR

When H is stable, L-Infinity norm coincides with the H-Infinity norm, i.e. with the L2
gain of the transfer matrix model associated with H. When A in H(s) = D+C(s[—A)"'B
is a Hurwitz matrix, L2 gain of the state space model defined by A, B, C, D also equals
[H ||

In MATLAB, function norm.m can be used to calculate L-Infinity norm of a rational
transfer matrix, as in

s=tf(’s’);

H=[1/(s+1) 1/(s-1);0.3 1];

norm(H, Inf)

The corresponding calculation in SCILAB is done using

s=poly(0,’s’);
H=[1/(s+1) 1/(s-1); 0.3 1];
h_norm(H)

A typical algorithm for computing H-Infinity norm is based on the so - called “Kalman
- Yakubovich - Popov” (or “Positive real”) lemma, to be discussed later.
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3.3.2 Entropy minimization setup

Consider the standard feedback design setup (3.1)-(3.5). Let us say that ~y-optimality (in
the H-Infinity sense) is feasible if there exists a stabilizing controller K generating a closed
loop transfer matrix G with H-Infinity norm less than ~. The H-Infinity optimization
algorithm, for a given plant P and real numbers d, Vmax, Ymin, and € > 0 such that
Ymax > Ymin = 0, begins by finding out whether y.-optimality is feasible. When it is,
the algorithm finds a number v € [Ymin, Ymax] Such that y-optimality is feasible, y—¢ < Yin
or (v — €)-optimality is not feasible, and computes a controller minimizing the entropy
integral

—% /_Z logdet{I — v G (jw)'G(jw)}dw. (3.19)

Note that H-Infinity optimization does not promise a direct calculation of a controller
which minimizes the closed loop H-Infinity norm.

Apart from the fact that an “explicit” formula for H-Infinity optimal controller is not
known in the general case, there are other good reasons not to seek the absolute optimim
in H-Infinity optimization. In particular, when e and w are not scalars, H-Infinity optimal
controller is, in general, not unique.

3.3.3 Example: non-unique H-Infinity optimal controller

Consider the H-Infinity feedback optimization setup with two-dimensional signals w, wu,
e, 1, defined by the plant transfer matrix

2 g == 9

5—61 1 s-(‘,)—l s—1

P(S) — 1 5—61 0 s-(‘,)—l
0 1 0 0

Since Py = 0 is this example, there is no actual feedback loop to close, and hence a
feedback controller K = K(s) is stabilizing if and only if it is stable. Accordingly, the
closed loop transfer matrix G is given by

2 9 s=1
G(s) = [ o } - [ . } K(s).
s+1 s+1

Substituting s = 1 into the expression for G yields

G(l):{(l) 0(.]5}'
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Hence [|G||ls > ||G(1)]] > 1 for all stabilizing controllers K. On the other hand, using

K =Kl = | § 1)y |
produces
Gls) = Gols) = [(1) 0(.)5 } '

Since |Gyl = 1, Ko is an H-Infinity optimal controller in this setup. However, Kj is not
the only H-Infinity optimal controller: for example, it is easy to check that

10
Kals) = { 00 ]
is optimal as well.

3.3.4 Example: L2 gain optimization via small gain theorem

Consider the task of designing a feedback controller for the standard setup shown on
Figure 3.17, where H is an unstable LTI plant with delay,

and K is the controller to be designed to guarantee good tracking of the reference input
r at lower frequencies.

r F(s) H(s) q

Figure 3.17: Feedback design with delay

We begin by approximating the stable part of H by a lower order transfer function,
while bounding the approximation error:

H{(s) = Ho(s) + hW(s)A(s),
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where

e 7 T 1
Hy(s) = _
o8 = 1 T 1505 110578
1+ s
W(s) = h=((H — Hy) /W | pee,
(5) = 15 = (B~ H) W

and A(s) is known to have H-Infinity norm not larger than one. The corresponding
feedback design diagram and MATLAB code are shown below.

- PO

s+l
el
Cost weight
HO
L2 gain Approximate plant
:
. ez w2
scaling scalingl  Aproximation weight

Here ~ is the desired guaranteed closed loop L2 gain from the reference input r = yw,
to the frequency weighted tracking error e;. Note the way in which the additional scaling
parameter d is used. H-Infinity optimization does not provide for an efficient way of
selecting the weights, including, in this case, d and . This particular implementation
relies on manual adjustment of d and ~.

function [K,G]=b05_ex7(tau,g,d)
% function [K,G]=b05_ex7(tau,g,d)

b

% L2 gain optimization via small gain theorem

if nargin<l, tau=0.1; end % default delay value

if nargin<2, g=5; end % default target L2 gain
if nargin<3, d=1/150; end % default scaling parameter

47



s=tf(’s’); % useful "transfer function"
HO=exp(-tau)/(s-1)-(tau/(1+tau/2))/(1+tau*s/2); % approximation of H

W=(1+s)/(1+s/10); % frequency weight
w=linspace(0,100,10000) ; % frequency samples
HOw=squeeze (freqresp(HO,w)).’; % frequency response of HO

Ww=squeeze (freqresp(W,w)).’; % frequency response of WO

Hw=exp (-tauxj*w) ./ (j*w-1); % frequency response of H

h=max (abs ((HOw-Hw) . /Ww) ) ; % approximate weighted H-Infinity error
disp([’Weighted H-Infinity error: ’ num2str(h)])

assignin(’base’,’H0’ ,HO); % workspace assignments

assignin(’base’,’W’,W);

assignin(’base’,’g’,g);

assignin(’base’,’d’,d);

assignin(’base’,’h’,h);

P=1inmod(’b05_ex7mod’); % extract plant model from SIMULINK diagram
p=pck(P.a,P.b,P.c,P.d); % plant model in Mutools format

nmeas=1; % dimension of y

ncon=1; % dimension of u

gmin=0; % lower bound of the binary search interval
gmax=1.1; % upper bound of the binary search interval
to0l=0.01; % relative accuracy of binary search
[k,gl=hinfsyn(p,nmeas,ncon,gmin,gmax,tol); % controller optimization
[ak, bk, ck,dk]=unpck (k) ; % conversion from Mutools format

[ag,bg,cg,dgl=unpck(g) ;

K=ss(ak,bk,ck,dk);

G=ss(ag,bg,cg,dg);

disp([’Closed loop L2 gain: ’ num2str(norm(G,Inf))])

3.4 H2 optimization setup

H2 optimization, which includes optimization of steady state Kalman filter gains and
LQG (Linear Quadratic Gaussian) feedback optimization, is one of the best developed
techniques of LTT system optimization.
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3.4.1 H2 norm

The L2 norm |G|z of rational transfer matrix G is defined by

IG|2 = = / " trace{G(jw)/ G (jw) dw. (3.20)

21 J_ o

Accordingly ||G||2 equals infinity when G has poles on the imaginary axis, or G(00) # 0,
and is finite otherwise. When G has no poles s with Re(s) > 0, the L2 norm will also be
called H2 norm.

Example. To calculate the L2 norm of H(z) = 1/(1 + s), use the fact that
1 o0
= / e Stetdt,
1 + s 0

o0 1
|H|3 = / et =
0 2

The same calculation can be done in MATLAB with

and hence

s=tf(’s’); G=1/(1+s); norm(G)~2

which returns 0.5000. Remarkably, using

s=tf(’s’); norm(1/(s-1))

produces infinity. The corresponding SCILAB code is

s=poly(0,’s’);h2norm(1/(1+s)) "2

(produces an error message when 1/(1 + s) is replaced by 1/(1 — s)).
Calculation of H2 norm is based on the following idea. When

H(s)=C(sI — A)'B,

where A is a Hurwitz matrix, we have

H(s):/ CeBe ' dt
0
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for Re(s) > 0, and hence
|H|3 = trace/ B'e*tC'Ce Bdt
0
= trace{ B'W,B},

where -
W, = / MO CeMdt
0

is called the observability Gramian of the state space model defined by A, B, C. Since

€AITW06AT _ /OO eA’(t—I—T) Clc«eA(t—l—T) dt = /OO eA’tc/CeAtdt
0 T

for all T € R, differentiation with respect to T at T' = 0 yields
AW, +W,A=-C'C, (3.21)

i.e. the Gramian can be found by solving the linear continuous time Lyapunov equation,
of which it is a unique solution, provided that A is a Hurwitz matrix.

3.4.2 H2 norms and response to Gaussian white noise

To use stochastic models of signals and systems, we introduce dependence of real variables
on an auxiliary parameter £ € (0, 1), assuming that every elementary combination of these
variables is a measurable function of £. Accordingly, for a real variable f the quantity

B[] f[] / F©)]de € [0, 00]

is well defined, and, assuming E[|f|] < oo, the expected value

1
E[f] < d
] /0 F(e)de

is also well defined.

Let us say that a function f : (0,1) — R has a Gaussian distribution with zero mean
and variance o when for every a € R the set

{£€(0,1): f(§) <a}
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is measurable, and its Lebesgue measure equals

1 e 2
—r?/20
e dr.
\V2ro /—oo

An m-dimensional continuous time Gaussian white noise f = f(t) is a linear trans-
formation which maps every square integrable function ¢ : [0,00) — R™ to a function
fe: (0,1) — R which has a Gaussian distribution with zero mean and variance

o= /OOO (1) |2dt.

The result of applying f to ¢ = ¢(t) is expressed symbolically as

£ = / "oty f(t)dt.

According to this description, if y = y(t) = y(¢, &) is response of a stable finite order LTI
system H with a strictly proper transfer matrix H (H(oco) = 0) to a white noise input
f=f(t) = f(t,¢&), the expected value of |y(T)|? is given by

E{|ly(T)]*} = trace/o h(t)'h(t)dt,

where h = h(t) is the unit impulse response of H. When H is stable, E{|y(T)|?} converges
to the continuous time H2 norm of H.

3.4.3 H2 optimization and its singularity

The H2 optimization problem is that of finding, for a given plant P, a controller X which
makes the feedback interconnection well-posed and stable, and minimizes H2 norm of the
closed loop transfer matrix G.

One possible interpretation of H2 optimization is that it minimizes sensitivity of output
e to a white noise input w.

Subject to the non-singularity assumptions about the plant, which are formulated in
the same way as in the case of H-Infinity optimization, both discrete and continuous time
H2 optimization problems have explicit solutions.

For whatever reason, the routine h2syn.m, provided by MATLAB’s Mutools for H2
optimization, looks only for strictly proper controllers, and hence does not accept plants
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with Dj; # 0. Since H2 norm of a state space model with D # 0 equals infinity, a
meaningful controller must satisfy the condition

Dyy + Dy3Dy Doy = 0. (3.22)

When Dy; # 0, equation (3.22) is not always solvable with respect to D;. However, in
non-singular problems, the solution is unique, when it exists, since D, is left invertible
and Do, is right invertible. Accordingly, D; can be defined as

Df - —DEDHDS—I,
where DEDH =] and D21D;1 =1.

Example. Here is a sample continuous time H2 optimization code for plant with state space
model

£(t) = —z(t) +w(t), e(t)=z(t)+u(l), y)=w(t),
transfer matrix L
P(s) = [ ? 0 ] .

s=tf(’s’); % "s" transfer function

P=[1/(s+1) 1;1 0]; % plant: transfer matrix

% P=[s/(s+1) 1;1 0]; % this would lead to algorithm failure!
[a,b,c,d]=ssdata(P); % plant: state space model
p=pck(a,b,c,d); % plant: mutools format
[k,gl=h2syn(p,1,1); % H2 optimization
[ak,bk,ck,dk]=unpck(k); % controller: state space model

tf (ss(ak,bk,ck,dk)) % controller: transfer function

Note how changing the plant by uncommenting the third line leads to an algorithm failure (an
optimal H2 controller still exists in that case!) due to Dj; # 0. The corresponding SCILAB
code is

s=poly(0,’s’); // "s" transfer function

P=[1/(s+1) 1;1 0]; // plant: transfer matrix

P=[s/(s+1) 1;1 0]; // P will be reset to P=[-1/(s+1) 1;1 0]
[a,b,c,d]l=abcd(P); // plant: state space model
p=syslin(’c’,a,b,c,d); // plant in 1lss format

k=1qg(p, [1 11); // H2 optimization

k=ss2tf (k) // controller transfer function
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3.5 Hankel optimal model reduction setup

Both H-Infinity and H2 optimization setups do not allow the user to impose an arbitrary
bound on the order of the optimal controller, though the corresponding solution algorithms
are guaranteed to produce a controller of order not larger than order of the plant. Hankel
optimal model reduction corresponds to a setup in which Py, = 0 (no actual feedback loop
present), the objective ® = ®((G) is a weak norm, but, as a compensation, an explicit
arbitrary bound can be imposed on the order of the “controller”, which, in this case,
represents the reduced model.

3.5.1 The Hankel norm

Let RH?™ denote the set of all ¢g-by-m continuous time stable rational transfer matrices
(no poles s with Re(s) > 0). Let Let RH®™ denote the set of all ¢-by-m continuous time
anti-stable rational transfer matrices (no poles s with Re(s) < 0).

Definition. The Hankel norm ||G||g of a ¢-by-m rational transfer matrix G is defined as

1Gllr = inf |G- Al (3.23)
A€eRH?

In other words, Hankel norm of a transfer matrix is its L-Infinity distance to the set
of anti-stable transfer matrices.

|G|l equals infinity when G has poles on the imaginary axis, and is finite otherwise.
Strictly speaking, the Hankel norm are not a “proper” norm everywhere, as |G|z = 0

for a non-zero anti-stable transfer matrix. ||G||y is valid as a norm on the subset RH{™
of those G € RH*™ which satisfy G(o0) = 0.

3.5.2 Hankel optimal model reduction

The standard Hankel optimal model reduction problem calls for finding, given a stable
transfer matrix H and a positive integer r, a stable transfer matrix H of order less than r
for which Hankel norm ~ of the difference H — H is minimal. In addition, for the optimal
H , an anti-stable transfer matrix A can be computed, such that

(H—H—AN)(H—-H-—A)=+1,

on the imaginary.
As a rule, Hankel optimal reduced models demonstrate high (though not optimal)
quality of H-Infinity approximation of the original system. This makes Hankel optimal
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model reduction a high quality H-Infinity model reduction algorithm for systems of order
not larger than a few thousands.

MATLAB’s Mutools offer an implementation of Hankel optimal model reduction for
continuous time systems, which uses two operations: “balancing” and actual model re-
duction, to be explained in the following sections. Here is a sample code that combines
the two parts.

Figure 3.18: Model reduction: frequency responses

function Hr=b05_ex10(H,r)
% function Hr=b05_ex10(H,r)
yA

% Hankel optimal model reduction

% test inputs
if nargin<1,
s=tf(’s’);
H=1/(s+1)+10/(s"2+s+10)+9/(s"2+2*s+9) -1/ (s+2) ;
end
if nargin<2, r=3; end
% model reduction code

[a,b,c,d]=ssdata(H); % state space model of H
h=pck(a,b,c,d); % H in Mutools format
[hbal,sigl=sysbal(h); % "balancing"

hr=hankmr (hbal,sig,r-1,’d’); % Hankel optimal model reduction
[ar,br,cr,dr]=unpck(hr); % state space model of reduced system
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Hr=ss(ar,br,cr,dr);

% computing and comparing frequency responses
W=norm(a)/2;

w=linspace(0,W,10000) ;

Hw=squeeze (freqresp(H,w)) ;

Hrw=squeeze (freqresp(Hr,w) ) ;

close(gct)

subplot(2,1,1); plot(w,real(Hw),w,real(Hrw)); grid
subplot(2,1,2); plot(w,imag(Hw),w,imag(Hrw)); grid

For the test example with

1 + 10 + 9 1
s+1 s24+4s+10 s24+25s+9 s+2’

H(s) =

frequency responses of H and H, are compared on Figure 3.18.
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4 Q-parameterization and the “waterbed effect”

This lecture discusses some limitations imposed on the closed loop system by the plant
equations and by the closed loop stability conditions.

4.1 Q-Parameterization

The so-called “Q-Parameterization” (sometimes referred to as the “Youla Parameteri-
zation”): an explicit formula for a arbitrary closed loop transfer matrix generated by a
stabilizing controller, expressed as an affine function of an arbitrary stable transfer matrix

Q.
4.1.1 The setup

Not every stable transfer matrix w — e can be obtained by closing a stabilizing LTI
feedback loop u = K(s)y in canonical feedback design setup shown on Figure 4.19. In

w e

—_—

Figure 4.19: LTT feedback

this section, we investigate the limits of LTI feedback’s ability to change the closed loop
transfer matrix. More precisely, it will be shown that the set of all closed loop transfer
matrices is affine. In addition, the role of unstable poles and zeros of P in limiting LTI
feedback designs will be investigated.

Q-parameterization gives a very simple affine description of the set of all achievable
closed loop transfer matrices as function of the so-called “Q” parameter Q = Q(s), which
is an arbitrary stable proper transfer matrix of size m x k, where m is the total number of
actuator inputs, and k is the total number of sensors in the system. For design purposes,
the result is extremely important: instead of thinking in terms of the controller transfer
matrix K = K(s), one will be much better off by designing Q(s).
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4.1.2 The Q-parameterization theorem

We consider LTT systems P from Figure 4.19 (where u and y are vectors of size m and k
respectively) given in the state space format

A | B B
P(S) = Cl Dll D12 . (41)
02 D21 0

An LTI feedback controller v = — Kz, where

is said to stabilize the feedback system if all eigenvalues of the matrix

A+ ByDiCy ByCy }

Aa = { B,C A (4.3)

have negative real part. Let T'= T'(s) be the transfer matrix of the resulting closed loop
system with input w and output e:

A+ ByDsCy ByCy By + By Dy Dy
T := Bf02 Af BfD21 . (44)
Ci1+ D2 DsCy DyoCy ‘ Dy + D19 D¢Dyy

Note that the description of T' given in (4.4) is very inconvenient for design purposes,
because the design parameters Ay, By, C'y, Dy enter the transfer matrix defined by (4.4)
in a very non-linear way, and are themselves constrained nonlinearly by the condition that
Ay in (4.3) must be a Hurwitz matrix. The following result gives a much more useful
parameterization of all T = T'(s).

Theorem 4.1 Let F, L be constant gains such that matrices A+ BoF and A + LC5 are
Hurwitz. Then a given transfer matrix T = T(s) can be made equal to the transfer

matriz of the closed loop system (4.4) by an appropriate selection of a stabilizing feedback
controller (4.2) if and only if

T(s) = To(s) + T1(s)Q(s)Ta(s) (4.5)

for some stable proper rational transfer matriz QQ = Q(s), where Ty, Ty, Ty are the transfer
matrices of systems

A By F B
T() = —LCQ A+ BQF —+ LCQ —LD21 , (46)
Ci1 DypF | Du
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A+ ByF | By
T, = 4.
! <01+D12F‘D12 )’ (4.7)

7 _ A+ LCy | Bi+ LDy
2 Co ‘ Doy '

Moreover, T'(s) can be achieved by using a strictly proper stabilizing controller if and only
if representation (4.5) with a stable strictly proper rational Q) is possible.

(4.8)

Theorem 4.1 is a remarkable result, which, in particular, ensures that any conver
feedback optimization problem formulated in terms of the closed loop transfer matrices
can be solved relatively easily. In (4.5), T represents some admissible closed loop design,
and the structure of T, T imposes limitations on the closed loop transfer matrix.

4.1.3 Derivation of Youla parameterization

Let F, L be defined as in Theorem 4.1, i.e. A+ ByF and A + LCy are Hurwitz matrices.
For any u(-) let & be defined by

1 = A# + Bou + L(Coit — ).
Then for 6 = z — Z we have

Let
0 = Yy — Cgf = 0254— Dglw.

Note that 6 is the output of system 75 with input w. Now the equations for Z,z s, u can
be re-written in the form

& = (A+ ByD;Cy)i + BoCyxy + (BoDy — L),

j}f Bngi’—i‘AfSL’f—i‘Bf@,
u—Fz = (Df02 —K)Zi’+Cfl’f+Df9.

Hence, for a stabilizing controller (4.2), u — F'& is the output of the stable system

ByDy — L
Q= A H By W
| DsCa—F Cy || Dy
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with input 0, where A, is defined by (4.3). Since, in addition, the equations for x,u —
Fz,w,d,e can be written as

e = (C1 + D12F)SL’ + D12(u — Fi’) + (an — D12F5),

e equals the output of T with input v — F'Z plus the output of Ty with input w. This
proves that the closed loop transfer matrix from w to e has the form (4.5) with some
stable (). Conversely, if () is stable, using v which is a sum of F'z and the output of ()
with input 6 defines a stabilizing feedback controller u = Ky.

Figure 4.20 gives a simple interpretation of Q-parameterization: in order to describe a
general form of a stabilizing LTI controller, one has to find a special stabilizing controller
first, then use a copy of the stabilized system as an estimator of the sensor output, and
feed a stable LTI transformation Q = Q(s) of the difference between the actual and the
estimated sensor values back into the control input.

w_ | - L, €
P
j[ o @
K —
0—> —
P

A

Figure 4.20: Youla parameterization

4.1.4 Open loop zeros

The restrictions on the closed loop transfer function imposed by the Youla parameteriza-
tion can be understood in terms of the so-called open loop zeros.
To define zeros of MIMO systems, consider state space models

1 = axy + buy, Yy = cxy + duy,
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where the dimensions of x1,u; and y; are n,m and k respectively. Consider the complex
matrix

="

where s € C is a scalar complex variable. The system is said to have a right zero at a
point s if ker M (s) # {0}, i.e. if M(s) is not left invertible, or, equivalently, if there exists
a non-zero pair (Xi, U;) of complex vectors such that

SXl = aX1 + bUl, 0= CXl + dUl

Similarly, the system is said to have a left zero at s if the range of M (s) is not the whole
vector space C"** ie. if M (s) is not right invertible, or, equivalently, if there exists a
non-zero pair (py,q) of complex vectors such that

sp1 = pia + qic, 0=pib+ qd.

As it can be seen from the formulae for 7T and 715, the restrictions on the closed loop
transfer matrix are caused by the unstable right zeros of the system

T = Ax + Blw, Yy = Cg.l’ + Dglw, (49)
and by the unstable left zeros of the system
&t = Ax + Bou, z= Ciz+ Diou. (4.10)

It can be seen immediately that the right zeros of (4.9) cause problems by obstructing
the observation process, while the left zeros of (4.10) describe problems which a control
action will experience even in the case of a complete knowledge of w and .

4.1.5 Time-Domain Q-Parameterization

The following statement re-states Theorem 4.1 in a time-domain format.

Theorem 4.2 A matriz-valued function Z = Z(t) is a closed-loop impulse response from
w to z generated in the closed loop system (4.4) by an appropriate selection of a stabilizing
feedback controller (4.2) if and only if there exists a function Q) = Q(t), elements of which

are finite linear combinations of Dirac deltas § = §(t) and generalized one-sided exponents
thestu(t) with Re(s) < 0, such that

Z(t) = (C + D12F)X(t) + D12V(t) + Dlld(t),
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where
(t) U(t)(By + LDy1) + Q(t) Doy,

b(t) = ()(A+LCz) + Q1)
X(t) = (A+ ByF)X(t) + BV (t) + Bid (1),
and X (-),V(-) are zero fort < 0.

4.2 The waterbed effect

A common effect, usually associated with unstable zeroes and poles of the open loop
plant, makes it theoretically impossible to make certain closed loop transfer functions
“small” simultaneously at all frequencies: if amplitude of the frequency response is reduced
in one part of the spectrum, it may have to get larger in the other part. This effect,
sometimes called the waterbed effect, can be explained mathematically in terms of integral
inequalities imposed on the closed loop transfer functions. In the basis of such results
is the affine characterization of all possible closed loop responses, as well as the Cauchy
integral relation for analytical functions.

4.2.1 The Parceval Identity

When working with continuous time systems, the most important integral relation for
analytical functions appears to be the Parceval identity, which claims that

/f dw—/ f) (4.11)

where f,§ are Fourier transforms of square integrable functions f,¢: R +— C™.

Let Ho(R™) denote the set of all Laplace transforms F' of square integrable signals
f: R~ R™ such that f(¢t) = 0 for t < 0. Recall that F' € Hy(C™) if and only if F is
real analytical, and the integrals

1 o0

— |F(r + jw)|*dw
21

are uniformly bounded, in which case functions F,. = F.(w), defined by F,.(w) = F(r+jw),

converge in the L2 sense, as 7 — +0, to the Fourier transform f(w) o F(jw) of f.

Combining these two statements yields a nice direct integral formula which recon-
structs Laplace transform of a square integrable function f € Lo (R™) from the real parts
of its values on the imaginary axis.
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Theorem 4.3 If ' € Hy(R™) then

Fs) =+ /_oo Re Fljw)dw (4.12)

T s — jw

for all s € C.

Proof. Let F be the Fourier transform of f. Note that f is causal and define g(t) = f(¢)+f(—1).
Then, by the definition of F'(s),

- /_ Z f(t)e tdt = /_ Z g(t)r(t)dt,

r(t) = u(t)e ™,

where

and u(-) denotes the unit step function. Hence, by the Parceval formula,

F
/ G(jw)R(jw)dw = —/ Re Fljw)dw (]cu)dcu’
27‘(’ o S —|—jw

since the Fourier transform R(jw) of r(t) is R(jw) = 1/(jw + §), the Fourier transform G(jw)
of g is G(jw) = 2Re F(jw), and 2ReF (jw) = 2ReF(—jw). [ ]

Looking separately for the real and imaginary part of F'(s), (4.12) yields the Poisson
formula

/OO aRe F(jw)dw

a?+ (b—w)?

Important versions of the Poisson formula are obtained when F' is defined as a loga-
rithm F(s) = log H(s) of a minimum-phase stable transfer function.

Re F(a + jb) = (4.13)

— 00

4.2.2 Integral Identities for Stable Transfer Functions

For the classical SISO feedback setup on Figure 4.21, where P = P(s) is a given strictly
proper rational transfer function, and K (s) is an arbitrary proper stabilizing controller,
the closed loop sensitivity function
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" 4T— K(s) P(s) v

Figure 4.21: A SISO Feedback Setup

must satisfy the interpolation constraints
Spi) =0, S(z)=1,

where p; are unstable poles of P, z; are unstable zeroes of P (including zeros at infinity),
and multiplicity counts.

As shown by the Q-parameterization theorem, these conditions are not only neces-
sary but also sufficient for existence of a stabilizing controller producing the closed loop
sensitivity function S.

The interpolation conditions can be used to show that the peak values of |S(jw)| must
be large.

4.2.3 Example: Poisson formula and closed loop bandwidth

Consider the standard SISO feedback design setup shown on Figure 4.21, where P(s) is
the given open loop plant model, and K(s) is the stabilizing controller to be designed.
We will assume that P(s) has an unstable zero at s = 2 and an unstable pole at s = 3.
According to the classical control, the unstable zero will limit the closed loop bandwidth,
in the sense that the closed-loop sensitivity transfer function S = S(s) (from r to e)
cannot have small gain on the frequency interval w € [0, wo] when wy > 2. Contrary to
this, the mathematical theory tells us that, unless P has zeros on the imaginary axis,
for every € > 0 and for every wy > 0 there exists a stabilizing controller C'(s) such that
|S(jw)| < € for all w € [0, w).

To reconcile these two statements, one can expect that every controller which the-
oretically provides a very large closed loop bandwidth achieves this at the expense of
producing very bad behavior at other frequencies. To show that this is indeed the case,
let us bound from below the H-Infinity norm of S assuming that |S(jw)| does not exceed
0.1 for |w| < 10 rad/sec.

From the problem formulation we know that S is a stable transfer function, S(2) = 1,

and S(3) = 0. Let

S S n
B(s) = TP stpa 5TP

S—P1 S—DP2 S — Dn




where pj, are the strictly unstable zeros of S(s)(s+ 3)/(s — 3) (multiplicity counts). Let

Sis) = S(s)B(s) " 2

Note that
(a) S,u(s) does not have strictly unstable zeros or poles;
(b) [Sm(jw) = [S(jw)| for all w € R;
(©) 15m(2)] = 5,

where (a) follows by construction, and (b),(c) are the consequence of the transfer functions
B,(s) = (s —p)/(s + p), with Re(p) > 0, being all-pass, which means |B,(jw)| = 1 for
w € R and |B,(s)| <1 for Re(s) > 0.

By (a), the Poisson integral formula can be applied to log S,,, which yields

‘ 1 [ alog|S,,(jw)|dw

for all a > 0, b € R. Setting a = 2, b = 0, and using (b),(c), we get

1 [ 2log|S(jw)|dw
log(5) < — .
0g(5) < ﬁ/_oo w?+4

Equivalently, the change of the independent variable w := 2w yields

1 [~1 27 2 (1 27
o) < L [ oIS 2 [~ g 520t
T J oo w241 T Jo w41

Remember that, by the problem formulation,
|S(2jw)| < 0.1 for w < 5.

Also let
M = sup|S(2jw)].

w>5

Taking into account that

arctan(w arctan(w
1 2 2 1)

1
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we have

mlog(5) < /oolog|5(2jw)|dw
0

2 - w?+1
/5 log |S(2jw)|dw /°° log |S(2jw)|dw
= +
0 w2+1 5 UJ2+]_

< log(0.1) arctan(5) + log(M)(g — arctan(h)).

Hence
mlog(5)/2 + arctan(5) log(10)

5 — arctan(5)

log(M) > ~ 250dB.

The calculation was done using MATLAB instruction
20* (pi*xlogl0(5)/2+atan(5))/(pi/2-atan(5))

Indeed, this is a very large lower bound of the H-Infinity norm, which makes the design
objective |S(jw)| < 0.1 for w < 10 practically infeasible.
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5 Kalman-Yakubovich-Popov Lemma

In this section, a variety of results associated with the so-called Kalman - Popov -
Yakubovich (KYP, also known as Positive Real or Bounded Real) Lemma are discussed.
The “lemma” (which will be presented in the form of several related statements) estab-
lishes important relations between state space and frequency domain objects, and plays
a key role in deriving state space solutions to H2/H-Infinity feedback optimization and
Hankel optimal reduced models. It also enables the semidefinite programming approach
to feedback design via convex optimization.

5.1 Motivating examples

This section lists a few major examples which provide motivation for the mathematical
constructions related to the KYP Lemma.

5.1.1 Completion of squares in optimal program control

Consider the task of finding a function f: (0,00) — R for which the integral

o(f() = /Ooo(\f(t)\2 + [ (t)|*)dt (5.1)

is minimal, where
(t) = f(t), =(0)=1. (5.2)

This can be viewed as optimization of a pre-calculated control signal in an optimal control
problem with perfect information, no disturbances, and asymptotic terminal constraints,
though the technique will have far reaching implications.

One can see that minimizing the control effort without regard for x = x(¢) leads to
f(t)=0,z(t) =1, ie ® = +oo. Similarly, minimizing the integral of |z|> without regard
for control, as in

f(t)z{a,l/e’ ?;<E]

where € — 40, also leads to ®(f(-)) — +oc.

The trick which allows one to figure out the right balance between control effort and
stabilization rate is the so-called completion of squares. Note that finiteness of ®(f(+))
imples that xz(t) — 0 as t — oco. Hence, for every constant p € R,

/Ooo 2px(t) f(t)dt = /Ooo {%p\x(tw} dt = —p
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does not depend on f(-). Accordingly,
O(f(-) =p+ / {|=> + | f* + 2pwu} dt.
0

Completion of squares means finding p such that the minimum of |z|* + | f|*> 4+ 2px f with
respect to u equals zero, which occurs if and only if

|2 + [f* + 2pau = |f —kzf* Vo, feR

for some constant k. Comparing the coefficients at xf and 22 on both sides of the
identity yields p = —k and 1 = k2, hence 1 = p?. The equation 1 = p? is a special case
of (algebraic) algebraic Riccati equation, which, in this example, yields a solution of the
completion of squares question.

Using the solution p = 1 allows one to re-write ®(f(-)) in the form

O(f() =1 +/OOO |f + z|?dt.

This implies ®(f(-)) > 1 for all f(-). Moreover, this suggests that the optimal f = f(t)
can be found by solving equation f(t) = —xz(t) combined with dz/dt = f and z(0) = 1.
Indeed, it is straightforward to verify that the corresponding solution f(t) = —exp(—t),
x(t) = exp(—t) defines the optimal f, for which ®(f) = 1.

In contrast, the solution p = —1 is not as useful for the task at hand. While it does
yield a lower bound ®(f) > —1, according to

B(F()) = —1+ / T

(subject to the assumption that z(t) — 0 as t — o0), solving f(¢) = x(t) combined with
drz/dt = f and x(0) = 1 defines a function f = f(t) for which z(t) — oo as t — oc.
The solution p = 1 is called stabilizing. Apparently, only stabilizing solution of the ARE
1 = p? is of some use in solving the optimal program control problem (5.1), (5.2).

Similar arguments apply in the general case of abstract H2 optimization, which is
defined as the task of minimizing the functional

(f() = / " o(alt), F(0)dr (5.3)

subject to the constraints
o0) =an, [ (Jale) + £ OP)it < x, (5.4)
0
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where xg is a fixed, though arbitrary, parameter,

d%ﬂ={§}5{§},2={§ g} (5.5)

is a given Hermitian form with real coefficients, and A, B are given real matrices.

Assuming that R = R’ > 0, the minimization problem can be solved using completion
of squares, which means finding a real symmetric matrix p = p’ and a real matrix k& such
that

o(x, f)+22'p(Ax + Bf) = |f — kx|} VY z, f, (5.6)

where A + Bk is a Hurwitz matrix, and |v|% is the shortcut for
lv|% © ' Ro.
Comparing the coefficients on both sides of identity (5.6) yields
F+pB=-kR, G+pA+ A'p=FKRE,
which is equivalent to the algebraic Riccati equation (ARE)

0 +pB+ 3'p=pp (5.7)

with
§=G—-FR'F', p=A—BR'F', §=BR'B.

Moreover, since

A+ Bk = — op,
we are interested in finding a stabilizing solution p = p’ of ARE (5.7), i.e. such that
B — 0p is a Hurwitz matrix. When a stabilizing solution of ARE (5.7) is known, the
minimum of ®(u(-)) equals |zo|>, and is achieved by control satisfying u = kz, where
k=-RYBp+F).

The completion of squares approach to optimal control poses several fundamental

questions.

(a) Which conditions imposed on A, B, G, F, R guarantee existence of a stabilizing so-
lution of the associated Riccati equation?

(b) Is it true that a stabilizing solution exists in all well-posed abstract H2 optimization
prolems?

(c) Is there an efficient way of computing a stabilizing solution p of ARE (5.7), when
such a solution does exist?

These questions, among several other, are answered by a host of results which are generally
referred to as the KYP Lemma.
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5.1.2 Quadratic storage functions as L2 power gain certificates

Storage functions generalize the notion of a Lyapunov function, prividing certificates of
input/output behavior of dynamical systems. For example, for the system with input f
and output y defined by the ODE model

£(t) = a(z(t), f(1)), y(t) = c(z(t), f(1)), (5.8)

where a : R"xR™ — R"and ¢ : R"xR™ — R” are continuous functions, a continuously
differentiable function V' : R" + [0, 00) satisfying

V012 = ez, /)P = VV(x)a(z, f) >0 Yo cR", fcR™, (5.9)

where VV (x) denotes the gradient of V' at z, proves (“certifies”) that L2 power gain is
not larger than v > 0. Indeed, combining (5.8) with (5.9) yields

d

YIIOF = lyOF = ZV(@(0),

which, after integration over ¢t € [0, T, shows that

T
| GAIOF 0P} @t > V(D) = Vi) = <V ((0))
Let us apply storage function analysis to the simple example of LTI system

#(t) = —x(t) + f(t), y(t) = =(t)

(a(z, f) = —z+ f, c(x, f) = z, transfer function 1/(s+1)). For a quadratic V(z) = p|z|?,
condition (5.9) becomes

VIf1? = |2 — 2pa(—z + f) > 0.

Since this means positive semidefiniteness of a quadratic form with matrix

g
-p ]

condition (5.9) holds if and only if p satisfies the Riccati inequality

Y(2p-1) > p”

69



The inequality is solvable with respect to p if and only if 4% > 1, which is in agreement
with the fact that the L2 gain of the system equals 1.

In general, an attempt to find a quadratic storage function V(z) = a'px certifying
that L2 power gain of LTT system

©(t) = Az(t) + Bf(t), y(t) = Cz(t)+ Df(¢)
is strictly smaller than v > 0 leads to the strict Riccati inequality

o+ pB+ PBp < pbp, (5.10)
where
a=CC—-CR'C,3=A—-BR'C, 9=BR'B', R=~*I - D'D,

with the additional constraints R > 0 and p > 0.
The use of quadratic storage functions in LTI system L2 gain verification poses several
fundamental questions.

(a) Which conditions imposed on «, 3,6 guarantee existence of a soluiton p = p’ of
(5.10)?

(b) Is it true that (5.10) is solvable whenever the corresponding L2 gain bound is sat-
isfied?

(c) Is there an efficient way of computing a solution (5.10), when such a solution does
exist?

These questions, among several other, are answered by a host of results which are generally
referred to as the KYP Lemma.

5.1.3 Differential games

The following example appears to combine the challenges of the previous two. Consider
a differential game, defined by

() = ult) + w(t), e(t) = [ zgg } |

The objective is to define u as a causal function of x in such a way that the resulting
L2 gain from w to e is as small as possible. Informally speaking, the problem is about
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finding best strategies for two players, one (“disturbance”) setting w = w(t) and the other
(“control”) setting u = u(t), when the objective of control is to keep the integrals

O = /0 {(Vlw®)]* = |2(®)]* — [u(t)[*}dt

bounded from below for v > 0 as small as possible, while disturbance tries to make &
as small as possible.

The idea of “completing the squares” can be applied in this case, in the form of finding
p > 0 which defines a storage function V(x) = p|z|*> > 0 such that

V9wt =z = [u®)]* = 2pr(u +w) = y*lw — kial* — |u — kaz.

If such p, k1, ko do exist, the memoryless feedback controller u(t) = kyx(t) guarantees that

T
7 > —pla(0) + pla(®) + 2 / w — kyzlPdt > —ple(0)P,
0

no matter what w does. In addition, w = kjx appears as the “best strategy” for the
disturbance. Solving for p, k1, ko yields a Riccati equation

—1=("7-1)p%
which has a positive solution if and only if v > 1. Moreover,

2

Vo1

and hence the closed loop gain can be made arbitrarily close to 1 by using high gain
feedback u = —kx where k — +o00.

Generalizations of this example lead to the same form of Riccati equations as in (5.7),
with the only (though significant) difference that R in (5.5), (5.6) is not a sign definite
matrix any longer (though still assumed invertible).

ky = — — —00 as 7 — 140,

5.2 Systems constructions related to the KYP Lemma

The KYP Lemma reveals a beautiful relation between a number of mathematical objects
of importance to control systems.
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5.2.1 Riccati equations and inequalities

A Hermitian form

h(n,§) = { 2 } X { g } = n'an + 2£'Bn — 05, (5.11)
where /
, o
Yy = Z:h = |: 3 _ﬁe :| )
and o = o/, 3, 0 = #' are given n-by-n matrices, defines the ARE

a+pB+Bp=pip (p=0) (5.12)
with respect to a real symmetric n-by-n matrix p = p’. Note that (5.12) is equivalent to
h(n,pn) =0 Vn € R.

A solution p = p’ of (5.12) is called stabilizing when the ODE

,_(an
" dg &=pn

is globally asymptotically stable, i.e. when 3 — 0p is a Hurwitz matrix.
Replacing (5.12) by a matrix inequality yields a Riccati inequality, either

a+pB+B'p < plp (5.13)

or

a+pB+ B'p = pop. (5.14)

An important class of Riccati equations and inequalities is generated by a systems-
oriented setup, in which

h(n,€) = h(n,&v) (5.15)

dh)dv=0"
where .

h(n, & v) =o(n,v) — 2 (an + bv),
and o(n,v) is a Hermitian form with real coefficients, such that R = d?c/dv? is a non-
singular matrix. It is easy to verify that a real symmetric matrix p = p’ is a stabilizing
solution of the corresponding Riccati equation if and only if

o(n,v)—2(an+bv) =0c(0,v —kn) Yu,n,

where a + bk is a Hurwitz matrix.
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5.2.2 Frequency domain inequalities and spectral factorization

Let IT = II(jw) be a rational Hermitian matrix-valued function defined on the imaginary
axis, satisfying the real symmetry condition

II(—jw) = (jw)T YweR, (5.16)

where M7 means the transpose of M (in contrast with M’ which means Hermitian con-
jugation). A question of common interest is verification of positivity of II.

Definition. A rational transfer function II = Il(s) with values in C™™ and no poles on
the imaginary axis jR is called positive semidefinite on jR if II(jw) > 0 is Hermitian
positive semidefinite for all w € R. II is called strictly positive definite if there exists
€ > 0 such that

H(jw) =U(jw) > el,, ¥VweR. (5.17)
Example. Function II(s) = % is not positive semidefinite on the imaginary axis because its
values there are not Hermitian. Function
1 L
H(jw) =1 e (5.18)
[ e ]

where a € R is a parameter, is not positive semidefinite for a < 0, is positive semidefinite but
not strictly positive definite (its smallest eigenvalue converges to zero as w — o) for a = 0, and
is strictly positive definite for a > 0.

The following two questions are frequently encountered in control theory and its ap-
plications:

(a) Given a state space models of II = II(jw), how to verify that II is strictly positive
definite “analytically”, i.e. without doing an extensive frequency sweep?

(b) For a strictly positive definite IT = II(jw), find a rational function ¥ such that both
U(s) and W(s)~! are stable transfer matrices, and

H(jw) = ¥(jw)'¥(jw) Vw e R. (5.19)

Representation (5.19) is frequently called spectral factorization. It has the following
interpretation in the theory of stochastic signals: a transfer matrix IT = I1(jw) satisfying
(5.17) is spectral density of a stationary random process 1, and W(s)™! is transfer matrix
of the “whitening” filter, such that passing 1 through the system with transfer matrix
U (s)~! yields a normalized white noise steady state response.
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5.2.3 Linear matrix inequalities

Consider the case when II = II(jw) in (5.16)is given by

(jwl —A)'B } [ G L } { (jwl — A)'B

) = | U1 P M wen o)

where A, B,G = G', L, R = R are known real matrices of dimension n-by-n, n-by-m, and
m-by-m respectively, which links II to ODE state space equations

i(t) = Ax(t) + Bf (%), (5.21)

U(x7f)=[ﬂl{f, éHﬂ (5.22)

Then for every f € C™ and w € R such that jw is not an eigenvalue of A, we have

fI(jw)f = o(z, f),

and Hermitian form

where z € C" is defined by
jwr = Az + BYf, (5.23)

which resembles the “Fourier transform” version of (5.21).

Accordingly, positive definiteness of 11 is equivalent to positive definiteness of Hermi-
tian form o from (5.22) on all subspaces M, = {(z, f)} C C" x C™ defined by (5.23),
where w € R and jw is not an eigenvalue of A.

There is an important special class of (generally non-zero) Hermitian forms

oo(z, f) = 2Rea’ Q(Ax + Bf) = [ ; } 2o l ; } : (5.24)
where () = ()’ is a symmetric matrix and

No = {QAB%X “ QOB ] : (5.25)

which always have zero value subject to (5.23). Note that (5.24) is also an expression for
the derivative of the quadratic function

Vi(x(t)) = x(t) Qx(t) (5.26)
subject to (5.21).
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Since o¢ is zero on M, if 0 + 0¢ is strictly positive definite (or positive semidefinite)
for some Q = @' then II in (5.20) is strictly positive definite (or, respectively, positive
semidefinite) as well. Since o+ 0¢ has a matrix which depends linearly on the coefficients
G,L, R of 0 and on @, positive definiteness of o + s¢, being equivalent to

- G+QA+AQ L+QB

So=| " B+ A > 0, (5.27)

is referred to as the Linear Matriz Inequality (LMI) test of frequency domain positivity
of II.

A solution @) = Q" of LMI (5.27) is an “exact” certificate of (5.17), which eliminates
the need for a “frequency sweep” to verify (5.17). In addition, (5.27) allows for some
convex optimization of G, L, R subject to (5.17). It also defines a quadratic storage
function (5.26) for the generalized dissipation inequality

/ "o (w(t), F(O)dt 2 V(a(t) — V(e(ts)) (5.28)

t1

for signals « € Lo.(R"), f € Lo (R™) satisfying (5.21).

Example. Transfer matrix (5.18) can be represented in the form (5.20) with

A=——1, B=[1 0, G=1, L=[0 1], R:[(l) 2]

which corresponds to “state space model” (5.21) and Hermitian form (5.22) given by
& =—x+ fo, oz, f)=|z[> +2ReZf1 + |f1]* + al fol*.

Accordingly,
O-Q(:Ev f) = ZRGfQ(QZ‘ + f2)7

and o + 0@ is the Hermitian form

7|2 4+ 2ReZ f1 + | f1]? + alf2|? + 2RezQ(—2 + f2),

1+2Q 1 Q
Yo = 1 10 |.
Q 0 a

When a < 0, SQ cannot be positive semidefinite. When a = 0, using ) = 0 makes SQ positive
semidefinite. When a > 0, using @) = a makes S¢ strictly positive definite.

with the coefficient matrix
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5.2.4 Riccati equations and stabilizing solutions

Linear matrix inequality (5.27) implies strict positivity of matrix R. Using a “Schur
complement” idea (minimization of Hermitian form o + og with respect to f) on (5.27)
yields an equivalent (subject to R > 0) inequality

a+QB+60Q—-QIQ >0, (5.29)

where

a=G—-LR'L', 3=A—-BR'L', 0=BR'B. (5.30)

Replacing inequality in (5.29) with equality yields the famous algebraic Riccati equa-
tion (ARE)
a+QB+FQ—-Q0Q =0, (5.31)

typically to be solved with respect to a real symmetric matrix Q = @’. In general, a
n-by-n Riccati equation may have up to 2" solutions. However, usually only one of them,
called stabilizing, is of interest in feedback design applications.

Definition. A solution ) = Q' of Riccati equation (5.31) is called stabilizing when 5—00Q)
is a Hurwitz matrix.

The importance of stabilizing solutions is in part motivated by spectral factorization.

It is easy to see that when 6, (3, « are defined by (5.30), and @ = @’ is a solution of

(5.31), the Hermitian form o + o¢ has the lowest possible (over all @ = Q') rank m, i.e.
the identity

o(xz, f) + 2Rex’Q(Ax + Bf) = |f — Kx|% (5.32)

holds for all x, f, where |v|% is a shortcut for v’ Rv, and
K=-RYBQ+L) (5.33)

and
A+ BK = —60Q),

Substituting z, f satisfying (5.23) into (5.32) yields (5.19), where
U(s) = RY*(I — K(sI — A)"'B). (5.34)
Transfer matrix W is stable when A is a Hurwitz matrix. Moreover, inverting ¥ yields
U(s) ' = +K(sI —A— BK) 'B)R 2.
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Therefore ¥~ is stable when QQ = @)’ is a stabilizing solution of (5.31).

Example. To compute a spectral factorization of

w44
IIjw) = ———=
(Jjw) CEEVER
note first that )
2
(jw) = |H(jw)|?, for H(s) = ——— ,
(i) = [P, for 1) = s | ]

Hence, if A, B, C, D are the coefficients of a state space model of H = H(s),
I(jw) = |D + C(jwl — A)~'BJ?,
which means that II(jw) has a representation (5.20) with
o(z,f) = |Cx + Df|*.

For K defined by (5.33), where @ is the stabilizing solution of the corresponding Riccati equation,
yields the spectral factor according to (5.34). Here is a MATLAB code doing just that:

% b05_ex12.m: spectral factorization of (4+s~4)/(1-s72)"2
s=tf(’s’); H=[2;s"2]/(1+s)"2; % auxiliary transfer matrix

[A,B,C,D]=ssdata(H); % A,B

G=C’*C; L=C’x*D; R=D’x*D; % coefficients of sigma
t=G-L*inv(R)*L’; b=A-Bxinv(R)*L’; a=B*inv(R)*B’; % ARE coefficients
Q=are(b,a,t); % solving ARE

K=-inv(R)*(B’*Q+L’) ; %» optimal feedback gain

tf (sqrtm(R)*ss(A,B,-K,1)) % spectral factor

5.2.5 Stable invariant subspaces of Hamiltonian matrices

A direct calculation shows that every solution @) = @’ of ARE (5.31) satisfies

H{_IQ] ={_IQ}<5—9Q>, H{ﬂ :—[ﬂ<ﬁ—ecz>, (5.35)

where

H= l ) _‘96, } (5.36)

is the Hamiltonian matriz associated with ARE (5.31). Hence the columns of [I; —Q)]
span a subspace in R?*" which is H-invariant, and the restriction of H on the subspace
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is similar to § — 0@ (in particular, has same set of eigenvalues). Similarly, the columns
of [Q; I] span a subspace in R*" which is H’-invariant, and the restriction of H’ on the
subspace is similar to —(5 — Q).

Now assume that Q = @' is a stabilizing solution of ARE (5.31), i.e. 5 —60Q is a
Hurwitz matrix. Then the columns of [I; —@)] span the stable invariant subspace H. of
H, and the columns of [@; I] span an anti-stable invariant subspace H_ of H. Therefore,
for a stabilizing solution @ of (5.31) to exist, the Hamiltonian matrix H in (5.36) must
have no eigenvalues on the imaginary axis. Moreover, () can be found by forming a real
2n-by-n matrix U = [U,; Uy], where U, and U, are n-by-n, such that the columns of U
form a basis in H, and defining Q = —U, U, ".

In general, a Hamiltonian matrix (5.36) with a = o/ and 6 = 6’ has spectrum “sym-
metric” with respect to the imaginary axis, because, due to

—1 __/ . 0 I
J"HJ = —H'", where J_[—I e

H is similar to minus it own Hermitian conjugation. Therefore, if H has no eigenvalues
on the imaginary axis, it will have an n-dimensional stable invariant subspace and n-
dimensional anti-stable invariant subspace. This, however, does not necessarily guarantee
existence of a stabilizing solution of the associated Riccati equation, as the corresponding
matrix U, could be singular.

A MATLAB implementation of ARE solver can be constructed using functions schur
and schord:

function Q=b05_ex13(a,b,c)
% function Q=b05_ex13(a,b,c)

yA

% a rough implementation of ARE

n=size(a,1); % basic dimension

H=[a b;c -a’]; % Hamiltonian matrix
[U,T]=schur(H, ’complex’) ; % Schur decomposition
[U,T]=schord(U,T,real(diag(T))); ' ordering eigenvalues
Ux=[real(U(1:n,1:n)) imag(U(l:n,1:n))]; % Ux
Upsi=[real (U(n+1:2*n,1:n)) imag(U(n+1:2*n,1:n))]; % Upsi
Q=-Upsi/Ux; % form Q

mr=max (real (eig(a-b*Q))) ; % is answer reasonable?

ep=max (abs (c+Q*a+a’*Q-Q*b*Q)) ;
if ((mr>=0)|(ep>1le-6)), Q=[1; end % discard unreasonable
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5.2.6 Abstract H2 optimization and completion of squares

The Abstract H2 optimization is the task of finding square integrable signals f € Lo (R™),
x € Lo (R") satisfying the differential equation (5.21) with additional constraints

xwzm,éﬂmm%wmmﬁ<w (5.37)

where xg is a fixed, though arbitrary, parameter, and minimizing, subject to these restric-
tions, the integral

J(F(),2() = /O (@ (t), F(1))dt — min. (5.38)

The minimization problem (5.38) is easy to solve when a stabilizing solution @ = @’
of ARE (5.31) with 6, 3, a defined by (5.30), where R > 0, is available. Indeed, for every
solution @ = Q' of the ARE, integrating the implied identity (5.32) yields

/0 o), F(0)dE = 2,00 + /0 T — Ka() Pt (5.39)

Representation (5.39) means that the value of J can never be less than z({Qzo. This lower
bound could be achieved only when

f(t) = Kx(t). (5.40)
Combining (5.40) with (5.21) yields an explicit expression for the optimal pair f(-), z(-):
ZL’(t) _ 6(A+BK)tZL'0, f(t) — KQ(A+BK)tl’O,

which is square integrable when A + BK is a Hurwitz matrix, i.e. when @ = Q' is
a stabilizing solution. It is also easy to see that, when 6, (3, « are defined by (5.30)
with R = R’ > 0, the stabilizing solution Q = Q) is greater or equal than any other
possible solution @ = @, of the (5.31), because every solution provides a lower bound
for J(f(-),z(+)) via (5.39).

There exists an important connection between the Hamiltonian matrix H from (5.36)
and the abstract H2 optimization, via the standard first order optimality conditions from
the calculus of variations. The corresponding result says that the pair of signals f €
Ly (R™), © € Lo (R™) is optimal only if there exists a square integrable signal ¢ €
Lo (R™) (the “dual variable”) such that

G(t) = Ga(t) — A0(t) + Lf(1), Bo(t) = La(t) + Rf(). (5.41)
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Using the second equation in (5.41) to eliminate f(¢) from (5.21) and from the first
equation in (5.41) yields the Hamiltonian system

% { x(t) } _ { x(t) } ’ (5.42)

where H is the Hamiltonian matrix from (5.36).
Example. A simple example of abstract H2 optimization is given by
A=0,B=120=1,G=1,L=0, R=1,

ie.

i —u, 2(0) =1, J(u) = / (12 + |f12)dt — min.
0
The corresponding ARE has coefficients
=1, =0, a=1,

i.e. is the simple quadratic equation Q% = 1. It has two solutions @ = +1, of which the largest
(Q = 1) is the stabilizing one. The corresponding “optimal gain” K equals —1, which means
that

x(t)=et, f(t)=—e!

is the optimal pair. The Hamiltonian matrix
0 1
H =
does not have eigenvalues on the imaginary axis, and its stable invariant subspace is spanned

by vector FIE S

5.3 Main statements of the KYP lemma

This section contains the formulations and proofs of the main statements associated with
the KYP lemma.
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5.3.1 Checking generalized positivity

The following is an “abstract” version of the positivity verification statement of KYP
lemma.

Theorem 5.1 Let M, N be two real q-by-p matrices. Let P = P’ be a symmetric p-by-p
matriz. The following conditions are equivalent:

(a) W' Pu >0 for allu € CP such that u # 0 and Mu = zNu for some z € C, |z| = 1;
(b) there exists q-by-q real symmetric matriz Q = Q' such that P > M'QM — N'QN.

Proof: (b)=-(a). Since P > M'QM — N'QN, we have v'Pu > u'M'PMu —u'N'PNu
for all u # 0. If, in addition, Mu = zNu and |z| = 1 then «'M'PMu = v'N'"PNu. Hence
u' Pu > 0.

Proof: (a)=(b). Assume that (b) is not true. Then the convex set of p-by-p symmetric
maftrices

Q={P-MQM+NQN-A: A=A >0, Q=0Q'}

does not contain zero. Hence there exists a linear functional 7 (not identically equal
to zero) on the vector space of symmetric matrices, S +— 7(5) = trace(ZS), where
7 = 7' # 0 is a symmetric real p-by-p matrix, such that 7 is non-positive on €2, i.e.

trace Z(P — M'QM + N'QN —A) <0 V A=A">0, Q=Q". (5.43)

Since A = A’ > 0 is arbitrary, Z must be positive semidefinite, i.e. Z = XX’ for some
real p-by-p matrix X # 0. Using (5.43) with A — 0 yields

trace(ZP) + trace QUINZN' — MZM') <0 V Q= Q'

which implies NZN' = MZM', or NXX'N' = MXX'M'. If two real matrices Li, Lo
satisfy LiL] = LoL), then there exists a real matrix U which is orthogonal (i.e. UU’" =
U'U = I) and such that UL; = Ls. Applied to L; = NX, Ly, = MX, this yields
NXU = MX. Let {fi}%_, be the orthonormal family of (possibly complex) eigenvectors
of U, i.e.

Ufe = z1.fr, Z fulfi = 1.
k=1

Then, for up = X f,
Muy, = zpNuy, Z = Zuku;C

81



Since (5.43) with @ =0, A — 0 yields

p
trace(ZP) = Zu;Puk <0,
k=1

at least one of vectors uy, is not equal to zero and satisfies uj Puy, < 0. Since Muy, = 2 Nuy,
this contradicts the assumption (a).
5.3.2 Checking positivity

This is the standard part of the KYP Lemma used for checking positivity.
Theorem 5.2 Let A, B,G = G', L, R = R' be real matrices of dimensions n-by-n, n-by-

m, n-by-n, n-by-m, and m-by-m, such that R > 0 and matriz A has no eigenvalues on
the tmaginary axis. Then the following conditions are equivalent:

(a) strict frequency domain inequality (5.17) is satisfied for some € > 0 for Il = II(jw)
defined by (5.20);

(b) LMI (5.27) and, equivalently, Riccati inequality (5.29) with the coefficients defined
by (5.80), has a solution Q = Q';

(¢) Hamiltonian matriz (5.36) has no eigenvalues on the imaginary azis.

Proof of (b)<(c). Applying the Schur complement determinant formula

a b

det [ . d } = det(a) det(d — ca™'b) = det(d) det(a — bd'c),

valid when det(a) # 0 and det(d) # 0, to

| A—juwI 0 | B - r o B
a—{ G jwl—A’}’b_[ ],c—[L B],d—R,

yields
det(R) det(H — jwl) = det(A — jw) det(—A — jw) det II(jw).

Hence, if jw is an eigenvalue of H then II(jw) is not positive definite. Conversely, if H
has no eigenvalues on the imaginary axis then det II(jw) # 0 for all w € R, and hence the
continuous Hermitian matrix-valued function w +— I1(jw) does not change sign for w € R.
Since II(jw) — R as w — oo, this guarantees that II(jw) is uniformly positive definite.

82



Proof of (b)«<(a). This is a special case of Theorem 5.1, with

M=[A-1 B], N=[A+I B], P:{G L}.

L R
5.3.3 A lemma on Hamiltonian matrices

Before we proceed to existence of stabilizing solution of Riccati equations, we need the
following important property of stable invariant subspaces of arbitrary Hamiltonian ma-
trices.

Theorem 5.3 Let o = o/, 3,0 = @' be real n-by-n matrices. Let x; = x;(t), ¥; = ;(t)
for i =1,2 be solutions of the differential equation

#lan] =] o

where H be the Hamiltonian matriz (5.56), such that x;(t) — 0 and ;(t) — 0 ast — +oo.
Then

1(0)'22(0) = —/ {2} axs + Y10y }dt. (5.45)
0
In particular, Theorem 5.3 implies that

TM@ = %xl (5-46)

ol

in the stable invariant subspace H, of H.

for every pair of vectors

Proof. The theorem follows easily from the observation that, subject to (5.44),

%@%932 = 1 (Bzy + Oo) + (021 — 1) T9 = V1009 + vy
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5.3.4 Stabilizing solutions of ARE with stabilizable 6§ > 0

The following statement provides necessary and sufficient conditions of existence of a
stabilizing solution of ARE (5.31) in the case when 6 > 0.

Theorem 5.4 Let o = o/, 3,0 = 6 be real n-by-n matrices. Assume that 8 > 0 is positive
semidefinite. Then the following conditions are equivalent:

(a) ARE (5.81) has a stabilizing solution;

(b) The pair ((,0) is stabilizable and the Hamiltonian matriz (5.36) has no eigenvalues
on the imaginary axis.

Proof: (a)=-(b). According to the arguments given in the discussion of Hamiltonian
matrices before, H has no eigenvalues on the imaginary axis. Since § — 6@ is a Hurwitz
matrix for a stabilizing solution @), stabilizability of (53, 6) follows.

Proof: (b)=-(a). Let H; be the stable invariant subspace of H. Since H has no
eigenvalues on the imaginary axis, H, has dimension n. Hence one of the following two
statements must be true:

(i) for every x € R" there exists a unique ¢ € R" such that [x; 9] € Hy;

(ii) there exists ¢» € R", ¥ # 0 such that [0;¢] € H,.
If (i) holds then the map = + 1 is linear, i.e. v = Mx. Then, using Theorem 5.3,

(Mxq)xe = (Mzy)'zy for all xy,29 € R", i.e. M = —Q where @ = @' is a symmetric
matrix. Since the columns of matrix [I; —Q)] span H., we have

i |- %]

for some Hurwitz matrix S. In terms of a = o/, 3,6 = 6’ this means

B-0Q=S, a+pQ=-05

and hence (Q = )’ is the stabilizing solution of the Riccati equation.

If (ii) holds, consider the subspace V consisting of all vectors ¢ € R" such that
[0;¢] € Hy. Since H, is H-invariant, for an arbitrary element [0;¢] € Hy, vector
H[0;9] = [0; —p'y] is also in H,, and hence, according to Theorem 5.3, 0/(—3'v) =
(0)'), i.e. 'Oy = 0. Since, by assumption, § = ¢ > 0, this implies 6¢p = 0, and
hence [0; —3'¢] € H,. Therefore V is a non-zero stable invariant subspace of —3" which
is orthogonal to 6: a contradiction with the assumption of stabilizability of pair (53, 6).
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5.3.5 Stabilizing solutions of the dual ARE
By an ARE which is dual to (5.31), we mean the ARE

0 — BP — PG = PaP. (5.47)

As usually,a solution P = P’ of (5.47) is called stabilizing when —f’ — P is a Hurwitz

matrix. There is a simple relation between non-singular solutions of primal and dual
ARE.

Theorem 5.5 @ = Q' is a non-singular stabilizing solution of ARE (5.31) if and only if
P = Q7! is a non-singular stabilizing solution of ARE (5.47).

Proof. Multiplying (5.31) by P = Q! on both sides yields (5.47). Similarly, Multiplying
(5.47) by @ = P~! on both sides yields (5.31). Moreover, (5.31) can be re-written as

QB —-0Q)Q ™" =4 —aQ7},

hence —3' — aP is similar to § — 0Q, i.e. —(3 — aP is a Hurwitz matrix if and only if 5 — 60Q
is. |

When the pair (3, 0) is not stabilizable, ARE (5.31) cannot have a stabilizing solution.
Nevertheless, sufficient conditions for existence of a stabilizing solution of the dual ARE
(5.47) can be provided.

Theorem 5.6 Let o = o, 3,0 = 0 be real n-by-n matrices. Assume that 6 > 0 is positive
semidefinite, the pair (3,0) has no uncontrollable modes on the imaginary axis (i.e. 3+0k
has no purely imaginary eigenvalues for some matrixz k), and the strict Riccati inequality
(5.29) has a positive definite solution Q@ = Q" > 0. Then ARE (5.47) has a stabilizing
solution P = P’ such that 0 < P < Q™'.

Proof. According to Theorem 5.2, feasibility of (5.29) implies absence of purely imaginary
eigenvalues of the Hamiltonian matrix H. Hence the stable H-invariant subspace Hy has di-
mension n.

In addition, for every square integrable x,1 € Lo.(R") satisfying

(t) = B (t) + 04 (),
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(5.29) yields
20/Qel0) = [ {-20'Qpa + 00

< /0 "l ax — Q00 — 20/ QB Yt

< /0 "oz + 00}t
Therefore, if z,1) € La.(R") are square integrable signals satisfying

alo]=ml0]
the inequality (0)'Qz(0) < —(0)'z(0) holds. In other words,
PQr < -z ¥ [ Z } €Hy. (5.48)

Since @ > 0 is strictly positive definite, (5.48) implies that the only x € R"™ such that
[;0] € H4 is * = 0. Accordingly, the elements of H have parameterization

H+={[_fz¢}: weR"}, (5.49)

and, using the technique from the proof of Theorem 5.4, it can be shown that P = P’ is a
stabilizing solution of ARE (5.47). Finally, combining (5.48) with (5.49) yields

Y'PQPY <y'Py V¢ eR",

and hence P > 0 is positive semidefinite. [
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6 H2 optimization

This section presents a derivation of optimal solution in the classical H2 optimization
problem. Certain properties of the H2 optimal controller are also discussed.

6.1 Derivation of H2 optimal controller

The path developed below relies on reduction of output feedback design to two abstract
H2 optimization problems, solved via two algebraic Riccati equations. The reduction is
based on studying impulse responses of the closed loop system.

6.1.1 Background: impulse responses

For a strictly proper rational transfer matrix
G(s) = c(sI —a)™ b,

its impulse response is the function g = g(t) defined for ¢ > 0 by
g(t) = ce”b (t=0),

where
e =T +at+adt?/2+ - +ad"t* /K1 + ...

is the matriz exponent of at, the solution E(t) = exp(at) of matrix ODE
E(t) =aE(t), E(0)=1.
In alternative terms, g(t) can be defined by

g9(t) = en(t), (t) = an(t), n(0) = b. (6.1)

A strictly proper rational transfer matrix G = G(s) defines a stable input/output
relation if and only if the corresponding impulse response g = ¢(t) is square integrable
over (0,00). Moreover, according to the Parceval identity, H2 norm of a stable G equals
the integral of square of the Frobenius norm

M5 = ||M'||> = trace(M'M) = trace(M M)

of g:
det 1 [ . o def
1G|7, = 9 |G (jw)||7dw :/0 lg(®)[|Fdt = {9l
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When G has m > 1 inputs, i.e.
b:[bl by ... bm],

where b; are column vectors, both equation (6.1) and the expression for the H2 norm of
G can be separated according to

9=1[9 9 - gm]. 9=cn 5 =an, 5(0) =b;, |g(t)F = Z lg:(t) |

6.1.2 Closed loop impulse responses
Combining LTT plant equations

& = Ar+ Byw + Bsu, 6
€ = C’lx + Dlgu, (63)
y = Chr+ Dyw, 6

with equations of a finite order strictly proper LTI controller

i’f = Afl’f—l-ny, 65)
u = C'fxc (66)

yields a state space LTI model with state z. = [x;xf]. The following statement (a time-
domain version of the Q-parameterization theorem) provides a complete description of
closed loop impulse responses X = X (t) (from w to z) and U = U(t) (from w to u).

Lemma 6.1 Assume that controller (6.5), (6.6) stabilizes system (6.2), (6.3), (6.4), i.e.

d_ef A BQCf
Ad_{&@ Af}

1s a Hurwitz matriz. Then

X(t) = AX(t) + B,U(t), X(0)= By, (6.7)
and there exist square integrable (over (0,00)) matrices V = W(t) and V = V(t) such that
X(0) | _
[U@}_@@&+V@D% (6.8)
. I
F(t) = U()A+ VCy, Mm:{o} (6.9)
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Proof. By the definition,

o | (Lo %5 ) a5 |

Then (6.7) follows by the definition of the matrix exponent, and (6.8), (6.9) hold for

o=l 2D [E] vomm oty % D[]

6.1.3 Reduction to abstract H2 optimization
H2 norm of the closed loop system is the square ||E“||%, of L2 norm of

E(4) € C1X (1) + DpU(t).

According to Lemma 6.1, the columns e} of E" can be represented as
ei = Crx; + Digu;, & = Ax; + Bouy, 23(0) = by,

where ;, u;, and b; are the columns of X, U, and Bj respectively. As long as minimization
of L2 norms of e} is concerned, the abstract H2 optimization problem

/ |Cyx + Digul?dt — min, & = Az + Bou, z(0) = o, tlim z(t) =0
0 e

becomes relevant. Assume that Dj, is left invertible, and a stabilizing solution P, = P,
of the corresponding Riccati equation does exist, and hence the “completion of squares”
|Cyz + Digu|? + 22/ P,(Az + Bau) = |Dya(u — Fz)|?

is possible, where A + By I is a Hurwitz matrix. Then
| E*||7, = trace(B{P,Bi) + || D12(U — FX)||7,. (6.10)

Existence of a controller (6.5), (6.6) for which U(¢) = F X (t) would imply that the trace
of B} P, By is the minimum of || E“||%,, and the optimal feedback controller is u(t) = Fx(t).
However, as Fx(t) is not directly measurable according to the setup, the minimum of
| E*||3, is usually strictly larger.
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Let

EY(t)=(U(t) — X(t)F)Dy, = [ X(t) Uty ]|Z for Z= { 2 ] = { _f" ] D},

As follows from (6.10), minimization of ||E"||%, is equivalent to minimization of || EY|/%,.
According to Lemma 6.1, the columns e! of EY can be represented as

e = Bini + Diy&i, i = A'ni + Co&s, mi(0) = hy,

where 7;, &, and h; are the columns of V'Z, V'Z, and Z; = —F'D/, respectively. As long
as minimization of L2 norms of ! is concerned, the abstract H2 optimization problem

/ | Bin + Dy¢[*dt — min, 7 = A'n+ 3¢, n(0) = no, lim (t) =0
0 o0

becomes relevant. Assume that Dy is right invertible, and a stabilizing solution P, = P,
of the corresponding Riccati equation does exist, and hence the “completion of squares”

| Bin + Dy &|* + 20/ Py (A'n + C3€) = [ D3y (€ — L'n) | (6.11)
is possible, where A + LC5 is a Hurwitz matrix. Then
|EY||7, = trace(D1oF P,F'DYy) + || Dy (V'Z — L'V Z)||7,. (6.12)
6.1.4 Optimal H2 controller
Representations (6.10) and (6.12) suggest that minimum in H2 optimization is given by
min || E"||7, = trace(B) P,Bi) + trace(Dyy F P, F'D},),

and is achieved by a controller for which V(t)'Z = L'¥(t)'Z for all t. By inspection, the
stabilizing feedback law

ut) = Fie), (6.13)
dflit) = A&(t) + Bau(t) + L(C2(t) — y(?)), (6.14)

satisfies this condition, and, therefore, is optimal.

Controller (6.13), (6.14) uses a state observer (6.14), which, as is easy to show using
(6.11), is optimal in the H2 norm sense. Equation (6.13) substitutes the optimal estimate
Z(t) of x(t) into the formula of the H2 optimal full state feedback controller u = F'z.
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6.2 Properties of H2 optimal controllers

Recall that for the standard setup of minimizing the closed loop H2 norm from w to z in
(6.2),(6.3) the optimal LTI controller is given by

= Fz, (6.15)
T = A&+ Byu+ L(Coit — ), (6.16)

where F'is such that
|Cll’ + D12U|2 + QZLJPU(A[L’ + Bgu) = |D12(u — F[L’)|2, (617)

and A + By F is a Hurwitz matrix, where D;, is left invertible. Similarly, L is such that
| B+ Dy E* + 21 Py (A'n + C5€) = | Dy (€ — L'n) %, (6.18)

where A 4+ LC5 is a Hurwitz matrix, and Dy is right invertible.
In this section, we investigate the closed loop properties of H2 optimal feedback sys-
tems which can be derived from these characterizations.

6.2.1 Closed Loop Poles

The closed loop system dynamics can be written in terms of the new states e = x — & and

€T.

Tt = (A4 ByF)i — LCye — LDyyw. (6.20)

In particular, this implies that the closed loop poles are eigenvalues of A + BoF' and
A+ LC,.

It turns out that identities (6.17), (6.18) can be used to get some insight into locations
of these poles. Indeed, eigenvalues of A + By K are zeros of

VYu(s) =1 — F(sI — A)™' By,
because
det(s] — A — ByF) = det(sI — A)det(I — BoF(sI — A)™') = det (sl — A)~ ' det(1u(s)),
where we have use the fact that

det(I + ab) = det(I + ba)
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for every pair of matrices a, b of compatible dimensions (and the identity matrices on both
sides may have different dimensions). Similarly, eigenvalues of A + LC5 are zeros of

Yy(s)=1—L'(sI —A)'Cl.

On the other hand, noting that (6.17) will hold for complex vectors x, u, as long as it is
modified to a Hermitian norm identity

|C1x + Digul? + 2Re{a2' P,(Ax + Byu)} = |Dio(u — Fx)|?, (6.21)
where ' denotes Hermitian conjugation, and substituting
r = (jwl — A)"'Byu
yields the identity
Pra(—5)" Pia(s) = Pu(—5)" Dip Digthu(s) (6.22)

for all s = jw on the imaginary axis (except, strictly speaking, possible eigenvalues of
A). Since(6.22) is an identity between rational functions, its validity on the imaginary
axis implies its validity for all s. In particular, zeros of det(i,(s)) (i.e. the eigenvalues
of A+ ByF) are the stable zeros of det{Pys(—s)T Pa(s)}.

A similar derivation shows that zeros of det(1,(s)) (i.e. the eigenvalues of A+ LC5)
are the stable zeros of det{ Py (s)Pa1(—5)T}.

For example, in a special case when the optimization setup is defined by a SISO plant

Py(s) =C(sI — A)7'B,

where (A, B) is controllable and (C, A) is observable, according to

& = Ax+ B(w; +u), (6.23)
2 = Cu, (6.24)
29 = T.U, (6.25)

y = Cz+ryw,, (6.26)

where w = [wy; w,] is the total disturbance, and r,,r, are positive coefficients, the closed
loop poles of H2 optimal feedback system are the stable zeros of

bu(s) = 12+ Py(s)Py(—s)

and
¢y(5) = ’l"Z + PQ(S)PQ(—S).
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In particular, one can now apply the standard properties of the root locus to predict the
asymptotic behavior of the poles as r, and r, converge to zero or infinity. For example,
when 7, is small, some eigenvalues of A + By K are close to the stable zeros of Fy(s) and
to the mirror (with respect to the imaginary axis) images of unstable zeros of Fy(s), with
the rest of eigenvalues approaching infinity. Similarly, when r, is large, the eigenvalues of

A+ BK, approximate stable eigenvalues of A and the mirror images of unstable eigenvalues
of A.

6.2.2 Closed Loop Stability Robustness

Is stability of the closed loop be preserved when the optimal gains K, L are replaced by
some other gains? Optimal H2 controllers frequently have plenty of robustness this way,
though this usually does not transform into real robustness (which is caused by errors in
modeling the outside world, not the controller’s coefficients).

Consider again the special feedback optimization setup (6.23)-(6.26). The correspond-
ing solutions P, and P, of Riccati equations satisfy

P, A+ BF)+ (A+ BF)P,=-C'C —r*F'F, B'P, = —r*F, (6.27)
PA' + L'C") + (A + L'C'")P, = =BB' —12LL, CyP, = —2L, (6.28)
and hence both are positive definite. Moreover (6.27) implies that
Py(A+ BzF) + (A+ BzF)' P, = —C'C — r2F'(1 4+ 2Re(2))F

is negative definite for every complex number z with Re(z) > —0.5. Therefore, all eigen-
values of A + BzF have negative real part for Re(z) > —0.5. Similarly, A + LzC5 is a
Hurwitz matrix for Re(z) > —0.5.

This observation was originally used to claim that the optimal H2 feedback has a 50
percent gain margin and a 60 percent phase margin. In reality, this only holds for the full
information or state estimation problems. Indeed, K enters the formula for the output
feedback controller in two places: in defining the control output v = F'z, and in defining
the state observer dynamics

= (A4 ByF + LCy)% — Ly.

While an unknown controller gain uncertainty can be combined with F' in the first ap-
pearance, in most situations one cannot do the same in the second appearance. The
situation with the observer gain is similar. All the controversy around the originally
claimed “robustness” of optimal H2 control has served as a catalyst for developing H-
Infinity optimization and mu-synthesis.
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7 H Infinity optimization

This section covers the algorithmic side of H-Infinity optimization. It presents classical
necessary and sufficient conditions of existence of a y-suboptimal controller, stated in
terms of stabilizing solutions of Riccati equations, and provides explicit formulae for the
so-called “central” y-suboptimal controller.

7.1 Problem Formulation and Algorithm Objectives

This section examines the specifics of the way in which the H-Infinity optimal LTT feedback
design problem is formulated (and, eventually, solved).

7.1.1 Suboptimal Feedback Design

H-infinity optimization problem appears to be formulated as the task of designing a sta-
bilizing controller K(s), which minimizes the H-infinity norm of the closed-loop transfer
matrix 7., from w to e for a given open loop plant P(s) (see Figure 7.22), defined by state

Figure 7.22: General LTI design setup

space equations

Tz = Ax + Blw + BQU
= Clﬂf + Dllw + Dlgu
y = Chr+ Dyw

A set of standard well posedness constraints is imposed on the setup:

e for output feedback stabilizability, the pairs (A, By) and (C5, A) must be respectively
stabilizable and detectable
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e for non-singularity, Dy; must be right invertible (full measurement noise), D15 must
be left invertible (full control penalty), and matrices

|:A—SI BQ:| |:A—SI Bl:|
Cl D12 ’ C12 D21

must be respectively left and right invertible for all s € jR

However, in contrast with the case of H2 optimization, basic H-Infinity algorithms
solve a suboptimal H-Infinity controller design problem, formulated as that of finding
whether, for a given v > 0, a controller achieving the closed loop L2 gain [|T.y||c < 7
exists, and, in case the answer is affirmative, calculating one such controller.

7.1.2 Why Suboptimal Controllers?

There are several reasons to prefer suboptimal controllers over the optimal one in H-
Infinity optimization. One of the most compelling reasons is that the optimal closed loop
transfer matrix 7,, can be shown to have a constant largest singular number over the
complete frequency range. In particular, this means that the optimal controller is not
strictly proper, and the optimal frequency response to the cost output does not roll off at
high frequencies.

Example. Consider the standard LTI feedback optimization setup with
1
— -1
ro=| 22 |
e

(a case of state estimation). Since there is no feedback loop to close here, the controller transfer
function K (s) must be a stable, and the cost is the H-Infinity norm
1-s 1
K(s)— .
1+s () 1+s

| Tewlloo — min, Ty =

Since T%,(1) = 0.5 for all K, and ||T||c > |7(1)] for all 7', the norm |7y |lcc cannot be less
than 0.5. Also, there is the only way to make it identically equal to 0.5, by using Ky(s) = 0.5.
Hence Ky(s) = 0.5 is the (only) H-Infinity optimal controller, and the optimal T, has a flat (at
0.5) amplitude of frequency response.

Note that the H2 optimal K (s) equals zero in this case.

Another good reason is that, in a setup with more than one control variable or more
than one sensor variable, the optimal H-Infinity controller is frequently not unique (indeed,
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there could be a continuum of H-Infinity optimal controllers). While some of those optimal
controllers could be arguably better than the other, the “most optimal” ones tend to have
an order much larger than the necessary minimum (which equals the order of the plant).

Example. Consider the standard LTI feedback optimization setup with 2 sensors, 2 controls,
and with

& 0 -1 0
0 375 0 -1

P(s)=| 1= 3"
= 0 0 0
CEE T

1+s

(this is essentially the optimization task from the previous example, repeated twice with some
scaling). Due to the same arguments as before, the closed loop H-Infinity norm from w to e
cannot be made smaller than 0.5. However, there are plenty of “controllers” K(s) which will
make the closed loop H-Infinity norm exactly equal to 0.5: for example, one can take

k6= % 0|

which will be an optimal controller for every ko € [0,0.5].

A somewhat less compelling reason for not using H-Infinity optimal controllers is that,
while it it known how to find them using ideal algebraic calculations, implementing these
formulae in an efficient numerical algorithm is a tough problem.

7.1.3 What is done by the software

The p-Analysis and Synthesis Toolbox provides function hinfsyn.m for calculating a
suboptimal output feedback:

function [k,g,gfin]=hinfsyn(p,nmeas,ncon,gmin,gmax,tol)

(some additional optional inputs and outputs are possible here). Here “p” is the packed
model of P(s), “ncon” and “nmeas” are the numbers of actuators and sensors, “gmin” and
“omax” are a lower and an upper a-priori bounds of the achievable closed-loop H-infinity
norm. The program performs a binary search for the “level of optimality” parameter ~.
At any point, it operates with a “current guess” 7 of the minimal achievable closed loop
H-infinity norm, a lower bound ~_ and an upper bound v, of 7. The initial values of v_
and 7, are supplied by “gmin” and “gmax”, and, initially, v = v,. At each iteration of
the algorithm, it is checked whether it is possible to design a controller with the resulting
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closed loop H-infinity gain less than . If the answer is positive, new values of v and v,
are assigned, according to

,ynew — 05(,}/3&[ + ,yold)’ ,yiew — ,yold.
If the answer is negative, new values of v and ~_ are assigned, according to
fynew — 05(73_&[ + ”)/Old), ,}/ﬁew — ,yold'

This process is continued until the relative difference between v, and v_ becomes smaller
than the tolerance parameter “tol”. Then, actual suboptimal feedback design is per-
formed, with v, being the target H-infinity performance.

For a given v, in order to check that a y-suboptimal solution exists, the algorithm calls
for forming two auxiliary abstract H2 optimization problems. Roughly speaking, one of
these equations corresponds to the limitations in the “full information feedback” part of
the stabilization task, and the other corresponds to the “zero sensor input” part of the
stabilization task. For feasibility of the suboptimal H-infinity control problem, stabilizing
solutions X and Y of some Riccati equations must exist and be non-negative definite. In
addition, a coupling condition A (Y X) < 72 must be satisfied.

When checking solvability of the Riccati equations, “hinfsyn” uses the “Hamiltonian
matrices approach”, which associates stabilizing (i.e. such that —60p is a Hurwitz matrix)
solutions p = p’ of an algebraic Riccati equation

a+pB+F'p=plp
with the stable invariant subspace of the auxiliary Hamiltonian matrix
_| B0
n[2 9]

Unlike in the Riccati equations and Hamiltonian matrices associated with the usual KYP
Lemma, matrix 6 will not be positive semidefinite. This will be somewhat compensated
by the validity of inequality a > 0.

7.2 Background Results

This section contains general mathematical results which play an important role in under-
standing H-Infinity optimization. In addition to providing a specific version of the KYP
Lemma and a statement on computing stabilizing solutions of general algebraic Riccati
equation, it presents the Parrot’s theorem and its generalizations.
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7.2.1 A special case of the KYP Lemma

As formulated before, KYP Lemma does not provide information about sign definiteness
of matrix p = p’ of coefficients of the associated quadratic storage function. However,
there exists a number of situations when positivity of p is implied by the setup. To derive
a solution of H-Infinity optimization problem, we need one such result.

Theorem 7.1 The following conditions are equivalent:
(a) a is a Hurwitz matriz, and G(s) = d + c(sI — a)~'b has H-Infinity norm less than
~;
(b) there exists p = p' > 0 such that the quadratic form
op(r,w) = Y |w]* — |cx + dw|? — 22'p(ax + bw)

18 strictly positive definite.

Proof. Taking the KYP lemma into account, the only thing to prove here is that, subject to
positive definiteness of o, p > 0 whenever a is a Hurwitz matrix. Indeed, o, > 0 implies the
Lyapunov inequality

pa+ap+cde<O,

hence p > 0 if and only if ¢ is a Hurwitz matrix. [ ]

7.2.2 The Parrot’s Lemma and Its Generalizations

The classical Parrot’s lemma establishes an explicit solution formulae for the following
matrix optimization question: given real matrices a, b, ¢ of dimensions g-by-n, n-by-k, and
m-by-n respectively, minimize

over the set of all m-by-k real matrices L.

Theorem 7.2 The minimum of J(L) equals

Y

y=max{[[[a b)

il

and is achieved, in particular, with L defined (uniquely) by
Ly = arg max inf{v*(Jw|* + [y|?) — |aw + by|* — |cw + v|*}.
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Theorem 7.2 is about defining a “control variable” v as a linear function v = Lg
of the “sensor variable” ¢, with an objective of satisfying a given quadratic inequality
U(fvvug> Z 07 where

o(f.v,9) =V (IfI* +191*) — laf +bgl* —|ef +of”.

Since ¢ = 0 would imply v = Lg = 0, the inequality o(f,0,0) > 0 must be satisfied,

which yields
1

In addition, for every given pair (f, g), the maximum of o(f, v, g) must be non-negative,
which yields the inequality

v 2

vz |[[a o] (7.2)

The non-trivial part of the Parrot’s theorem is concerned with establishing that

supi:}lfa(f,v,g) >0 Vg.

Since (7.2) means that
i:;lfsuw(f,v,g) >0V,

the Parrot’s lemma follows form the minimax statement
ir}f sup o(f,v,g) = sup i:;lfa(f, v,9) Vg,

which in turn follows from the standard minimax theorem since o(f, v, g) is strictly con-
cave with respect to v, and (7.1) means that o(f, v, g) is convex with respect to f.
In future derivations, the following generalization of the Parrot’s lemma will be used.

Theorem 7.3 Let 0 = o(f,v,g) be a quadratic form which is concave with respect to
its second argument (i.e. o(0,v,0) > 0 for all v). Then the following conditions are
equivalent:

(a) there exists matriz L and € > 0 such that
o(f.Lg.g) = e(IfI* +1gI) ¥ f.g;
(b) there exists € > 0 such that

7(£.0.0) 2 e, supo(f,v,g) = e(|f* +1gf)
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Moreover, when (b) is satisfied, L is defined by the condition that the quadratic form
71ly) = min (/. Ly.y)

is strictly positive definite.

Proof. Following the arguments explaining the classical Parrot’s theorem, it is easy to see that
(a) implies (b). The fact that (b) implies (a) follows from the standard minimax theorem.

7.3 H-Infinity Optimization for a Simplified Setup

In this section, we present a derivation of necessary and sufficient conditions of existence
of a y-suboptimal feedback law, as well as a formula for one such feedback (the so-called
central controller), for a slightly simplified version of the standard feedback design setup.

7.3.1 The Simplified Setup Solution

To keep the formulae simple, a commonly used simplified setup is considered here: noises
do not enter the cost, no cross-term penalties between control and state variables are
allowed, and sensor noises and plant disturbances are decoupled:

T = Ax —+ Blwl + BQU, (73)

o o él$
z=e = { " } : (7.4)
y = 021' + W3y, (75)

i.e.

0 1

The simplified setup is non-singular if and only if matrices

Bi=[B 0], 01:{01}, Dm:{o], Dy =[0 I].

[A—jwl By ], [ A —jwl C] (7.6)

are right invertible for all real w. In addition, for stabilizing controllers to exist, the pair
(A, By) must be stabilizable, and the pair (C, A) must be detectable.

Consider the following Riccati equations defined by the coefficients of (7.3)-(7.5) and
a sub-optimality level v > 0:

C1Cy+ XA+ AX = X(ByBy, — v *B.B))X, (7.7)
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BB, + YA + AY =Y (C,C) — v 2C1CY)Y, (7.8)

with respect to symmetric matrices X = X', Y =Y".

Theorem 7.4 Assume that the pair (A, By) is stabilizable, the pair (Cy, A) is detectable,
and matrices in (7.6) are right invertible for allw € R. Then an LTI controller K = K(s)
such that the feedback uw = Ky stabilizes system (7.3)-(7.5) and yields a closed loop L2 gain
strictly less than v > 0 exists if and only if Riccati equations (7.7),(7.8) have stabilizing
solutions X = X > 0,Y =Y, >0, and

v > X2y, X12, (7.9)

While the proof of Theorem 7.4 is constructive, and shows a simple way of calculat-
ing a suboptimal controller whenever it exists, the following more explicit statement is
frequently used.

Theorem 7.5 Under the conditions for the existence of a suboptimal H-Infinity controller
from Theorem 7.4 are satisfied, an LTI controller u = K(s)y is suboptimal if and only if
it has a realization

u(t) = —ByXz(t) +v(t) (7.10)
u(t) = As)(y(t) — Cai(t), (7.12)
W (t) = 7 2B Xo2(), (7.13)

where
Ly = —(I =Yoo Xoo) YOy, Ly =77 Yoo Xoo(I = 7 Yo Xo) ' Ba,
and A = A(s) is a stable LTI system with H-Infinity norm strictly less than .

When A = 0, Theorem 7.5 yields the so-called central controller

The proof of Theorem 7.4, given in the rest of this section, can be extended easily to
the general non-simplified setup. In addition, the theorem can be strengthened by noting
that using nonlinear controllers does not reduce the minimal achievable L2 gain. Also,
a nice parameterization of all stabilizin LTI controllers which yield ||7,,|/s < 7 can be
given in terms of X, Y, and the coefficients of (7.3)-(7.5).
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7.3.2 Proof of Theorem 7.4
An LTI controller

iy = Asry + Bpy, u= Crry+ Dyy
defines a closed loop system

dz

— =arx+bw, z=cx+dw,

dt
with input w, output z, and state T = [x;xf]. According to Theorem 7.1, the controller
is ~y-suboptimal if and only if there exists a matrix p = p’ > 0 such that the quadratic
form o, = 0,(f, Lg, g) is strictly positive definite for some matrix L, where

, )
~ T Ax + Biw, + Bou
0 (f,0,9) = (s ? + Jy — Coal?) — |01x|2—\u\2—2[ } p[ v+ By

ZL’f h ’
| wy v h | oy
=]l ] Y]
_ | A By
_[Cf Df}

According to the generalized Parrot’s lemma, this is equivalent to positive definiteness of
O'p<f, 0, O) = ’)/2(|’UJ1|2 + |CQLU‘2) - |C'1£U‘2 - 2:17/]911(1425' + Blwl)

and
sup o, (f, v, 9)

for some p = p’ > 0, where p;; is the upper left corner of p.
Consider first the condition of positivity of o,(f,0,0). It is equivalent to Riccati
inequality
72C§02 - 6'161 —pnA—Apy > 7_2]911313117117
or, equivalently,
BB, + AY + YA <Y(Cy,Cy — v 20 CY)Y,

where Y = ~2p;;' > 0. According to KYP lemma, existence of such Y is equivalent to

existence and positive semi-definiteness of the stabilizing solution Y, of (7.8). Moreover,
Y > Y., and the difference Y — Y, can be made arbitrarily small whenever Y, exists.
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Now consider the condition of positivity of sup, o,(f,v,g). Note that the supremum
equals plus infinity unless
z | Y
g [ s ] B { 0 ] ’
in which case

ap(f,v,9) = ¥V (lwr? + ly = Cognio?) — [Cragn | — [ul® = 2¢'(Aguyp + Bywy + Bau),
where ¢q; is the upper left corner of ¢ = p~!, and the supremum equals
72(\w1|2 + |y — 02Q11¢|2) - \6'1Q11¢\2 - 2¢/(AQ11¢ + B1w1) + |B§¢|2-
Hence, positive definiteness of the supremum is equivalent to the matrix inequality
1C1Crqn + Aquy + quA’ < BBy — v *By By,
which can be written in an equivalent form
C'C1+ XA+ AX < X(ByBy — v *B1B)) X,

where X = ¢;;'. According to KYP lemma, existence of such X is equivalent to existence
and positive semi-definiteness of the stabilizing solution X, of (7.7). Moreover, X > X,
and the difference X — X, can be made arbitrarily small whenever X, exists.

A direct calculation of a matrix inverse shows that

-1 _ —1 7
q11 = P11 — P12P22 P12,

where
P11 P12
= > 0.
b { p/12 D22 }
Hence
VY =py > q1_11 =X > X..
Equivalently,

VI > XY X,
which implies (7.9). This proves necessity of the conditions for existence of a y-suboptimal
controller.
Conversely, when (7.9) is satisfied, inequality 4?Y~! > X will hold when the solutions

X and Y of the corresponding Riccati inequalities are sufficiently close to X, and Y.
Then
,}/2}/—1 X — ”}/2Y_1
b= X _ A2y -1 2y -1 _
g Y
is positive definite and the corresponding o, satisfies all conditions of the generalized
Parrot’s lemma, which implies existence of a y-suboptimal controller.
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8 Robustness analysis with quadratic constraints

The idea of integral quadratic constraints (IQC) generalizes the notion of L2 power gain,
and provides a simple but powerful approach to analysis of those nonlinear, time-varying
and uncertain systems for which good finite order LTI approximation is available.

8.1 (eneral principles of IQC analysis

This section describes basic elements of system analysis via integral quadratic constraints.

8.1.1 Definition of IQC

Let S = {2} C Lo(R¥) be a behavioral system model, i.e. simply a set of k-dimensional
signals. Let 0 : R* — R be a quadratic form. S is said to satisfy the IQC defined by o if

inf /Ta(z(t))dt > o0 (8.1)

T>0

for all z(-) € S.

In particular, if A = {(f(:),y(:))} C Loe(R™) X Lo.(R™) is a system model with
“Input” f € Lo (R™) and “output” y € Lo (R") then declaring that the L2 power gain
of A is strictly less than « is equivalent to stating that A satisfies the IQC defined by

o(f, ) =IfP = y* (feRY,5eR™).

Thus, integral quadratic constraints generalize the notion of L2 power gains.

8.1.2 IQC for the pure integrator

A very important IQC is a consequence of integration/differentiation relation for a pair
of vector signals.

Theorem 8.1 Let S = {z} C Ly.(RF) be a behavioral system model. Let L and F be two
real n-by-k matrices. Assume that for every z € S the signals x = Lz, v = Fz are such
that

to
2(ts) — 2(ty) :/ o(B)dt ¥ ot € R, (8.2)
t1
i.e., lightly speaking, v = dx/dt. Then, for every n-by-n symmetric matric P = P" > 0,
the quadraic form
op(Z) =2(L2)'P(Fz) (8.3)

defines a valid IQC for S.
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Proof.

T T
/0 o (2(t))dt = /0 2w(t) Pi(t)dt = o(TY Px(T) — 5(0) P2(0) > —a(0) Px(0) > —oo.

8.1.3 System analysis via IQC and convex optimization

The main benefit of using the IQC interpretation of L2 gain conditions is the possibility
of producing new IQC by forming convex combinations of known IQC, justified by the
following simple observation.

Theorem 8.2 Let S = {2} C Ly (R¥) be a behavioral system model satisfying the IQC
defined by quadratic forms o;: R*— R fork=1,...,N. Let 0y : R¥ — R be another
quadratic form for which there exist constants d; > 0 such that

o(z) > Y dioi(2) ¥V zeR: (8.4)

Then S satisfies the 1QC defined by oq.

Proof. By assumption, for every z € S there exist r; = r;(2) € R, i=1,..., N, such that
T
/ O'Z'O'Z'(Z(t))dtzﬂ VT>O,Z€{1,,N}
0

Multiplying these inequalities by d; and adding them together yields
T N N
/ {Z diai(z(t))} dt>r=>Y dr;=r.
0 Uizt i=1
Hence, because of (8.4),

/T>0 /OT oo(2(t))dt > r > —oo.
|

When o; fori =0,1,..., N are given, the search for coefficients d; > 0 satisfying (8.4)
becomes a semidefinite program. Thus, analysis of a system S = {z(-)} C Ly (R¥) via

IQC is performed in three steps.
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Step 1: describe the analysis objective (the statement to be verified) in the form of a
quadratic constraint defined by a quadratic form oy : R* — R.

Step 2: provide a sufficiently rich set of quadratic forms o; : RF +— R defining valid
quadratic constraints for S.

Step 3: use LMI optimization to try to find coefficients d; > 0 such that condition (8.4) is
satisfied.

If the semidefinite program in step 3 is infeasible, the IQC analysis fails, either because
the set of IQC used is not good enough, or simply because the conclusion to be reached
is not true. A feasibility conclusion means that a positive statement about the system is
proven.

It is common to have extra parameters in the LMI defined by (8.4). For example, in
order to derive an L2 power gain bound from input f(¢) = Lz(t) to output y(t) = Cz(¢)
of system S = {z()}, it is natural to define oy as

0o(2) = 7’|L2|2 — |C’2|2,

where parameter r represents the square of an L2 power gain bound. Then r will enter
linearly into (8.4) and hance can be minimized during LMI optimization with respect to
(r,dy,...,dy) to get a better L2 gain bound v = /2.

Similarly, if signals = Lz, v = Fz satisfy dx/dt = v for all z € S, one can use
0i(z) = Z’ L' PFz, where P = P’ > 0 is an arbitrary positive semidefinite matrix. Then,
without loss of generality, one can fix the value of d; at d; = 1, and include P = P > 0
among the decision parameters of LMI optimization.

8.1.4 Example: small gain theorem via IQC manipulations

Let So = {([f;w], [y;v])} C Lae(R™ ™) x Lo (R™™) be a behavioral system model
with input [f;w] and output [y;v], where f € Lyo(R"™), w € Lye(R™), y € Lo (R™),
and v € Ly (R™). Let A = {(v,w)} C Lae(R™) X Lo.(R™) be a behavioral system
model with input v € Ly.(R™) and output w € Lg.(R"™). Finally, let behavioral model
S =A(f,y)} C Lae(R™) X Lo.(R™) with input f € Lo.(R"/) and output y € Lo.(R™)
be the interconnection of Sy and A, defined as the set of all pairs (f,y) for which there
exist (v, w) € A such that ([f;w], [y;v]) € Sp, as shown on Figure 8.23.

One way to state the classical small gain theorem for this situation is as follows: if
L2 power gains of A and Y are less than 1 then L2 power gain of S is not larger than
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_____________

Figure 8.23: Interconnection of the classical small gain theorem

1. IQC manipulations offer a very straightforward proof. Indeed, the assumptions can be
stated as two IQC, defined by

01(f7wayav) = |f|2 + |1U|2 - |y|2 - |U|27 UQ(faw7y7'U) = |'U|2 - |1U|2
Summation of these IQC yields a new valid IQC defined by
UO(f7w7y7U) = |f‘2 - ‘y‘27

which completes the proof.

8.1.5 Example: L2 gain bound with multiple uncertain subsystems

Consider a system model which is defined by the nominal LTI part G described by state
space equations

&= Az + Bw, vi(t) =Ciz+ Dyw (i=0,1,...,N), w= , (8.5)

and the structured unmodeled feedback dynamics

wi() = Ai(vil-)), (8.6)

where the only information available about the subsystems A; is that their L2 power gains
are smaller than 1. To compute a bound v = 7'/? on the L2 power gain from wq to v
consider the available IQC. The description of A; implies the IQC with
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In addition, the relation between x and dz/dt = Ax + Bw provides the IQC with
op(x,w) =22’ P(Az + Bw) (P =P >0).
The analysis objective is to prove the IQC defined by
oo(z, w) = r|we|* — |Coz + Dow|?

with r being as small as possible. Using convex combinations of IQC yields existence of
d; > 0 and P = P’ > 0 such that

N
rlwol” = |Cox + Dow|* — 22'P(Az + Bw) = Y _ di{|Ciz + Diw|* — |wi’} >0 (8.7)

=1

for all x, w as a certificate of L2 gain from wq to vy being not larger than /2. Since (8.7)
is equivalent to a matrix inequality which is linear with respect to r, d;, P, the minimal r
can be found by means of LMI optimization.

8.1.6 Dynamic extensions

A key element of IQC analysis is dynamic extension, which can be motivated by the
following example. Let A = {(v,w)} C La.(R') x Ly.(R') be the system with scalar
input v and scalar output w, defined by w(t) = v(t)3. An attempt to find quadratic forms
o : R x R +— R which define valid IQC for A soon leads to a realization that all such o
satisfy the condition
o(v,w) > dwv
for some d > 0. In other words, the only non-trivial IQC of this form is defined by
0. (v, w) = wo.
However, introducing another variable x, defined by

T=—-x+,
changes the situation. Since (v — z)(v® — 23) > 0 for all v, z,

dz?

= 4(v —2)2® < 4(v — 2)v° = 4(v — 2)W.

Therefore .
/0 {4w(v — z)}dt > 2(T)* — 2(0)* > —2(0)* > —o0,
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and hence the dynamically extended system A, = {(v,w, z)} satisfies the IQC defined by
oy (v,w,z) = (v—z)w.

It can be shown that, after a minor modification, the derivation of the new IQC remains
valid when the cubic nonlinearity w(t) = wv(t)3 is replaced by an arbitrary monotonic
memoryless nonlinearity w(t) = ¢(v(t)), where ¢ : R +— R is a monotonic function such
that ¢(0) = 0.

In general, adding new signals to a system model by applying stable LTI transforma-
tions to existing signals is a major way of enriching the set of available IQC.

8.2 Quadratic constraints for LTI models

For LTI systems, stability and performance analysis can be applied pointwise in the
frequency domain. This leads to a non-dynamical interpretation of IQC analysis.

8.2.1 Zero Exclusion Principle
A finite order LTT system is stable if it does not have poles in the closed right half plane
C;={seC: Re(s) >0}.

However, checking the whole C. for the absence of poles is usually inconvenient, especially
when the system (and its poles as well) is uncertain. Therefore it is very important to
establish that analysis of stability of uncertain LTI systems can be based on excluding
marginal instability.

Theorem 8.3 Let G = G(s), A = A(s) be LTI systems with finite L2 gains. Assume
that
|det(I — 7G(jw)A(jw))| > e >0 forall weR, 7€[0,1].

Then the feedback interconnection of G and A has finite L2 gain.

Theorem 8.3 implies the following version of the zero exclusion principle. Let G be a
stable finite order L'TT system with m inputs and n outputs. Let A be a cone of complex
m-by-n complex matrices, i.e. a closed set such that

A€ A, A>0 implies \A € A.

The interconnection of G and A is stable for any transfer function A satisfying the con-
dition A(jw) € A if and only if

det(I — G(jw)A) #0 Vw e RU{x}, A € A.
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Figure 8.24: a homotopy argument in stability analysis

8.2.2 Structured Singular Values

Let A be a cone of complex n-by-m matrices. The structured singular value

p=p(M) = p(M,A) = pa (M)

is defined for any complex m-by-n matrix as the reciprocal of the smallest norm of A € A
such that I — M A is not invertible. Here A defines the structure of an uncertain block A
such that A(jw) € D: the smaller A is, the more structure, and the smaller (M, A) is
going to be.

Note that, when A is the set of all n-by-m matrices (i.e. when there is “no structure”),
we have

p(M, A) = [ M| = omax(M)

which explains the term “structured singular value”
The so-called “complex structured singular value” pc(M) corresponds to the case
when

Ay 0 0
0 Ay

A = . . AZGC
0 A,

is the set of all complex diagonal matrices.
The so-called “real structured singular value” ug (M) corresponds to the case when

0 0 0
0 9

A= . : (SZER
0 On

110



is the set of all real diagonal matrices.
M. Safonov uses notation K,,,(M,A) = 1/u(M,A).

8.2.3 Examples
For

[ 100
M‘{o j]

we have
Omas(M) = 100, pc(M) =1, pr(M)=0

FA={A=06l: §eC}, then u(M,A) is the spectral radius of M (i.e. the largest
absolute value of an eigenvalue of M).

1 t]\ _ [0, t#0,
MR({—t 1})_{1, t=0.

In particular, this demonstrates that some versions of p are discontinuous functions of its
argument. However, uc(M) can be proven to be a continuous function of M.

8.2.4 A “Small ¢ Theorem”

Consider a feedback interconnection of a given LTI system G(s) and an uncertain LTI
system A(s), where A(s) is any stable LTI system such that A(jw) € A for all w, and
|A(s)]|eo < 1. Then, by the definition of p(G, A), and by the “zero exclusion principle”,
the interconnection is stable for any expected A(s) if

sup pp (G) < 1
for any G which can be approximated arbitrarily well by the values of G (jw).
For example, in the case of “structured” unmodeled dynamics, shown on Figure 8.25,

the interconnection is stable and has worst case wqy to zy gain less than one if and only if

sup (G 5w)) < 1.
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Figure 8.25: small complex mu theorem

8.3 Computation of robustness margins

In general, p is difficult to compute exactly (such problems are called “NP hard” by
computer scientists). In practice, computable upper and lower bounds of p are used.
When those bounds are far apart, a “branch and bound” technique is used.

An upper bound of p is a function g such that (M) > (M) for any M. Upper
bounds of p give sufficient conditions of stability and robust performance. Lower bounds
of u prove that certain systems are not robustly stable. Usually, calculation of a large
lower bound of i comes with an example of a destabilizing uncertainty.

8.3.1 Lower Bounds of u

Standard lower bounds for p are obtained by finding a local minimum in the non-convex
optimization problem
p(AM) — max
AeA
where p(A) is the spectral radius of A (when A is invariant with respect to multiplication
by complex scalars) or the real spectral radius of A (for the “real” versions of u). Roughly
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speaking, the search for low bounds of © amounts to simulations of the uncertain systems
with different values of the uncertainty parameters.

For most common structures A, the search over A can be replaced by the search over
the unitary elements in A, i.e. such that AA" = I.

For example, for a 3-by-3 matrix M, figuring out whether uR (M) < 1 is equivalent
to checking that I — MA is invertible for any diagonal matrix with elements J; € [—1, 1]
on the diagonal (i = 1,2, 3).

Consider separately the 2 cases: 9; > 0 and 9; < 0. Since

0,1] =0.5+0.5-[—1,1],
[—1,0] = —-0.5+0.5- [-1,1],
in each case, the problem can be reduced to checking that ug (M=) < 1, where
M. = (I £0.5Meye}) " M(I — 0.5e;¢})

ey is the first basis vector, “+” corresponds to d; € [0, 1], “—" corresponds to §; € [—1,0].
For each of M., we expect that the gap between upper and lower bounds of p will be
smaller, since the actual range of §; has been reduced.

8.3.2 Quadratic Constraints
Matrix I — M A is not invertible if and only if the system of equations
y=Muw, w=Ay

has a non-zero solution (y,w). To show that this is impossible for A € A, r||Al| < 1, we
start with finding quadratic forms o = o(y, w) such that

oy, Ay) >0 VAecA, [[A] <1

Such conditions are called quadratic constraints describing the relation w = Ay. The
idea of “describing” uncertainty using quadratic inequalities is the background of most
robustness criteria.

Let X be a set of quadratic forms o(y, w) such that

o(y,Ay) >0 VA €A, [A] <1
o(0,w) <0 forw#0

Note that any convex combination of such quadratic forms satisfies the condition as well.
Define a functional on ¥ by

J(o)=inf{r >0: c(Mw,rw) <0 VYV w#0
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e Functional J is quasi-convex.
e The infimum of J over ¥ is an upper bound of u(M, A).

e The larger Y, the better the upper bound.

This is the idea behind upper bounds of pu.

8.3.3 Elementary Uncertainty

Here we derive quadratic constraints for elementary components of uncertainty structures
Unmodeled Dynamics If w = Ay, where A is an arbitrary complex matrix with
|AJl <1, the relation between w and y is described by

oy, w) = [ly|I* = w|* > 0

Repeated Real Scalar If w = dy, where § € [—1,1] is a real number, the relation
between w and y is described by

o(y,w) =y Dy — w'Dw + 2Re(y' Sw) > 0

where where D, S are arbitrary matrices such that D = D" > 0 and S = —5'.
Quadratic constraints for other elementary uncertainty relations are obtained in a
similar way.

8.3.4 An Upper Bound for u

Quadratic constraints for a general structured uncertainty are obtained as convex combi-
nations of the “elementary” constraints.
Let A = {A} be the uncertainty structure for which w = Ay means
y =[5 uniys Yl
w = [wi;. . wywi; .. wyy]
where
wi, = 0kyi, Yo wp € C"W, 6 € R

wi = Awyt, y € C™W | we e cr?

An upper bound of u(M, A) is given by the minimal r > 0 such that

M'DM + MS + S'M < 2D
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where R
[s50
s=[o o)
D= diag{Dl, ey DN, dllm(k:)a Cey dM]m(M)}
D = diag{Dy, ..., Dxn,di Ly, - - - daLyany}
S = diag{Sy,..., Sy}

matrices Dy = Dj > 0 and Sy, = —5} have size n(k)-by-n(k). Optimization of 7y, over
D, D, S is quasi-convex.
The upper bound above was obtained using the quadratic constraint

oly,Ay) >0 VA €A, A <1

where

N

oy, w) = > i Deyy — wy Dywy,
k=1
+2Re(y; Spwy)

M
+ > dilllyel® = llwil?)
k=1

8.4 Numerical calculations and examples

Practical verification of strict feasibility of IQC models can be done by standard routines
of convex optimization. Furthermore, the IQC’s known for a number of standard nonlin-
ear, uncertain, or time-varying components, such as nonlinearities with conic, slope, and
curvature bounds, LTT uncertainty (real parametric, unmodeled, repeated, uncertain de-
lay), time-varying uncertain gain (fast and slowly time-varying, harmonic, periodic), and
many others, can be pre-stored in a computer for easy access. In this way, rather com-
plicated IQC models can be built and tested for feasibility in a very simple manner. On
Athena, the software is located in the locker /mit/6.245, in the subdirectory iqc_beta.

8.4.1 Example: a servo with friction and uncertain delay

Consider a simple model Sgervo of a servo with friction on Figure 8.26, where

252+ 25+ 1

K(s) = 10
(5) 0.01s2 + 5+ 0.01

~ 20s + 20 + 10/s
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represents a PID controller, the saturated high gain feedback models friction, and 7 €
[0,0.05] is the uncertain measurement delay. In terms of signals, u is control input, f is

d —o— K(s) feo— 1 L0 1 P

f|\
m 60sat

e~ TS

Figure 8.26: Example: a servo with friction

the friction force, v and p are velocity and position while m is a position measurement
with uncertain delay. The external input d represents a high-pass sensor noise with the
cut-off at 100 rad/sec. The objective is to prove stability of the system and to estimate
the noise amplification coefficient J, defined as the maximal L, gain in the closed loop
channel e — p, where d+ 100d = é.

A feasibility test for the IQC model can be specified in the toolbox igc_beta with the
commands?

s=tf([1 0],1); Y% convenient constant

abst_init_iqc; % initialize data structure for handling IQC
e=signal; Y external unmodeled disturbance

f=signal; % a nonlinear gain output

r=signal; % an uncertain block output

p=signal; % position (feedback loop signal)

m=p+r; % delayed position
u=(10%(2%s~2+2%s+1)/(0.01*%s"2+s+0.01) ) * ((s/ (s+100) ) *e-m) ;
v=(1/s)*(u-£); % velocity

p==(1/s)*v; Y closing the loop

f==60*iqc_sector(v); % f(£f-60u)>=0

r==iqc_ltvnorm(p)-p; % |lr+pll|~2<=|Ipl|[~2
J=iqc_gain_tbx(e,p) % estimate L2 gain e -> p

Here the command abst_init_iqc initializes the data structure, and == is used to close
feedback loops. Expression iqc_sector(v) produces a signal z; that satisfies the IQC

1This code will only work with the MATLAB version 5.3 or (possibly) higher
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defined by the quadratic form z;(z; — v). The essential part of the code of iqc_sector
can be written as

function w=iqc_sector(v)

w=signal; % define the output
c=symmetric; % introduce a scaling constant
c>0; % put an LMI constraint on c
w’xcx(w-v)<0; % describe an IQC constraint

Similarly, the expression iqc_ltvnorm(p) produces a signal z, that satisfies the 1QC
defined by the quadratic form |2,|*> — |p|?. Finally, the command J=iqc_gain_tbx(e,p)
indicates that f = e is the external disturbance, and y = p is the transient response to
be considered.

Running the script produces an empty J, which means that no convex combination
of used IQC produces a finite L.2 gain bound. This does not necessarily imply that the
original servo system is unstable — just that the IQC model is not good enough.

A more accurate IQC model of the servo system would use additional IQC. To check
feasibility of the upgraded IQC model, the MATLAB code above should be modified by
replacing

igc_sector(v) ... iqc_ltvnorm(p)-p
with
igc_monotonic(v) ... iqc\_cdelay(p, .05)

respectively. Running the modified script produces J = 58, which means that the servo
system 1is stable, and the noise amplification coefficient J does not exceed 60.
8.4.2 Example with cubic nonlinearity and delay

For an application of IQC analysis where strict feasibility does not take place consider the
following system of differential equations? with an uncertain constant delay parameter 7:

i (t) = —m(t)* —ao(t —7)° (8.8)
Ta(t) = z(t) — xa(t) (8.9)

Analysis of this system is easy when 7 = 0, and becomes more difficult when 7 is an
arbitrary constant in the interval [0, 79]. The system is not exponentially stable for any

2Suggested by Petar Kokotovich
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value of 7. Our objective is to show that, despite the absence of exponential stability, the
method of IQC analysis can be applied.
For 7 = 0, we begin with describing (8.8),(8.9) by the behavior set

Z = {z = [x1; m9; wr; wal},

where

_ .3 [ S T
W1 = Ty, W2 = Ty, L1 = —W1 — W2, T3 = X1 — T2.

The trivial IQC for Z are given by

ouri(z) =2 | 7 ]/P e

€2 Ty — T2

where P = P’ is an arbitrary symmetric 2-by-2 matrix. Among the non-trivial IQC’s
valid for Z, the simplest two represent the circle and the Popov criteria, and are defined
by

onr(2) = diviwy + dazowy + qwi(—wi — w2) + gwa(r1 — T2),

Vo (2(),t) = 0.25(q11 (1)* + qowa(t)*),

where di, > 0. Let Y be the cone of matrices of the quadratic forms o. Since we are only
proving stability, let 0g = 0. It turns out (and is easy to verify) that the only solutions
of the IQC feasibility problem o < 0 are the ones that make ¢ = oy + oy = 0, for
example
0.5 0
P:|:O 0:|7 d1:d2IQ2:17 Ch:O

The absence of strictly feasible solutions corresponds to the fact that the system is not
exponentially stable. Nevertheless, a Lyapunov function candidate can be constructed
from the given solution:

V(z) = o' Pz + 0.25(quaf + qory) = 0.527 + 0.25a3.

This Lyapunov function can be used along the standard lines to prove global asymptotic
stability of the equilibrium = = 0 in system (8.8),(8.9).

Now consider the case when 7 € [0,0.2] is an uncertain parameter. To show that the
delayed system (8.8),(8.9) remains stable when 7 < 0.2, (8.8),(8.9) can be represented by
a more elaborate behavior set Z = {z(-)} with

Z = [Zlﬁ'l,1'271U1,'1U2,QU371U4,'(U571U6] S R )
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satisfying LTI relations
l"l = —w; — Wy + Ws, l"g = X1 — T2
and the nonlinear/infinite dimensional relations
wi(t) = 23, wy = a3, wy = x5 — (19 + wy)?,

wy(t) = 2ot — 7) — 2o(t), ws = wi, wg = (x1 — 19)>.

Some additional IQC are needed to bound the new variables. These will be selected
using the perspective of a small gain argument. Note that the perturbation w, can easily
be bounded in terms of iy = x7 — x9. In fact, the LTI system with transfer function
(exp(—7s) — 1)/s has a small gain (in almost any sense) when 7 is small. Hence a small
gain argument would be applicable provided that the gain “from w, to @5” could be
bounded as well.

It turns out that the As-induced gain from wy to %5 is unbounded. Instead, we can
use the A, norms. Indeed, the last two components ws, wg of w were introduced in order
to handle L4 norms within the framework of IQC. More specifically, in addition to the
trivial IQC with

/
. I —wWy — Wy + wsg
ULT[(Z)—Q[xz} P|: T, — T y

the set Z satisfies the IQC o > V., where
O'(Z) :dlxlwl + dgl’gwg + qlwl(—wl — Wy + ’LU3) + C]Q’LUQ(ZL"l — [L’g)

+ d3[099(:)31w1 + ZL’Q'&UQ) — Tiws + 2.54w4w5 — 0.54(1131 — ZL’Q)’LUG]

-+ Q3[0.24(I1 — I‘Q)U)6 — w4w5],

d; > 0. Here the IQC with coefficients dy, ds, q1, g2 are same as before. The term with ds,
based on a zero storage function, follows from the inequality

5 4 o 4
0.99(a + 2) — a1 (23 — (w0 + wa)?) + (%) - <x1 > xQ) >0

(which is satisfied for all real numbers x1, z9, wy, and can be checked numerically).
The term with g3 follows from a gain bound on the transfer function

G-(s) = (exp(—=7s) = 1)/s
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from 1 — x5 to wy. It is easy to verify that the A; norm of its impulse response equals
7, and hence the L* induced gain of the causal LTI system with transfer function G, will
not exceed 1. Consider the function
t
/ vy (r)dr
t—T1

where the infimum is taken over all functions v; which are square integrable on (0, c0)
and such that vy (t) = v(t) for t < T. Because of the L, gain bound of G, with 7 € [0,0.2]

[e.e]

Viw().T) = —int

T

{0.24\v1(t)|4 — 4} dt, (8.10)

does not exceed 0.2, the infimum in (8.10) is bounded. Since we can always use vy (t) = 0
for t > T, the infimum is non-positive, and hence V is non-negative. The IQC defined
by the “gs” term holds with V, = g3V (1 — o, t).

Let

00(2) = —0.01(zyw; + 2ows) = —0.01(2] + 23),

which reflects our intention to show that zq, xo will be integrable with fourth power over
(0, 00).

The IQC model cannot be made strictly feasible, but is feasible for

P:{O(.)5 8}’ di=dy =001, dy=q=1, @ =0, g5 = 25"

A Lyapunov function candidate can be constructed with the help of these P, dy, q:
V(ze(t)) = 0.521(t) + 0.25z5(t)* + 2.5 V(2 — 22, 1),

where z. is the “total state” of the system (in this case, z.(T) = [z(T);vr(:)], where
vp(+) € Ly(0,7) denotes the signal v(t) = x1(T — 7 +t) — xo(T — 7 + t) restricted to the
interval ¢ € (0,7)). From the solution of the IQC feasibility problem, it follows that

dV(z.(t))

—E < —0.01(n () + (1)),

On the other hand, we saw previously that V(z.(¢)) > 0 is bounded from below. There-
fore, x1(+), z2(+) € Ay (fourth powers of x, zy are integrable over (0,00)) as long as the
initial conditions are bounded. Thus, the equilibrium z = 0 in system (8.8),(8.9) is stable
for 0 <7 <0.2.
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9 Model order reduction

9.1 Objectives and challenges of model reduction

Model reduction is one of the most widely encountered “dynamical systems” tasks. In
practice, it enables practical use of first principles models for physical phenomena de-
scribed by partial differential equations, advanced control and signal processing algo-
rithms. Model reduction can also be used to facilitate system identification, data com-
pression, and knowledge extraction.

This class will concentrate on mathematical techniques of model reduction applicable
to linear time invariant (LTI) systems, while also venturing into the field of nonlinear
models whenever possible. Intentionally simplified, if not trivialized, application examples
will be used for motivation and illustration of the theory. The lecture notes presentation
will be rigorous, but many formal details will be skipped in the lectures.

9.1.1 DMotivating example: the heat equation

Consider the task of modeling the dynamical dependence of time-varying temperature
y = y(t) at a point A of a thin non-homogeneous circular wire on the temperature
u = u(t) at the opposite point B, where the wire is being forcefully heated/cooled (see
Figure 9.27). The relation between u = u(t) and y = y(t) can be written in the form of a

Figure 9.27: Example: the heat equation

partial differential equation
dv(t, 0) d*v(t,0)
dt ez’

where v(t,0) is temperature of the wire at time ¢ at the point with angular position 6
(0 = 0 corresponds to point A), i.e

v(t,—m) =v(t,m) =u(t), y(t)=wv(t0),

and K(0) > 0 is a given position-dependent coefficient describing local properties of the
wire. This model, while accurate subject to some idealizing assumptions, is not good for

— K(9)
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simulation or feedback control design. A model reduction technique would generate a low
order LTI system providing an accurate approximation of the true dynamics.

9.1.2 Motivating example: system identification

An important task performed repeatedly by wireless communication devices is “channel
identification”, which essentially means finding a good model for electromagnetic signal
propagation between two communication points. This can be accomplished by sending
a white noise signal through the channel and calculating the statistical spectrum of the
signal received. As the next step, this (noisy) spectral data has to be fitted by a low
order rational function, as shown on If the order of approximation is allowed to be large
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Figure 9.28: Example: noisy data fitting

(to match the number of data points available), the resulting model will try to fit the
noise component of the data, which is highly undesirable. An optimal model reduction
technique will help to avoide noise fitting by finding the best low order rational approxi-
mation.

9.1.3 Simplification of general system models

A general objective of model reduction as a mathematical discipline can be described as
that of finding efficient ways of deriving adequate simplified models of complex systems.

Here the word system refers to a transformation which defines a family of real param-
eters (output data) as a function of another family of real parameters (input data). A
major object of study in these lectures will be the class of linear time-invariant dynamical
systems.
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A particular technique of model reduction would deal with a specific class of system
descriptions by

e specifying a quantative system complezity measure for models from the class;

e defining a notion of accuracy (“adequacy”) for replacing one (“complex”) model
with another (“reduced”) one;

e supplying a numerical algorithm which actually performs the reduction;

e presenting evidence (experimental or via a mathematical proof) that the algorithm
produces accurate models of low complexity in reasonable time (“algorithm cost”);

Accordingly, to compare two methods of model reduction, one has to take into account
accuracy, system complexity reduction, and algorithm cost guarantees associated with
them.

9.1.4 Example: reduction of matrix-vector products

Action of a given linear transformation M : f +— y on its unspecified input f is frequently
represented as multiplication of a variable real m-vector f by a given real n-by-m matrix
M: y= Mf. In some applications (image processing, optical simulations), it is desirable
to perform such matrix-vector multiplications, where M is known a-priori, as quickly
as possible, which typically means minimization of the number of computer operations
(multiplication, addition, copying) needed to compute y = M f. It may also be admissible
to have a certain amount r of relative error when calculating y quickly.

While the standard definition of a matrix-vector product involves nm operations,
some linear transformations f +— y = M f can be performed much faster, depending
on M. Moreover, it could be possible to reduce the minimal number of operations by
perturbing M slightly.

Matrix model reduction: a number-of-operations setup The task of finding, for
a given M, a faster way of producing an approximation of the product y = M f, can
be viewed as a model reduction problem, with the notions of “systems”, “complexity”,
“accuracy”, and “efficiency” defined as follows.

Systems: every real n-by-m matrix M defines a matriz model system with the set of
admissible inputs defined as the set R" = {f} of all real m-vectors f, and outputs y € R"
defined by y = M f.

System complezity: define complexity N' = N (M) of a matrix model system as the
minimal number of binary addition, multiplication, and memory copy operations needed
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to implement the input-to-output transformation f — y = M f. Note that, while it is
easy to define N'(M) it is usually quite difficult to calculate the quantity.

Accuracy: define a numerical measure of error of approximating an original matrix
M by a “reduced” matrix M as the maximal Euclidean norm le| of the output matching
error vector e = M f — M f when the Euclidean norm of input f is bounded by |f| < 1. In
linear algebra, this quantity is known as the operator norm |M — M|, or largest singular
value oy (M — M) of M — M.

Algorithm cost: define efficiency of a model reduction algorithm as the maximal num-
ber of operations needed to produce a reduced model M for a given M.

Even after the basic notions of system class, complexity, accuracy, and efficiency are
defined, there is a variety of possible approaches to follow. For example, one can formulate
an optimal matrix reduction problem (given M and r > 0, find M=M (M, r) such that
|M — M| < r, and N (M) is as small as possible). Alternatively, one can pick a trans-
formation M +— F(M) and try to prove, either formally or via numerical experiments,
that, for most M, N(F(M)) < cIN(M), and |M — F(M)|| is small. However, despite
the number of options available, most of them are likely to end up nowhere, due to the
difficulty of working with the “uncomputable” complexity measure N (M).

Matrix model reduction: a rank setup As it frequently happens, a relatively minor
modification of the matrix reduction setup leads to a computationally efficient algorithm.

Let us note that the rank of M defines an upper bound on the minimal number of
operations needed to implement transformation f +— M f. Indeed, if k = rank(M) then
M = VU where V is an n-by-k matrix, and U is a k-by-m matrix. Hence, M f can be
found by forming U f first ( km operations) and then calculating VU f ( kn operations),
which yields a total of k(n 4+ m) operations. When k < n and k < m, this constitutes a
substantial reduction in the number of operations.

Thus, it appears to be natural to consider a modified matrix reduction setup, in which
N (M) is replaced by rank(M) as a system complexity measure. This will be referred to
as the matriz rank reduction. Note that this is not equivalent to the number-of-operations
setup, because multiplication by some matrices of full rank can be performed very quickly
(for example, multiplication by an upper triangular n-by-n matrix with 1’s above the
diagonal can be performed in n steps).

Optimal matrix rank reduction A solution of the optimal matrix rank reduction
problem is a standard part of introductory linear algebra. Indeed, let o7 = ), where
ke {1,2,...,m} and o, > 0, be the ordered eigenvalues of M'M (i.e. o1 > g9 > -+ >
o). Then |M — M|| > oy, for every matrix M of rank less than k. Moreover, a matrix
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M of rank less than k such that |M — M| = o}, can be defined by M = VV'MUU’,
where the columns of U are the first £ — 1 orthonormal eigenvectors of M’'M (i.e. those
corresponding to eigenvalues Aj,...,A\;_1), and the columns of V' are the first £ — 1
orthonormal eigenvectors of M M’.

Thus, when the accuracy measure is defined as the operator norm, optimal matrix
rank reduction can be implemented via the so-called singular value decomposition, which
is, essentially eigenvalue decomposition of positive semidefinite matrices. It is interesting
to note that for many other accuracy measures there is still no efficient solution available
for the optimal matrix rank reduction problem.

9.1.5 Challenges of model reduction

There is a number of formulation changes which will complicate the matrix reduction
process dramatically. It is instructive to discuss some of these modifications, as they are
typical for the general model reduction research area.

Partially defined systems We started with the assumption that all coefficients of M
are known precisely. This is frequently not the case: some of the coefficients may be
unknown, while a general constraint is placed on their dependence on the index (say,
|M; j— M, j+1] < 0.01). Alternatively, a noise factor may be present in all coefficient data.

A system which is too large A very large matrix can be defined “analytically”, while
being too large to be stored in the memory of a computer. For example, what about a
102°-10%° matrix M with entries

1

M;; = —— ~7
72402+ 2 + cos(i)

Non-linear and uncertain systems Already a very simple type of nonlinearity —
parameter dependence — makes a model reduction problem much harder. Model reduction
of more general nonlinear systems remains largely an uncharted territory.

How to compare model reduction methods? Model reduction methods have to
be compared with respect to many parameters (accuracy, algorithm cost, type of com-
plexity measure, etc.) An algorithm which is optimal accuracy-wise may be prohibitevily
expensive, and a cheap algorithm may produce extremely inadequate reduced models.
Moreover, theoretical proofs of performance are rare.
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9.2 Model reduction by projection

A projection method can be viewed as application of a “lossy” compression to a system’s
state, and re-writing equations for the state’s dynamics in terms of a compressed rep-
resentation. Depending on a system and model class (linear vs. non-linear, state-space
vs. input/output, time-varying vs. time-invariant, etc.), different implementations of this
approach become typical.

9.2.1 Projection of finite order state space LTI models
The sequence of operations for obtaining a reduced CT LTI SS model

d . . . .
5 2(8) = Ax(t) + Bf(2), §(t) = C2(t) + Df(D)
from the original higher-order model

d

Zo(t) = Az(t) + BF(t), y(t) = Ca(t) + Df (1)

can be described in the following way.

Step 1: apply an invertible coordinate change x(t) = SZ(t), where S is an invertible square
matrix, to re-write the original system equations in the form

%w) = Az(t) + Bf(t), y(t)=Cx(t)+ Df(t),

where

A=87'4S, B=S"'B, C

|
Q
W
S

|
S

Step 2: partition the new state vector z(t) as
_ Ty (t)
T(t) =1 _ ,
®) { To(1) }

where the dimension of Z1(t) equals the desired order of the reduced system; parti-
tion the A, B, C' matrices accordingly:

T A Ap 5o B, ST A A
A—[A21 A22],B—[Bzi|,c—[01 CQi|
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Step 3: define the reduced system by

N — N — ~

A=A,, B=B, C=C, D=D.

The following reasoning stays usually behind such series of manipulations. At step
1, the system states are re-arranged to place the “most important” ones as the first few
components of the new state vector Z(t). At step 2, one decides which components of
z(t) are to be “ignored” (set to zero) in the new equations. Step & defines the resulting
simplified state equations.

Selecting a “good” initial transformation S, as well as determining how many states
of Z(t) to keep, is what defines a particular projection-based model reduction algorithm.
One can invest a lot of effort in finding a good S, and come up with a high quality reduced
model. Alternatively, one can obtain S according to some “cheap” strategy, to get a barely
adequate reduced model. Actually, it can be shown that, by selecting an arbitrary S, one
can obtain an arbitrary (subject to some non-essential restrictions) reduced order system
from a given model.

For example, an unobservable CT LTI SS model (i.e. the one with the observability
matrix M, not having full rank) can be transformed to a form with

T Ay O = B ~ ~
A= ! B=|2|, =16 0]
i i) B=| B o=la]

In this case the reason to consider the state Zy(t) “unimportant” is its unobservability,
and the projection reduced model

A —

A:AH, B:Bl, ézél, ﬁ:D

has a transfer matrix which is identical to that of the original system.
As another example, consider the stable causal LTI system defined by

T = x1+ 22+ f,
—3.]71—2{172,

o
Yy = I.

When the initial state transformation x = S is defined by the identity matrix S = I = Is,
the reduced first order system has transfer function 1/(s—1) — very little in common with
the original system.
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9.2.2 An alternative interpretation of projection MOR

For efficient numerical calculations, as well as for the sake of formal mathematical ma-
nipulations, a different (though equivalent) interpretation of the projection approach can
be introduced.

Let n be the order of the original model, and let » < n be the desired reduced system
order. A particular projection can be defined by specifying an n-by-r matrix V' and an
r-by-n matrix U such that

v =1,.

The reduced system is then defined by substituting z(¢) = VZ(¢) into the original equa-
tions, and by post-multiplying the resulting differential equation by U on the left, which
yields

A=UAV, B=UB, C=CV, D=D.

There are two important messages about this representation of a projection MOR
framework. First, the outcome of the procedure cannot be changed much by replacing
columns of V' with their linear combinations, as well as by replacing rows of U by their
linear combinations, as follows from the next statement.

Theorem 9.1 If matrices Vi, Vs, Uy, Uy are such that
(G) UV =UVa =1,
(b) the linear spans of the columns of Vi and Vy are identical, and
(c) the linear spans of the rows of Uy and Uy are identical,

then the systems

O U,AV, | U, B o U, AV, | UsB
Y\ ewv | D)0 TP\ CW | D

have identical transfer matrices.

Proof. According to (b), there exists an r-by-r matrix S, such that V5 = V4.S,. Similarly,
according to (c), there exists an r-by-r matrix S, such that Uy = S,U;. Hence, from (a),
S.S, = I,ie. S, = S, and the state space model of Go is obtained from that of Gy by
replacing its state &1 with £9 = S,Z1. Since invertible linear transformations of the state vector
do not change transfer matrices, the proof is complete. [
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In particular, without loss of generality, one can limit attention only to those matrices
V for which V'V = I,.. Similarly, one can limit attention only to those matrices U for
which UU’" = I,, though in this case it would be restrictive to assume that V'V = I, as
well.

To relate the two approaches to projection MOR, note that a pair of matrices U,V
satisfying the condition UV = I, can always be complemented to a pair of mutually
inverse matrices

If

Ay A B ~ A
-1 . 111 A2 -1p _ 21 —
SUASU—[Am A22],SB { ],Csv [C1 G ],

where Ay, By, C; have appropriate dimensions, we have
12111 - UAV, Bl - UB, Cl - C‘/,

i.e. the two projections yield same outcome.
Similarly one can relate the original framework to the coordinate-free one by defining

Ir -1
V:S[o } U=[1 0]s,
where x = S7 is the original coordinate transformation.

9.2.3 Projections for other model types

For discrete time LTI SS models, projection MOR is defined in exactly the same way as
in the continuous time case:

xlk + 1) = Az[k] + Bf[k], ylk] = Czx[k] + Df|k]
is reduced to
2k + 1] =UAVzk] + UBf[k], ylk] = CVzlk]+ Df[k],

where UV = I.
For descriptor system models, the modification is straightforward:

Bi(t) = Az(t) + Bf(t), y(t) = Cx(t) + Df(t)
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is replaced with
UEV%:%(t) = UAVE(t) + UBf(1), y(t) =CVa(t) + Df(t),

where the constraint UV = I is dropped, but instead a requirement that det(sUEV —
UAV) is not identically zero is imposed, provided that det(sE — A) is not identically zero.
For nonlinear time-invariant state space models

the assumed transformation from z(t) to z(t) and back should be allowed to become
nonlinear, i.e.

w(t) =V (&), 2(t)=U(x(t)),

where V: R"+— R" and U : R" — R" are given differentiable functions satisfying the
identity
UV(z) =2 YVzeR"

The resulting model is

%f(t) = U(V(&(t))a(V(2(t), f(1), y(t)=h(V(&(t)), (1))

While the number of state gets reduced this way, it is not obvious (and is not proven
to any degree of generality) that the number of arithmetic operations needed to evaluate
dz(t)/dt is smaller than the number of operations needed to evaluate dz(t)/dt.

For linear time-varying models

i(t) = A@)z(t) + B)f(t), y(t)=C(t)x(t) + D) f(?),
the projected reduced model is frequently defined as

%f(t) = U()(AM)V (1) = V()2 (t) + U)B)f(1), y(t) = CO)V(8)(t) + D(t)f(t).

where U,V are differentiable functions of time such that U(#)V (¢) = I at all moments.
Once again, while reduction in the dimension of the state space is indisputable, the
situation with complexity of reduced model simulation is not as clear, since the new
coefficients A(t), B(t), C(t) may be less regular functions of time, which usually requires
extra effort in simulation.

130



For general causal input/output models, where an explicit state description may be
unavailable, the past input/output history

2(t) = (f()lr<t, y(7) 7<)

can serve as a replacement. Then the reduced state can be defined by a transformation
2(t) = U(z(t) = U(f(T)lr<t, y(7)|r<e)-

9.2.4 Preservation of transfer matrix moments

Consider an n-th order state space LTI model

%x(ﬂ = Az(t) + Bf(t), y(t) = Cx(t) + Df(t), (9.1)

with transfer matrix

G(s)=D+C(sl, — A)'B,
and its projection reduced r-th model

%f(t) — UAVE(t) + UBF(t), §(t) = CVi(t) + Df(t), (9.2)

with transfer matrix

G(s) =D+ CV(sl, —UAV)"'UB,

where U, V' are matrices of dimensions r-by-n and n-by-r respectively, such that UV = [,
and 7 < n. As it was mentioned before, no system property of importance (such as
stability, passivity, transfer matrix values, etc.) is guaranteed to be preserved by a generic
projection of this type. However, when the projection matrices U, V' are properly defined,
some features of the original system can be transfered to the reduced one.

This subsection provides sufficient conditions for preservation of transfer matriz mo-
ments under projection model reduction. Here by the moments of a transfer matrix
H = H(s) at a given point sy, which is not a pole of H(-), we mean the values H®*)(s)
of its derivatives and its own value H(sq) = H®(sq) at s = 5.

Theorem 9.2 Consider system (6.17) and its projection reduced model (6.18). Let s €
C be a complex number which is not an eigenvalue of A or UAV .

(a) If, for some column vector f, (sol, — A)“* 1 Bf belongs to the set R(V') of all linear
combinations of columns of V' for allk =0,..., N then

G® (so)f = G®(so)f for k=0,...,N.
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(b) If GC(sol,, — A)~*=1 is a linear combination of the rows of U for some row vector q
forall k =0,...,N then

GG® (s0) = GG® (s9) for k=0,...,N.

This observation is frequently used in determining the projection matrices U, V: the
rows of U and the columns of V' are chosen as bases of the linear subspaces spanned by
the real and imaginary parts of the rows of

C(jwl, — A" k=0,...,N¢,

and the columns of
(jwll, — A" B, k=0,...,N?,

respectively, where w¢ and w? are selected “important” frequencies, and the maximal

powers N¢, N? indicate the degree of accuracy desired at wf,w?. The resulting projec-

tion algorithms provide a numerically robust implementation of the moments matching
approach to model reduction, to be discussed in future lectures.

Proof. Without loss of generality, assume that D = 0. To prove (a), note that
G"¥)(s9) = KIC(sol, — A)F B (k=0,1,...),

and
G®(sp) = KICV (sol, —UAV) *WUB (k=0,1,...).

Note that the vectors B
zp = (sol, — A" 1Bf, (k=0,1,...)

are uniquely defined by the recursive linear equations
soro = Axg + Bf, soxp = Axp+ 11, (k=1,...).
By the assumption, z = VI for K =0,..., N for some vectors Z;. Hence
soVig = AVig + Bf, soVar=AVa, +Vir_1, (k=1,...,N).
Multiplying these equalities by U on the left yields
soko = Ao+ Bf, soir = Ay +dp_1, (k=1,...,N),
where A = UAV and B = UB. Hence

T = (SOIT - A)_k_léf_7 (k =0,... 7N)7
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which in turn yields
C(sol, — A" 1Bf = Cay, = CU&y = Ciy = C(sol, — A)*1Bf

for k =0,...,N, thus proving (a).
The proof of (b) is similar, and uses

pr = GC(sol, — A)~F1
in place of x. By the assumption, py = prU for k =0,..., N for some row vectors pi. Hence
sopoU = poUA + qC, soppU = prUA +pr_1U, (k=1,...,N).
Multiplying these equalities by V' on the right yields
sopo = poA+qC, sopr = PrA+ pe—1, (k=1,...,N),

where C' = CV. Hence R
pr = qC(sol, — A7, (k=0,...,N),

which yields
GC(sol, — A)™* 1B =pB = pUB = p.B = GC(sol, — A)F7'B
for k=0,...,N, thus proving (b). [}
The results of this subsection apply equally to discrete time LTI state space mod-

els. They can also be extended to the case of descriptor models, to yield the following
statement, which is proven by a similar argument.

Theorem 9.3 Consider the descriptor system model

d

E—u(t) = Ae(t) + Bf(t), y(t) = Ca(t) + Df(t),
and its projection reduced model
E%fc(t) = Ai(t)+ Bf(t), §(t) = Ca(t) + Df(t),

where ) R R )
A=UAV, E=UEV, B=UB, C=CV,

and U,V are matrices of dimensions r-by-n and n-by-r respectively, such that r < n. Let
sg € C be a complex number such that both matrices soFE — A and SQE A are invertible

133



(a) If, for some column vector f, [(soFE — A)" E]*(soE — A)"LBf belongs to the set
R(V) of all linear combinations of columns of V' for allk =0,..., N then

G®(so)f = G®(so)f for k=0,... N,

where ) o ) ) )
G(s)=C(sE—-A)'B+ D, G(s)=C(sE—A)™"B+D.

(b) If gC(soE — A)HE(soE — A)~Y¥ is a linear combination of the rows of U for some
row vector q for all k =0,..., N then

GG® (s0) = GG® (s9) for k=0,...,N.

9.2.5 Stability preservation

In most applications, a reduced model of a stable system is required to be stable. However,
stability preservation does not come automatically in projection model reduction.

The following result provides a sufficient condition for stability of projection reduced
systems in the continuous time case. Remember that a controllable and observable state
space model (6.17) defines a stable causal system if and only if A is a Hurwitz matrix (all
eigenvalues have negative real part), or, equivalently, if there exists a symmetric strictly
positive definite matrix P = P’ > 0 such that the Lyapunov equality

PA+ A'P=-R (9.3)

is satisfied for some positive semidefinite symmetric matrix R > 0 such that the pair (A4, R)
is controllable (note that the controllability is implied, in particular, when R is strictly
positive definite). Such P = P’ defines an energy-like quantity V' (z(t)) = x(t)' Px(t) which
is guaranteed not to increase when the external signal f = f(¢) equals zero. In many
applications, P = P’ is readily available from the physical laws of energy conservation
and dissipation.

Theorem 9.4 Consider system (6.17) and its projection reduced model (6.18). Let P =
P and V' be such that
V'PV >0, V/(PA+ A'P)V <0.

If U is defined by
U= (V'PV)'V'P
then A = UAV is a Hurwitz matriz satisfying the Lyapunov inequality

PA+ AP <0 for P=V'PV.
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Proof. The proof is based on a straightforward verification of the identity
PA=V'PAV.

The theorem suggests that stability of the reduced system can be guaranteed easily by
limiting the freedom of selecting U for a given V: to use the result, one has U uniquely
defined by V' and a conserved energy measure matrix P. Note that condition V'(PA +
A'P)V < 0 can be replaced by the weaker one:

~

V/(PA+ A'P)V = —R,

where R = R’ > 0 and the pair (A, R) is controllable.
For descriptor models, similar results are available. Remember that a certificate of
(marginal) stability for a descriptor system

4,
dt
is given by a symmetric matrix P = P’ such that E'PE > E'E and

ELu(t) = Ax(t) + Bf(t), y(t) = Ca(t) + Df() (9.4)

E'PA+APE <. (9.5)
Theorem 9.5 Let P = P’ be a symmetric n-by-n matriz and V' be an n-by-r matrixz such
that
P=V'E'PEV >0 and V'(E'AP + PA'E")V <.
Let

U= (V'EPEV)'WV'EP.
Then the reduced system

E%:)ﬁ"(t) _ An(t)+ BF(D, () = Calt) + DF(),

where

~

E=UEV =1, A=UAV, B=UB, C=CV,

is stable, and has a Lyapunov function

~

V(a(t) = &(t) Pi(t)

which decreases monotonically for system solutions with f(t) = 0.
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Proof. The proof of this theorem is a straightforward verification of the identity

PA=V'E'PAV.
|
Similar stability preservation results are also available for discrete time models
xlk + 1] = Az[k] + Bf[k], ylk] = Cz[k] + Df[k], (9.6)

where the stability of a minimal state space model (9.6) is equivalent to A being a Schur
matrix (all eigenvalues strictly inside the unit disc), and a stability certificate is usually
given in the form of a symmetric positive definite matrix P = P’ > 0 such that the
discrete time Lyapunov inequality

P—-—APA>0
is satisfied.

Theorem 9.6 Consider a discrete time LTI model (9.6). Let P = P' > 0 and V be
matrices of dimensions n-by-n and n-by-r respectively, such that

V'PV >0, V/(APA- P)V <0.
If U is defined by
U=V'PV)'V'P
then A = UAV is a Schur matriz satisfying the Lyapunov inequality
APA—P <0 for P=V'PV,
and hence the projection reduced model
2k + 1] =UAVz[k] + UBf[k], 9glk] = CVz[k]+ Dfk]

1s stable.

Proof. The proof is based on a straightforward verification of the inequality
PV(V'PV)"'V'P < P.

In fact, the assumption V/(A’PA — P)V < 0 in the theorem formulation can be relaxed to the
weaker one

V'PV - V'APV(V'PV)"'V'PAV > 0.
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9.2.6 L2 gain and passivity preservation

Let us call a stable LTI system model with a proper rational transfer matrix H = H(s)
contracting if
Omax(H(jw)) = ||H(jw)|| <1 Yw e R.

A formally different, but actually very similar definition concerns passivity. A stable LTI
system model with a proper square rational transfer matrix H = H(s) is called passive if

H(jw)+ H(jw) <0 VweR,

where the prime sign denotes Hermitian conjugation.

Both contractivity and passivity serve as frequency domain conditions for input/output
energy conservation, having an interpretation that one gets less energy out of a system
than the amount that was put into the system. In circuits applications, for example,
contractivity applies to voltage in/voltage out subsystems with large input resistance
and small output resistance, so that the supplied/extracted energies equal the integrals
of input/output squared, while passivity applies to single-port blocks with voltage and
current serving as input and output, so that the difference between supplied and extracted
energies equals the integral of the input/output product. Contractivity and passivity are
important because feedback interconnections of energy preserving systems preserve the
total energy, which implies stability.

As it can be expected, all cases of passivity and contractivity of state space mod-
els come with a positive definite quadratic Lyapunov function representing a conserved
(dissipated) energy quantity. Mathematically, such statements are special cases of the
Kalman-Yakubovich-Popov Lemma, which will be presented here without a proof and
with a simplifying assumption of strict properness of H(s).

Theorem 9.7 Let
x(t) = Az(t) + Bf(t), y(t) = Cx(t)

be a minimal model of an n-th order stable strictly proper causal system with transfer
matric H = H(s). Then

(a) H = H(s) is contracting if and only if there exists a symmetric positive definite
matriz P = P' > 0 such that the Riccati inequality

PA+AP+C'C+PBBP<0

is satisfied;
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(b) H = H(s) is passive if and only if there exists a symmetric positive definite matriz
P = P’ > 0 such that

C=BP and PA+ AP<O.

The matrix inequality from (a) means that

WD) <\ pwye -~ P

for all solutions of the system equations, where
V(z) =2 Pz >0

is the “potential energy” of the system. Similarly, the matrix inequality from (b) means

that o
WD < ap(eyyo).

It turns out that the same way of selecting U when P and V are given, that was
used to preserve stability in projection model reduction, can be employed to preserve
contractivity and passivity as well.

Theorem 9.8
(a) If P = P’ is such that
P=V'PV >0 and V' (PA+ AP+ C'C+ PBBP)V <0,

then the projection reduced model

d . R R
%i"(t) = Az(t) + Bf(t), §(t) = Cz(t), (9.7)
where A R A

A=UAV, B=UB, C=CV, U= (V'PV)'V'P,

1s contracting, and its coefficients satisfy the Riccati inequality

A A A

PA+ AP+ C'C+PBBP <.
(b) If P = P’ is such that
CV =BPV, P=V'PV >0 and V' (PA+ A'P)V <0

then the projection reduced model (9.7) is passive, and its coefficients satisfy

N

C=PBP and PA+AP<O.
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9.3 Balanced Truncation

Balanced truncation is an important projection model reduction method which delivers
high quality reduced models by making an extra effort in choosing the projection sub-
spaces.

9.3.1 Motivation: removal of (almost) uncontrollable/unobservable modes

Removing an unobservable or an uncontrollable mode is an easy way of reducing the
dimension of the state vector in a state space model. For example, system

T = —x + X2+ f,
Zifg = —21’2,
Yy = I + X,

can be replaced by
i=—v+f y=—ua

without changing its transfer function. In this state space model, with

A:{_Ol _12] B:[H, c=[11], D=0

the controllability matrix

M, =B AB}:[_ll 8}

satisfies pM,. = 0 for p = [0 1], and hence the variable pz = x5 represents an uncontrollable
mode. The removal of such mode can be viewed as a canonical projection model reduction

A— A=UAV, B~ B=UB, Cw— C=0CV,

where the columns of V' form a basis in the column range of M, (which is the same as the
null space of p), and U can be selected quite arbitrarily subject to the usual constraint
v =1.

Strictly speaking, the example above cannot even be considered as “model reduction”,
as the orders of the original and the projected systems are both equal to 1. A more
interesting situation is represented by the perturbed model

T = —x +22+ f,
i’g = —21’2 —|—€f,
y = +ZI§'2,

139



(same A, C, D but a modified B), where € > 0 is a parameter. Intuitively, one can expect
that, when € > 0 is small enough,

t=-r+f y=zx

is still a good reduced model. This expectation can be related to the fact that zs is
difficult to control by f when € > 0 is small. One can say that the mode x5 = px, which
corresponds to the left (row) eigenvector of the A matrix (pA = —2p in this case), is
almost uncontrollable, which can be seen directly from the transfer function

s+2+¢€ _1+6 €

Gls) = (+2)(s+1) s+1 s+2°

which has a small coefficient at (s + 2)~! in its partial fraction expansion.

One can attempt to introduce a measure of importance of an LTI system’s mode
(understood as a pole a of system’s transfer function G(s)) as something related to the
absolute value of the coefficient with which (s —a)~! enters the partial fraction expansion
of G. However, it is rarely a good idea to base a model reduction algorithm solely on
removal of “unimportant” system modes. For example, both modesa =1—eand a = 1+¢
of the LTT system with transfer function

1 1

His) —
(5) s+1—e+s+1+e’

where € > 0 is small, are equally important, and none can be removed without introducing

a huge model reduction error, despite the fact that a very good reduced model H is given

by
. 2
H(s) = .
(s) e

Balanced truncation is based on introducing a special joint measure of controllability
and observability for every vector in the state space of an LTI system. Then, the reduced
model is obtained by removing those components of the state vector which have the lowest
importance factor in terms of this measure.

9.3.2 Observability measures

Consider a state space model

#(t) = Ax(t) + Bf(t), y(t) = Ca(t) + DF(1), (9.8)
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where A is an n-by-n Hurwitz matrix (all eigenvalues have negative real part). When
f(t) =0 for t > 0, the value of the output y(¢) at a given moment ¢ is uniquely defined
by x(0), and converges to zero exponentially as t — +oo. Hence the integral

E, - / ly(t) 2t
0

measuring the “observable output energy” accumulated in the initial state, is a function
of 2(0), i.e. E, = E,(xz(0)). Moreover, since y(t) is a linear function of x(0), E, will be a
quadratic form with respect of z(0), i.e.

Ey(2(0)) = z(0)W,z(0)

for some symmetric matrix W,.
The quadratic form E, = Ey(x(0)) can be used as a measure of observability defined
on the state space of system (9.8). In particular, E,(z(0)) = 0 whenever

M,z(0) = [C;CA;...;CA" Hx(0) = 0.

The positive semidefinite matrix W, of the quadratic form FE, is called the observability
Gramian®. Since, by the definition, E,(x(0)) > 0 for all z(0), the matrix W, is always
positive semidefinite. Indeed, W, > 0 whenever the pair (C, A) is observable.

It is important to notice that the word “system state” actually includes two different
meanings. One meaning is that of a primal state, which, for a general model (9.8), is a
column n-vector. For example, for a state space model

T =—x1+ f, Ta=—22+f, y=a1+ 22, (9.9)

a primal state is a particular column vector value of z(t) € R?, such as x(—1.2) = [1; —7].
Such column vector values are more precisely referred to as the primal states of (9.9).

On the other hand, one frequently refers to (9.9) as a “system with two states” (despite
the fact that the set R? has an infinite number of elements), and, in this context, z; = z(t)
and xo = x5(t) can be referred to as the two states of the system. Let us call such states
the dual states. For a general model (9.8), a dual state is a particular linear combination
x, = px(t) of the scalar components of z = x(t), defined by a row n-vector p. For example,
in (9.9), the dual states 1 = x1(¢) and xy = x5(t) are defined by row vectors p = [1 0]
and p = [0 1] respectively.

3Whether this should be spelled as “Grammian” or “Gramian”, is unclear
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Therefore, it is natural to ask for a definition of an observability measure of a given
dual state of (9.8). It is defined as

E’(p)= inf E,(xg) for p#0,
xo: pro=1
i.e. as the minimal output energy which can be observed for ¢ > 0 when pz(0) = 1. Note
that infimum over an empty set equals plus infinity, hence E°(0) = co. When the pair
(C, A) is observable, and hence W, > 0 is invertible, the dual observability measure is
given by

E°(p) for p #0.

B pWp'

The following theorem is frequently utilized for computing W, numerically.

Theorem 9.9 W, is the unique solution of the Lyapunov equation

W,A + A'W, + C'C = 0. (9.10)

Proof. Since system (9.8) is time invariant, the identity

2(0)' Wya(0) = / Ca(r)Pdr
0
implies
x(t) Wox(t) = / |Cx(7)|?dr.
¢
Differentiating the second identity with respect to ¢ at ¢t = 0 yields

2x(0) W,Az(0) = —|Cz(0)|?

for all (0) € R"™. Comparing the coefficients on both sides of the quadratic identity yields
(9.10). [ |

Finding a numerical solution of (9.10) is not easy when n is about 10* and larger. In
such situation, Theorem 9.9 can be used as a basis for finding an approximation of W,,.

It is important to understand that the observability measure alone should not be the
only numerical test for choosing which states to eliminate in a model reduction procedure.
Instead, a combination of observability and a controllability measures, to be introduced
in the next subsection, should be used.
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9.3.3 Controllability measures
Since A is a Hurwitz matrix, every input signal f = f(¢) of finite energy, i.e. such that
1917 = [ I <,

corresponds to a unique initial condition x(0) in (9.8) for which the corresponding solution
x = x(t) satisfies 2(t) — 0 as t — —oo. This solution is given by

x(t) = /OO eATBf(t — T)dr,

0

where e™ denotes the matriz ezponent of a square matrix M. One can say that input
f = f(t) drives the system state from x(—o0) = 0 to z(0) = X (f(-)).

Let p be a 1-by-n row vector, so that the product px(t) is a dual state of (9.8) — a
linear combination of components of the state space vector. The (dual) controllability
measure £° = E°(p) is defined as the maximal value of |pz(0)|*> which can be achieved by
using an input f = f(¢) of unit energy:

E*(p) = max{|pX (f(-))]* : IfIl < 1}.

Accordingly, the primal controllability measure E, = E.(x) is defined for a column

vector 2o € R" as
E.(z9) = inf E“(p).

p: pro=1
The following statement describes some basic properties of these controllability mea-
sures.

Theorem 9.10 Assuming that A is an n-by-n Hurwitz matrix.

(a) E(p) = pWep' is a quadratic form with the coefficient matriz

W, = / eA"BB At dt.
0

(b) W. is the unique solution of the Lyapunov equation

AW, + W, A = —BB. (9.11)
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(c) A given state zo € R" is reachable from zero if and only if E.(xo) > 0 or, equiva-
lently, the equation W.p' = x¢ has a solution p'. In this case E.(xo) = pxo is the
minimum of || f(-)||* subject to X(f(-)) = xo.

Proof. To prove (a), note that

max / —00™g(t) f(t)dt = ||gl],

hence o
Ee(p) = /0 peAtB2dt = pi,y.

Statement (b) is actually a re-wording of Theorem 9.9, with C replaced by B’, A replaced
by A’, W, replaced by W, and z(0) replaced by p.

To prove (c), consider first the case when equation W.p' = zy has no solution p. Then
there exists a row vector py such that poW,. = 0 but pgzrg # 0. Here the equality means that
IpoX (f())|* equals zero for every finite energy signal f = f(t). Since, from the inequality,
Ipozo|? > 0, the state zg is not reachable from zero.

Now assume that xg = W,p' for some p. Then ||f||?> > pWp' = pxo whenever zg = X (f(-)).
On the other hand, for

= ey, =0,

we have ||f||?> = pro and zo = X(f(-)). [ |

When the pair (A, B) is controllable, and, hence, W, > 0, the primal controllability
measure F, = E.(xy) can be expressed as
1

E.(x) = ——
(z0) xyW;lxg

for xy # 0.

9.3.4 Joint controllability and observability measures

The joint controllability and observability measures are defined as products of the corre-
sponding controllability and observability measures:

Eoc(xO) = Eo($0)Ec(x0)> Eoc(p) = Eo(p)Ec(p)

For controllable and observable systems W, and W, are positive definite, and the formulae
can be simplified to

xoWoxg
T —1

(00 £0), B*(p)= 2V, 20),

Eoc<x0) = - pWO—lp/
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For model reduction purposes, we are interested in finding a subspace of primal state
vectors for which the minimum of the joint controllability and observability measure
over all non-zero elements is mazimal. A basis in this subspace will yield columns of
a projection matrix V. Similarly, we are interested in finding a subspace of dual state
vectors for which the minimum of the joint controllability and observability measure over
all non-zero elements is mazimal. A basis in this subspace will yield rows of a projection
matrix V.

The following theorem can be used in finding such V and U.

Theorem 9.11 Let W, = L.L. and W, = L/ L, be the Choleski decompositions of the
controllability and observability Gramians. Let

PlZZﬂr>ﬂr+1ZZﬂn20

be the ordered eigenvenvectors of LW, L. (possibly repeated). Let i1, . .. 1, be the corre-
sponding first r normalized eigenvectors of LW, L., i.e.

LiWoLehi = pits, [al* =1, hjgp = 0 for i # k.

Let 0; = pil/2.

(a) pr > -+ > p, are also the eigenvalues of L,W L., and the corresponding normalized
row eigenvectors can be defined by

¢ =0 WILLL (i=1,...,7).

1Y CcTTo

(b) The set of all linear combinations of vectors L.p; is the only r-dimensional linear
subspace V in R" such that E,.(v) > p, for every v € V.

(c) The set of all linear combinations of row vectors ¢;L, is the only r-dimensional
linear subspace U of row n-vectors such that E°“(u) > py for every u € U.

(d) UV = I, where
01_1/2¢1
V=L | oy ? o e, U= :

o 1/? &,
The proof of the theorem is obtained by inspection.
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9.3.5 Classical balanced truncation

The projection model reduction algorithm which uses the projection matrices U, V' de-
scribed in the previous subsection is called balanced truncation. The “balancing” termi-
nology comes from the following trivial observation.

Theorem 9.12 Assume that system (9.8) is both controllable and observable. Then W, =
L.L. >0 and W, = L' L, > 0 are positive definite. Moreover, if U is the orthogonal
matriz which columns are the ordered eigenvectors of L.W,L., and ¥ is the diagonal
matrix with numbers o; on the diagonal, then the linear state transformation x = Sz,
with S = LYY Y2 yields an equivalent state space model with the coefficient matrices

A=S8"1AS, B=S"'B, C=CS,
for which both the controllability and observability Gramians equal 3.

State state space models for which W, = W, are equal diagonal matrices with ordered
positive diagonal entries oy are called balanced. The numbers oy are called the (Han-
kel) singular numbers of the corresponding system. The (canonical) method of balanced
truncation is based on removing the states of a balanced realization which correspond to
singular numbers below a certain threshold. Indeed, a practical implementation does not
have to involve a calculation of a complete balanced model: only the projection matrices
U,V are necessary.

Example Let

1 1
G =
() s—i—l—e—i_s—i-l—b—e7
where € > 0 is a small parameter. A state space model is
—1+e€ 0 1
A= 0 _1_6},3_[1],0_[11],D_0.

The controllability Gramians are given by

1
1 1+e€

17+ 1
M/’ _ M/ _ 1—e
° ‘o 2 [ :| '

The Hankel singular numbers are the eigenvalues of W, = W,, and equal

1141 —€2+ ¢
012= 5 .

’ 2 1 — €2
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The corresponding eigenvectors are

- 1
Y12 = 2019 — 1; '

The dominant eigenvector defines

1
i
V2

V ~ ,Uz[

L].

The resulting reduced system is approximately given by

Sl
[}
no

fl%—l, Ez\/ﬁ, C =~ 2.

9.3.6 Approximate Gramians

The two most expensive phases of numerical calculations associated with the canonical
method of balanced truncation are finding the Gramians W,, W,, and calculating the
dominant eigenvectors v; of L)W,L.. for systems of large dimensions (more than 10
states) finding the Gramians exactly becomes difficult.

As a viable alternative, lower and upper bounds of the Gramians can be used to
provide provably reliable results. Here by lower bounds of Gramians W,, W. we mean
positive semidefinite matrices W, W for which the inequalities

Wo2Wo, Wez=2W;

are guaranteed. The definition of upper bounds will be more strict: by upper bounds of
Gramians W,, W, defined by the Lyapunov equalities

W,A+ AW, =-C'C, AW.+W_.A'=—-BB,

where A is a Hurwitz matrix, we mean solutions Wt W of the corresponding Lyapunov
inequalities
WIA+ AW < -C'C, AWF+WIA < -BB.

These inequalities imply that W5 > W, and W, > W, but the inverse implication is not
always true.
The following simple observation can be used to produce lower bounds of the Gramians.
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Theorem 9.13 Let A be an n-by-n Hurwitz matriz. Let F' be an n-by-m matriz. For
s € C with Re(s) > 0 define

a=a(s) = (sl, — A" 5I,+ A), b=0b(s)=+/2Re(s)(sl, — A)'B.
Then

(a) a is a Schur matriz (all eigenvalues strictly inside the unit disc);

(b) an n-by-n matriz P is a solution of the “continuous time” Lyapunov equation
AP + PA'= —BB'
if and only if it is a solution of the “discrete time” Lyapunov equation

P =aPd +bV;

(c¢) the matriz P from (b) is the limit

k—o0

where the symmetric matrices Py < Py < Py, < --- < P are defined by
Py =0, Pry1 = a(sk)Pra(sk) + b(sk)b(sk)',

and {si} is a sequence of complex numbers contained in a compact subset of the
open right half plane.

The theorem reduces finding a lower bound of a solution of a Lyapunov equation to
solving systems of linear equations (used to produce b(sy) and the products a(sy)Pra(sg)’
Calculation of an upper bound of a Gramian could be more tricky. One approach to
finding such upper bounds relies on having a valid energy function for A available.
Indeed, assume that ) = Q' satisfies

AQ + QA <.
If W[ is a good lower bound of the controllability Gramian W, defined by
AW, + WA = -BB,

then
AW + W A"~ —-BB,
and hence
AW, +eQ) + (W, +eQ)A' < —BB’

for some € > 0 (which will, hopefully, be small enough). Then W, and W, + €@ are a
lower and an upper bound for the controllability Gramian W..
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9.3.7 Lower bounds for model reduction error

A major benefit of doing balanced truncation is given by a lower bound of the error of
arbitrary reduced models (not only those produced via balanced truncation).

Theorem 9.14 Let W, = F!F, and W F_F! be lower bounds of the observability and
controllability Gramians W,, W. of a stable LTI model G = G(s). Let

o, 205 =2---20

be the ordered singular numbers of F,F.. Then o, is a lower bound for the k-th Hankel
singular number o = or(G) of the system, and

||G - GHOO > Ulc_

for every system G of order less than k.

Proof. Let Z; denote the subspace spanned by the k& dominant eigenvectors of F/W, F,, i.e.
|FoFez| > o) |2] ¥V 2 € 2.

Since W, > F_F!, every vector F.z lies in the range of W, and ¢'F.z < |Z|2 whenever F.z = W_q.
Hence every state x(0) = F,z can be reached from z(—o0) = 0 using a minimal energy input
f = f.(t) (depending linearly on z) of energy not exceeding |z|?. On the other hand, every state
z(0) = F.z with z € Z;;, will produce at least |F,F.2|* > (0} )?|2|* of output energy. Since G
is a linear system of order less than k, there exists at least one non-zero z € Z; for which the
input f = f,(t) produces a zero state Z(0) = 0 at zero time. Then, assuming the input is zero
for t > 0, the error output energy is at least (0£)2]2\2. Since the testing input energy is not
2

larger than [2|2 > 0, this yields an energy gain of (o, )?, which means that |G — G|le > 7. B

9.3.8 Upper bonds for balanced truncation errors

The result from the previous subsection states that, for a stable LTT system G, no method
can produce a reduced model G of order less than k such that the H-Infinity error ||G—G||s
is less than the k-th singular number o), = 03 (G). The statement is easy to apply, since
lower bounds o, of 0, can be computed by using lower bounds of system Gramians.

The following theorem gives an upper bound of model reduction error for the exact
implementation of the balanced truncation method.
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Theorem 9.15 Let 01 > 09 > --- > oy, be the ordered set of different Hankel singular
numbers of a stable LTI system G. Let G be the reduced model obtained by removing the
states corresponding to singular numbers not larger than oy from a balanced realization of
G. Then G is stable, and satisfies

h
IG -Gl <2 o

i=k

The utility of Theorem 9.15 in practical calculations of H-Infinity norms of model
reduction errors is questionable: an ezxact calculation of the H-Infinity norm is possible
at about the same cost, and the upper bound itself can be quite conservative. Neverthe-
less, the theorem provides an important reassuring insight into the potential of balanced
truncation: since the singular numbers of exponentially stable LTI systems decay expo-
nentially, the upper bound of Theorem 9.15 is not expected to be much larger than the
lower bound.

For example, for a system with singular numbers o; = 27, a kth order reduced model
cannot have quality better than 27%~! and exact balanced truncation is guaranteed to
provide quality of at least 27+,

The proof of Theorem 9.15 is based on estimating the quality of balanced truncation
in the case when only the states of a balanced realization corresponding to the smallest
Hankel singular number are removed, which is done in the following technical lemma.

Lemma 9.1 Let W = W' > 0 be a positive definite symmetric n-by-n matriz satisfying
the Lyapunov equalities

WA+ AW = —C'C, AW + WA = —BB. (9.12)

Assume that W, A, B, C' can be partitioned as

| P 0 | A Ap _| B |G
W_lO ULJ’ A_lAm A22}’ B_{B2]’ C_[Cé}’

where Agy is an r-by-r matriz, and matrices By, C} have r rows. Then

(a) transfer matrices
G(S) = C(S[n — A)_lB, Gl(S) = Cl(SIn—T’ — All)_lBl

are stable;
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(b) the Lyapunov equalities

PAH + A/HP - —CiCl, AHP + PA/H - _BlBi

are satisfied;

(c) |G — Gilleo < 20.

Proof. 1t is sufficient to consider the case when the dimension m of f = f(t) equals the
dimension k of y = y(t). (If m < k, add zero columns to B, if m > k, add zero rows to C'.) First
note that re-writing (9.12) in terms of the blocks A;x, B;, C; yields

PAL+ AL P = —ClCY,
PAp+ oAy = —C1Cy,
(A + A) = —ChCh,
AnP+PA, = —BB,
O’A12+PA/21 = —BlBé,

O'(A22 + A,22)

—B,B),.

Note (9.15) together with (9.18) implies that C = Bs#f for some unitary matrix 6. Also, (9.13)

and (9.16) prove (b).

To prove (a), note that for every complex eigenvector v # 0 of A, Av = sv for some s € C,

multiplication of the first equation in (9.12) by v’ on the left and by v on the right yields

2Re(s)v'Wov = —|Cvl>.

Hence either Re(s) < 0 or Re(s) = 0 and Cv = 0. Hence all unstable modes of A are unobserv-
able, and G = G(s) has no unstable poles. The same proof applies to G, since Aj; satisfies

similar Lyapunov equations.

To prove (c), consider the following state space model of the error system G — Gi:

1 =
Ty =
T3 =

e g

Ap1my + Ao + Bif,
Ag1w1 + A + Baf,
Aprs + B f,

Chix1 + coxg — Chzs.

It would be sufficient to find a positive definite quadratic form V(z) = 2/ Hz such that

U(t) = 40°[f ()P — le(t)]”

_dvi(z(t)

>
dt =0
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for all solutions of system equations. Indeed, such Lyapunov function V' can be readily presented,
though there is no easy way to describe the intuitive meaning of its format:

Vix) = 02(:171 + :Eg)/P_l(ﬂfl +x3) + (71 — 23) P(x1 — 73) + 20’|x2|2.
To streamline the derivation, introduce the shortcut notation

z=x1413, A=1x —23, 0 =C1A, u=0 'Bhay, q= BjP 'z
The equations now take the form

A = ApA+ Ao,
z = Anz+ Apxs+ 2B f,

To Agoro +0.5A421(2 + A) + Baof,
e = C1A+ o0

We have

Y = 403 f|? — |C1A + 00'ul? — 2022 P (A2 + Ajoxe + 2B f)
—2A'P(A11A + Ajoxs) — doh[Agoxs + 0.5A491 (2 + A) + Baf]
= 40?|f)* — |C1A + ob'u)? + o?|q|* — 40?¢ f +
612 4 20%|u|? — 4o/ f — 22/ [0 P  Ayg + 0 Ay |ag — 20/ [P A1 + oAby ]
= 40°|f|* = |C1A + o8'uf* + o*|q* — 40°¢ f + |6]”
+20%u)? — 4o’ f + 20%qu + 206" 0'u
402(f)? — |C1A + o0'ul* + [5]* + 202 |ul* + 206" 0'u — o2 |u — 2f|?
0

(the first identity transformation utilized (9.13), (9.16), (9.15), the second identity used (9.14),
(9.17), the third (inequality) applied minimization with respect to g, the last (identity) depended
on 6 being a unitary matrix. [ ]

It is important to realize that the lemma remains valid when the original Lyapunov
equalities are replaced by the corresponding Lyapunov inequalities (of course, the equal-
ities in (b) will get replaced by inequalities as well). Indeed, Lyapunov inequalities

WA+ AW < -C'C, AW +WA < —-BB
are equivalent to Lyapunov equalities

WA+ AW =—-C'C, AW +WA =—-BB,
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where
B=[B B5], C= ¢
) 05 )

and B, Cs are chosen appropriately. Note that G(s) is a left upper corner block in the
transfer matrix o )

G=C(sl,— A)7'B.
Since H-Infinity norm of a transfer matrix is not smaller than H-Infinity norm of its block,
applying Lemma 9.1 to the system defined by A, B, C' yields the stated generalization.

9.4 Hankel Optimal Model Reduction

Compared to the classical balanced truncation, Hankel optimal model reduction provides
better model reduction errors at the same computational cost. Practically, however, the
Hankel optimal model reduction algorithm is less flexible and more sensitive to numerical
errors.

9.4.1 Hankel operators
Let L? denote the set of all integrable functions e : R +— R” such that

/ le(t)]2dt < .

Let L?(—00,0) denote the subset of L? which consist of functions e such that e(t) = 0 for
t > 0. The elements of L?(—oc,0) will be called anti-causal in this lecture. Similarly, let
L2(0,00) be the subset of functions e € L? such that e(t) = 0 for ¢ < 0. The elements of
L%(0, 00) will be called causal.

Let G = G(s) be a k-by-m matrix-valued function (not necessarily a rational one),
bounded on the jw-axis. The corresponding Hankel operator H = Hg is the linear
transformation which maps anti-causal square integrable functions f € L?(—00,0) to
causal square integrable functions h = Hgf € L?(0,00) according to the following rule:
h(t) = y(t)u(t), where y(t) is the inverse Fourier transform of Y (jw) = G(jw)F (jw),
F(jw) is the Fourier transform of f(t), and w(t) is the unit step function

1, t>0,

u(t)_{ 0, t<O.
In terms of the (stable, but not necessarily causal) LTI system defined by G, the
Hankel operator maps anti-causal inputs f = f(¢) to the causal parts h = h(t) = y(t)u(t)
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of the complete system response y(t). In particular, when G is anti-stable, i.e. is a proper
rational transfer matrix without poles s with Re(s) < 0, the associated LTI system is
anti-causal, and hence the resulting Hankel operator H¢ is zero. More generally, adding
an anti-stable component to G does not affect the resulting Hg.

9.4.2 Hankel matrices

Let a > 0 be a fixed positive number. Then functions

k
O4(jw) = V20 (a_s) L k=0,1,2,...

s+a \a-+s

form an orthonormal basis in the space of stable strictly proper transfer functions, in the
sense that for every such function H = H(s) there exists a square summable sequence of
real numbers hg, hy, hs, ... satisfying

H(jw) =Y hOy(jw),

le.
N 2 00
1 o0
o H(jw)—th@k(jw) dw = Z |hi|?> — 0 as N — oo.
o k=0 k=N+1

In a similar sense, the inverse Fourier transforms 6, = 0x(t) of O, = Ox(jw), form an
orthonormal basis in L?(0,00), and the inverse Fourier transforms 6;(—t) of O(—jw)
form an orthonormal basis in L?(0, 0o).

The following lemma allows one to establish a matrix representation of a Hankel
operator with respect to input basis {0(—t)}72, and output basis {6k (%)},

1 [ ) a+ jw Fadw
gk:;/ G(]W)< j)

- a—jw) a®+w?

Then the result h = h(t) of applying Hg to f(t) = 6,.(—t) is given by

Lemma 9.2 Let

h(t) = Zgr+k+19k(t)-
k=0
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An important implication of the lemma is that the matrix of Hg with respect to the
input/output bases {0x(—1)}72,, {0k(t)}72, is the Hankel matriz
g1 92 93 G4
g2 93 9ga
FG = g3 g4
ga

In general, g, are matrices with real coefficients, in which case ' is called the block
Hankel matrix.

Proof. Consider the decomposition
h(t) = habi(t).
k=0

By orthonormality of € (-),

mo= [ o= [~ uton

—00

where y is the response of the stable LTI system associated with G to f(t) = 0,(—t). By the
Parceval formula,

o= o [ )Gl ()

1 /°° i) a+ jw\"r ! 2adw
= — w = .
21 J_ o J a— jw (a+ jw)(a — jw) htr1

9.4.3 Singular values of a Hankel operator

Let M be an a-by-b matrix representing a linear transformation from R’ to R*. Remember
that the operator norm of M is defined as the minimal upper bound for all ratios |Mv|/|v],
where v ranges over the set of all non-zero vectors in R’. In addition, the r-th singular
number of M can be defined as the minimal operator norm of the difference A = M — M,
where M ranges over the set of all matrices with rank less than r.

These definitions extend naturally to linear transformations of other normed vector
spaces (possibly infinite dimensional). In particular, for a linear transformation M from
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L2 (—o00) to L2(0,00), its operator norm is defined as the square root of the minimal

upper bound for the ratio
/ (M f)(t 2dt// t)|2dt,
0

/0 F(0)2dt > 0.

—00

where

Such transformation M is said to have rank less than r if for every family of r functions
fi,---y fr € L2(—00,0) there exist constants cy, ..., c,, not all equal to zero, such that

a(Mfi)+---+e(Mf,) =0.

Finally, the 7-th singular number of M can be defined as the minimal operator norm of
the difference A = M — M, where M ranges over the set of all matrices with rank less
than r.

This allows us to talk about the k-th singular number of the Hankel operator Hg
associated with a given matrix-valued function G = G(jw), bounded on the imaginary
axis. The largest singular number is called the Hankel norm |G|y of G, while the k-th
singular number is called the k-th Hankel singular number of G.

For rational transfer matrices GG, calculation of singular numbers of the correspond-
ing Hankel operator can be done using observability and controllability Gramians. The
following theorem was, essentially, proven in the lectures on balanced truncation.

Theorem 9.16 Let A be an n-by-n Hurwitz matriz, B,C be matrices of dimensions n-
by-m and k-by-n respectively, such that the pair (A, B) is controllable, and the pair (C, A)
is observable. Let W,., W, be the corresponding controllability and observability Gramians.
Then, for G(s) = C(sI — A)™'B, the Hankel operator Hg has exactly n positive singular
numbers, which are the square roots of the eigenvalues of W .W,,.

It is also true that a Hankel operator with a finite number of positive singular numbers
is defined by a rational transfer matrix.

Theorem 9.17 Let G = G(jw) be a bounded matriz-valued function defined on the imag-
wary axis. Let a > 0 be a positive number. If the Hankel operator Hg has less than r
positive singular numbers then the coefficients

Nk
1 [~ . a+ jw adw
= — G
- /_OO () (a —jw) a? + w?
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coincide for k > 0 with such coefficients of a stable strictly proper transfer matriz G of
order less than r.

For some non-rational transfer matrices, analytical calculation of o; may be possible.
For example, the i-th largest singular number of Hg, where G(s) = exp(—s), equals 1 for
all positive 7.

In general, singular numbers of Hg will converge to zero if G = G(jw) is continuous
on the extended imaginary axis (note that G(s) = exp(—s) is not continuous at w = c0).
The converse statement is not true.

The Hankel optimal model reduction setup Let G = G(s) be a matrix-valued
function bounded on the jw-axis. The task of Hankel optimal model reduction of G calls
for finding a stable LTI system G of order less than a given positive integer m, such that
the Hankel norm ||Al|g of the difference A = G — G is minimal.

Since Hankel operator H¢ represents a “part” of the total LTI system with transfer
matrix G, Hankel norm is never larger than H-Infinity norm. Hence, Hankel optimal
model reduction setup can be viewed as a relazation of the “original” (H-Infinity optimal)
model reduction formulation. While no acceptable solution is available for the H-infinity
case, Hankel optimal model reduction has an elegant and algorithmically efficient solution.

9.4.4 The AAK theorem

The solution of the Hankel optimal model reduction problem is based on the famous
Adamyan-Arov-Krein (AAK) theorem, which provides both a theoretical insight and (tak-
ing a constructive proof into account) an explicit algorithm for finding Hankel optimal
reduced models.

Theorem 9.18 Let G = G(s) be a matriz-valued function bounded on the jw-axis. Let
012032 ...05, 20 be the m largest singular values of Hg. Then o, is the minimum
of |G — G||H over the set of all stable systems G of order less than m.

In other words, approximating Hankel operators by general linear transformations of
rank less than m cannot be done better (in terms of the minimal L2 gain of the error)
than approximating it by Hankel operators of rank less than m.

The proof of the theorem, to be given in this section for the case of a rational trans-
fer matrix G = G(s), is constructive, and provides a simple state space algorithm for
calculating the Hankel optimal reduced model.
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H-Infinity quality of Hankel optimal reduced models It is well established by
numerical experiments that Hankel optimal reduced models usually offer very high H-
Infinity quality of model reduction. A somewhat conservative description of this effect is
given by the following extension of the AAK theorem.

Theorem 9.19 Let G = G(s) be a stable rational function. Assume that the Hankel
singular numbers o, = o,(G) of G satisfy

Om—1 > Om = Om4l = *** = Omtr—1 > Ompr-

01k(G) = 0 (G) form <k <m+r, and 0y (G) < 0 (G). Let &,y > Gpi1 > Tppan > - ..
be the ordered sequence of different Hankel singular values of G, starting with ¢, = o,
and Gpmi1 = Omr. Then

(a) there exists a Hankel optimal reduced model GH of order less than m such that

|G — GAgHoo <omt Z Ok;

k>m

(b) there exists a model G*, of order less than m such that

16 -Gl <Y 60

k>m

Just as in the case of the basic AAK theorem, the proof of Theorem 9.19 is construc-
tive, and hence provides an explicit algorithm for calculation of reduced models with the
described properties. In practice, the actual H-Infinity norm of model reduction error is
much smaller.

It is important to remember that the Hankel optimal reduced model is never unique
(at least, the “D” terms do not have any effect on the Hankel norm, and hence can be
modified arbitrarily). The proven H-Infinity model reduction error bound is guaranteed
only for a specially selected Hankel optimal reduced model. Also, the reduced model from
(b) is not necessarily a Hankel optimal reduced model.

A AK theorem: general comments on the proof It is sufficient to consider the case
when the dimension of f = f(t) equals the dimension of y = y(¢) (otherwise, add zero
columns to B or zero rows to C).
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Since Hankel operator of an anti-stable system is zero, and rank of a Hankel operator
of a system of order less than m is less than m, the inequality

|G = Gl = 0 (G)

holds when the order of G,, is less than m. R
What remains to be proven is the existence of a G,, of order less than m such that

|G = Gl < 0(G)-

This will be done by constructing explicitly a state space model of transfer matrix L(s) =
GH(s) + FH(s), where GH is stable and has order less than m, F¥ is anti-stable, and
|G — L||os = 01 (G). Then, by definition, |G — G|y < 0m(G).

Actually, a stronger conclusion will be reached: L can be chosen in such way that

E(jw)E(jw) = 0,(G)I YweR (9.19)

for E = H— L. Condition (9.19) will be used later to derive upper bounds for |G —G¥||.

Partitions of the coefficient matrices Assume that G is defined by a minimal (con-
trollable and observable) balanced finite dimensional state space model

t=Ax+ Bf, y=Cux (9.20)

with a Hurwitz n-by-n matrix A. Without loss of generality, consider the case when the
controllability and observability Gramian W = W, = W, of (9.20) has the form
¥ 0
me { 0 L } ’
where v = 0,,(G), the m-th singular number of G (multiplicity r), is not an eigenvalue of

Y=Y >0.
Let

All A12 Bl
o ar]oe-| ] e=la al

be the corresponding block partitions of A, B, C' (for example, Ay is an r-by-r matrix).
Since

AW + WA = —BB', WA+ AW = —C'C,
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the blocks A;;, B;, C; satisty the relations

YA, + ALY = -0, (9.21)
YA, +~4, = —CiCy, (9.22)
V( Az + Ay) = —CyCh, (9.23)
ApY+ YA, = —BB, (9.24)
vA + XA, = —BB;, (9.25)
V(A + Ay) = —ByB. (9.26)
Let
A=Y —~*%7 1

Combining (9.13) with (9.16) (multiplied by vX~! on both sides) yields
AA; + AnA =2271B BN - 0. (9.27)
Similarly, combining (9.14) with (9.17) yields
AN = —CHCy + By BiY (9.28)

Finally, (9.15) together with (9.18) implies that By B) = C4Cs, which in turn means that
CLU = By for some unitary matrix U.

In the following section, it will be useful to know that A;; has no eigenvalues on the
imaginary axis (though in general it may have eigenvalues with positive and negative real
parts).

Lemma 9.3 Let

aj; a2 by / q O
a = s b= , C=|¢C C , = =
{a21 a22] {bz] [1 2] p=r {0 ’ﬂ}
be such that
pa+a'p=—cec, ap+pad = —bl.

If 42 is not an eigenvalue of ¢ and a has no eigenvalues on the imaginary axis then ap,
has no eigenvalues on the imaginary axis.

Proof. Assume to the contrary that ai;f = jwf for some f # 0. Then
—lerfIP = —f'dierf = f(qan +dhyq) f = jwf'af — jwf'qf =0.
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Hence ¢1 f = 0.

ayqf = (=cier — qan) f = —jwqf.
Then

—[thaf1? = —(af)bribi(af) = (¢f) (a11q + gai1)(gf) = 0.

Hence b|qf = 0. Therefore

ang’f = (=bib) — qaiy)af = jwg* f,
which, combined with a1 f = jwf, yields

an(q® =1 f = jw(d® =D f.

On the other hand, equalities

al9q + a2 = —cher, agq + yaly = —bob)

imply
az (4> —7*)f = 0.
Combining (9.29) and (9.30) yields
|:a11 a2 } [ (¢* =) ] — jw [ (@®=*)f }

agl aog 0 0

Y

which contradicts the assumptions.

9.4.5 AAK theorem proof: explicit formulae and certificates

(9.29)

(9.30)

In terms of the matrices introduced in the previous subsection, it is easy to define explicitly
a state space model of L, as well as the certificates of the H-Infinity norm bounds for G— L.

Lemma 9.4 Let

Ap = Ay — AT (¥YTIB - yCU)BY T,
B, = B+ A'Y(*YB —~CU),

C, = C,—yUBX™,

D, = AU

Then

(a) the pair (Ar, Br) is controllable;
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(b) the pair (Cr, Ar) is observable;

(c) Ap (dimensionn—r) has m—1 eigenvalues with negative real part and n—r—m+1
eigenvalues with positive real part;

(d) transfer matriz E(s) = v~ (G(s) — L(s)) satisfies
E(jw)E(jw) =°1.

(e) The identity

72|f\2—|Cx—C’L3:L—DLf\2—2Re{[ v } H[ Av+ Bf }}zOVaz,f,xL

Xy, ALSL’L + BLf
(9.35)
holds for
> 0 —-A
H=H=| 0 ~I, 0
-A 0 A

Proof. Identity (9.35) in (e) can be checked “by inspection”.
Statement (d) follows from (e) by substituting x, zr, f such that

jwr = Az + Bf, jwrp=Apxr+ Brf,

since the real part equals zero in this case.
To prove (a),(b), note first that, according to (9.35), identities

Ha+dH=—d¢, aH '+ H 'd = —bb,

where
728 0 728
H'= 0 I 0 ,
-2 —2y A —1
Y 0 yTPEATY
hold for
A 0 B
a—[oAL},b—[BL},C—[C—CL].
Hence

AAp + AL A = —CLOL, AL(ZATIY) +(BATIY)A} = —-BLB].
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Since A and Y A™!Y are not singular, controllability of (A, Br) and observability of (Cr, Ar)
will follow if Ay, has no eigenvalues on the imaginary axis. However, if f'A; = jwf’ for some
f # 0 then f'B} =0. Since

AL+ BrBIY7 = Ay + BiBiY T,
this would imply
f(Au+BiBiS™) = juf’.

Since
(A1 + BiBiX DS + X(A + BB/ ™YY = BB,

this implies f’B; = 0 and hence f'Aj; = jwf’, which is impossible due to Lemma 9.3.
Finally, since (A, Byr) is controllable, (Cr, Ar) is observable, and A, has no eigenvalues on
the imaginary axis, statement (c) follows. [ |

9.4.6 KYP lemma for L-Infinity norm approximation

A simple but important observation given by the KYP lemma is that a “certificate” of
an L-Infinity bound ||H |« < 7 for a given transfer matrix H(s) = d + c¢(sI — a)™'b is
delivered by a symmetric matrix p = p’ such that

Y w|* = |z + dw]* — 22'p(az + bw) >0 V T, w. (9.36)

Note that a does not have to be a Hurwitz matrix here.
When system (9.20) is approximated by system G, (not necessarily stable) with state
space model
i, = Az, + Bow, vy, = Cox, + D,w, (9.37)

the “approximation error dynamics” system with input w and output § = y —y,- has state
space model
T =aZ+bw, §=ct+dw,

where

=_ | 7 - | Az + Buw _ B B B
o |::1:7“ :| 7 ax—i_bw— |:A7«LU7«+B7«’LU :| 7 Cx_'_dw—cx_'_Dw Crflfr Drw' (938)

Let A = A(s) denote the transfer matrix from w to 6. According to the KYP lemma, the
inequality ||Alloo < can be established by finding a symmetric matrix

/ P11 P12
=9 = 9.39
p=r [ P21 P22 } ( )
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such that (9.36) holds.
For Hankel model order reduction it is important to keep track of the order of the
stable part of G,.. Tis is made possible by the following observation.

Theorem 9.20 If (9.36) holds for a,b,c,d,p defined by (9.38),(9.39), and psy has less
than m positive eigenvalues then the order of the stable part of G, is less than m.

Proof. Let V =V, +V_ be the direct sum decomposition of the state space {x,} into the stable
observable subspace V. of A, with respect to C,., and the compementary A,-invariant subspace
V_. In a system of coordinates associated with this decomposition, matrices C.., A,, p2o have
the block form

_ _|la+ O _ | P+ P
CT_[C+ C_]7 AT—|:0 a_:|7p22_|:p_+ p__:|7

where the pair (cy,a4) is observable. Substituting w = 0 into (9.36) yields
pa+ad'p < e,

which, in particular, implies
Pas +alpiy < —diey.
Hence py+ > 0 and the number of positive eigenvalues of pos is at least as large as the dimension

of a4. Finally, note that the dimension of a4 is not smaller than the order of the stable part of
G,. [

9.4.7 Hankel optimal reduced models via Parrot’s Theorem

The observations made in the previous two subsections suggest the following approach
to constucting a reduced model G of system G given by (9.20): simply find a matrix
p = p' in (9.39) such that pey has less than n + m positive eigenvalues, and (9.36) holds
for a, b, ¢, d defined by (9.38) with some A,, B,, C,., D,. Then G, defined as the stable part
of D, + Cy(sI — A,)"'B,, will satisfy |G — G||lx < 7.

Note that, once p is fixed, the existence of A, B,., C,., D, satisfying the requirements
can be checked via the generalized Parrot’s theorem (same as used in the derivation of
H-Infinity suboptimal controllers).

Theorem 9.21 Let 0 : R™ x R™ x R* — R be a quadratic form which is concave with
respect to its second argument, i.e.

0(0,g,0) <0 VgeR™ (9.40)
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Then an m-by-k matriz L such that
o(f,Lh,h) >0 ¥V f € R" hc RF (9.41)
exists if and only if the following two conditions are satisfied:

(a) for every h € R* there exists g € R™ such that

inf o(f,g,h)> —o0; (9.42)
reR™
(b) the inequality
sup o(f,g,h) >0 (9.43)
gcR™

holds for all f € R"™, h € R.

In application to Hankel optimal model reduction, set

0 Ty | A B,
f:x’g:|iyr:|’h:|iw:|’L_|iCr DT’:|’

o(f,g:h) = 2 { . ] p [ v B } + 7wl ~|Cz + Dw — y, * (9.44)

Note that o is concave with respect to g.

It turns out that one convenient selection for p is

C

W, W, —~*W 1
b= |: W, — ,}/2w—1 W, — ::2‘/[/—1 } : (945)

While formally there is no need to explain this choice (one just has to verify that conditions
(a),(b) of Theorem 9.21 are satisfied), there is a clear line of reasoning here. To come to
this particular choice of p, note first that (9.42) implies o(f,0,0) > 0, which means

pnd+ A'py < -C'C

for o defined by (9.44). Hence
p1n = Wo.

Similarly, under the simplifyin assumption that p is invertible, (9.43) means

Agn +qnA' < -y BB,
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where ¢, is the upper left corner of p~t. Hence
q1 > W

Since
4y = P11 — P12P3s Pa1s
we have
1, 2 1

P12P2g P21 = P11 — 7 4y -
Since our desire is to minimize the number of positive eigenvalues of pss, it is natural to
use the minimal possible values of p;; and ¢q1, which suggests using

pii=Wo, quu=7""We, p1a=pa =pa =W, —¥W, "

With the proposed selection of p, the quadratic form o can be represented as

o(f,g,h) = —22'[W,Bw + A'(W, — V*W; N, + (W, —*W; 10 — C'y,] +6(g, h).

[

Hence condition (a) can be satisfied if the equation
W,Bw + A'(W, — VW Y, + (W, —*W; 10 - C'y, =0

has a solution (6, y,) for every pair (w,z,). In order to prove this, it is sufficient to show
that every vector ¢ such that

'O =0, YW, —~+*W; 1) =0 (9.46)

C

also satisfies
VYW,B =0, y'AW,—~+*W 1) =0. (9.47)

Note that by the definition,
(Wo = P*WHA+ AW, =W +C'C =W 'BB'W, .

Multiplying this by ¢’ on the left and ¢ on the right and using (9.46) yields ' B'W . = 0
and hence (9.47) follows.
Similarly, the quadratic form o can be represented as

o(f.g9.h) = (wta,) (Wo—y* W) (Ar+ Bw—0)+29"2' W, (Az+ Bw)+7* [w|*~|Cz—y, [

which is unbounded with respect to 6 if (z + z,.) (W, — v*W, ') # 0 and is made non-
negative by selecting y, = —C'x, otherwise.
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10 Convex optimization

Many optimization objectives generated by LTI system design and analysis do not fit
within the frameworks of H2/H-Infinity optimization or Hankel optimal model reduction,
but are still relatively easy to work with. In most cases, such objectives are character-
ized by convezity of the underlying constraints. This lecture covers the basic techniques
associated with recognition and handling of convex optimization.

10.1 Basic theory of convex analysis

In this subsection, basic definitions of convex optimization are given.

10.1.1 Convexity

Recall that a set V' is called a (real) vector space if it is equipped with operations of addition
and multiplication by a real scalar, satisfying the usual conditions of distribution and
commutation. The main examples of real vector spaces are R" and C". More generally,
every set V' = {f(-)} of functions f : X +— C, closed with respect to the natural
operations of addition and scaling, is a vector space.

A subset Q of a vector space V = R is called conver if

cvr + (1 = ¢)vg € Q whenever vy,v9 € , ¢ € [0, 1].

In other words, a set is convex whenever the line segment connecting any two points of {2
lies completely within Q. A function ® : Q — RU{+o0} is called conver if € is a convex
set, and the “overgraph”

I'e ={(v,y) e QxR : y>P(v)}
of ® is convex, i.e. when
O(cvr + (1 — c)va) < e®(v1) + (1 — ¢)P(ve) whenever vy, vy € Q, ¢ € 0,1].

A function ® : Q +— RU {400} is called quasi-convez if €2 is a convex set, and, for every
v € R, the set

Q,={veQ: &) <~}
is convex.

The tasks of minimizing a convex or a quasi-convex function, or of finding an element
of an implicitly defined convex set, are frequently referred to as convex optimization. As
a rule, one expects a convex optimization problem to be “easy to solve”, though there are
several other factors involved, such as dimension of the decision vector and complexity of
description of 2 and/or ®.
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10.1.2 Dual representations of convex sets and functions

In many cases, it is inconvenient to apply the direct definitions of convexity, and a duality
approach is used. Roughly speaking, the duality in convex optimization is based on
defining convex sets as intersections of families (possibly infinite) of half-spaces. Similarly,
the duality approach defines convex functions as point-wise maximums (strictly speaking,
supremums) of families of affine functions.

Let us call a real-valued function f : V +— R defined on a vector space V' linear
functional if

flervy + caug) = 1 f(v1) + cof (v9) whenever vy, vy € V, ¢1,c0 € R.
An affine functionalif a function g : V' — R of the form g(v) = f(v)+c, where f: V — R
is a linear functional, and c is a constant. An open half-space in V is a level set
Vo={veV: gv)>0}

of an affine function g: V — R.
The following statement follows directly from the definitions.

Lemma 10.1 Let K be a set of affine functionals on vector space V. Then the subset €2
of V' defined by
Qr={veV:gl)>0 Vge K}

1s convex. Moreover, for every convex subset 2 C V' the function

P(v) = 33}?9(“)

18 convex on ).

In other word, a set defined by affine inequalities is convex, and supremum of affine
functionals is a convex function.

Proof. Let v1,v2 € Qi and ¢ € [0,1]. Since f(vy) >0 and f(v2) >0 for all f € K, and ¢ >0
and 1 — ¢ > 0, we conclude that

flevi + (1 = c)vz) = cf (v1) + (1 — ) f(v2) >0
for all f € K. Hence cv; + (1 — ¢)vy € K. Similarly,

D(cvy + (1 —c)vg) = supg(evy + (1 = c)ve)
geK

= supg € Klcg(vi) + (1 — ¢)g(v2)]
< csupg € Kg(v1) + (1 —c)supg € Kg(v2)
= c®(v1) + (1 — )P (v2),
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which proves the second part of the lemma. [ ]

10.1.3 Example: a convex function

Here is an example of how Lemma 10.1 can be used. Let us prove that the subset {2 = H'/
of the set V' = H" of Hermitian n-by-n matrices, consisting of all strictly positive definite
matrices, is convex, and that the function ® : Q — R, defined by

®(M) = trace(M 1),

is convex.

Note that doing this via the “positive eigenvalues” definition of positive definiteness
would be difficult. Luckily, there is another definition: a matrix M € H is positive
definite if and only if 2’Mx > 0 for all z € C", x # 0. Note that any x € C" defines an
affine (actually, a linear) functional f = f, : H" — R according to

fo(M) =a2'Mz.

Hence, H'! is a subset of H" defined by some (infinite) set of strict linear inequalities.
According to Lemma 10.1, H', is a convex set.
To show that ® is a convex function, note that, for M € H',, the identity

oM™ 'v = sup {2Re(v'u) — u'Mu}
ueC"

holds. Hence

n

(M) = Ze;M_le,- = sup Z{QRe(e;ui) — uMu;}

=1 uieC" =1

is supremum of a set of affine functionals

glug, ... uy) s M — Z{2Re(e;ui) — w;Mu;}.

i=1

According to Lemma 10.1, ¢ is convex.
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10.1.4 Second derivative and convexity
Let us call a function f: 2 — R defined on a subset 2 of V.= R" twice differentiable at

a point vy € € if there exists a symmetric matrix W &€ STIL{ and a row vector p such that

f(v) = f(wo) = p(v = o) = 0.5(v = vo)' W (v — vo)
[[o = ol

—0 as v — vy, vE,

in which case p = f'(uvp) is called the first derivative of f at vy and W = f"(wvp) is called
the second derivative of f at vy.

Lemma 10.2 Let Q C R" be a convex subset of R". Let f: 2 — R be a function which
is twice differentiable and has a positive semidefinite second derivative W = f"(vy) > 0
at every point vy € ). Then f is convex, and can be defined as the mazimum of affine
functionals

Fv) = max{ f(u) + f(u)(0 = u)}.

For example, let © be the positive quadrant in R?, i.e. the set of vectors [z;y] € R?
with positive components x > 0, y > 0. Obviously §2 is convex. Let the function
f: Q2 — R be defined by f(z,y) = 1/zy. According to Lemma 10.2 is convex, because
the second derivative

B dzf/dx2 dzf/d:rdy B 2/1’3'3/ 1/1’2y2
W(:c,y) = [d%f/dfgdff d2f/dy2 :| o [ 1/1’2y2 2/1’y3 :|

is positive definite on 2. Moreover, the identity

1 1 T — I Yy—u
— = max - — — 5
Yy  =1>0p>0 | 1 TiY1 T1Y1

holds for x,y > 0.

10.1.5 Convexity-preserving operations

In addition to Lemma 10.2 and Lemma 10.1, which help establishing convexity “from
scratch” | the following statements can be used to derive convexity of one function from
convexity of other functions.

Lemma 10.3 Let V' be a vector space, 2 C V.
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(a) If f: Q@ — R and g: Q — R are convex functions then h : Q — R defined by
h(v) = f(v) + g(v) is conver as well.

(b) If f : Q — R is a convex function and ¢ > 0 is a positive real number then
h: Q — R defined by h(v) = cf(v) is conver.

(c) If f: Q — R is a convex function, U is a vector space, and L : U — V is an affine
function, i.e.

L(cu; + (1 —c)ug) = cL(uy) + (1 —c¢)L(uz) Vc€R, up,uy €U,

then the set
L YY) ={uecU: L(u) €Q}

is convex, and the function foL: L) — R defined by (f o L)(u) = f(L(u)) is

CONVET.

For example, let g : S?R — R be defined on symmetric 2-by-2 matrices by

(FRIE

To prove that g is convex, note that g = f o L where L : S* — R? is the affine (actually,

linear) function defined by
Ty *
L = ,

and f: R® — R is defined by
x
f y =2 +y* + 22

z

Lemma 10.2 can be used to establish convexity of f (the second derivative of f turns out
to be the identity matrix). According to Lemma 10.3, g is convex as well.
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10.1.6 The Hahn-Banach Theorem

The basis for all convex duality proofs is the fundamental Hahn-Banach Theorem. The
theorem can be formulated in two forms: geometric (easier to understand) and functional
(easier to prove).

By definition, an element vy of a real vector space V is called an interior point of a
subset 2 C V if for every v € V there exists € = ¢, > 0 such that vy + tv € Q for all
|t] < €.

Theorem 10.1 Let © is a convex subset of a real vector space V such that 0 is an
interior point of Q. If vg € V' is not an interior point of 2 then there exists a linear
function L : 'V — R, L # 0, such that

L(vg) > sup L(v).
vEQ

In other words, a point not strictly inside a convex set can be separated from the
convex set by a hyper-plane.

To give an alternative formulation of the Hahn-Banach Theorem, remember that a
non-negative function ¢ : V — R defined on a real vector space V is called a semi-norm
if it is convex and positively homogeneous (i.e. p(av) = ap(v) for all a > 0, v € V).

Theorem 10.2 Let ¢ : V +— R be a semi-norm on a real vector space V. Let Vi be a
linear subspace of V', and hy : Vo — R be a linear function such that q(v) > ho(v) for
all v € V. Then there exists a linear function h : V +— R such that h(v) = ho(v) for all
v € Vi, and h(v) < q(v) for allv e V.

To relate the two formulations, define ¢(v) as the Minkovski’ functional of
q(v) =inf{t >0: t7'v € Q},
and set
Vo = {tUQ te R}, ho(t’Uo) =1t.
10.1.7 Duality gap for linear programs

To demonstrate utility of the Hahn-Banach theorem, let us use it to prove the “zero
duality gap” statement for linear programs.

Theorem 10.3 Let A, B,C' be real matrices of dimensions n-by-m, n-by-1, and 1-by-m
respectively. Assume that there exists vg € R™ such that Avy < B. Then

sup{Cv: veR™, Av< B} =inf{B'p: peR", Ap=C" p>0}. (10.1)
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The inequalities Av < B, Avy < B, and p > 0 in (10.1) are understood component-
wise. Note also that inf over an empty set equals plus infinity. This can be explained
by the fact that inf is the mazimal lower bound of a set. Since every number is a lower
bound for an empty set, its infimum equals +o00. Theorem 10.3 remains valid when there
exist no p > 0 such that A’p = C’, in which case it claims that inequality Av < B has
infinitely many solutions, among which C'v can be made arbitrarily small.

Proof. The inequality
sup{Cv: v € R™, Av< B} <inf{B'p: peR", A'p=C", p>0}

is straightforward: multiplying Av < B by p’ > 0 on the left yields p’Av < B’p; when A’p = C’,
this yields Cv < B'p.
The proof of the inverse inequality

sup{Cv: v € R™, Av< B} >inf{Bp: peR", A/p=C', p>0}

relies on the Hahn-Banach theorem.
Let y be an upper bound for Cv subject to Av < B. If y = oo then, according to the already
proven inequality, there exist no p > 0 such that A’p = C’, and hence the desired equality holds.
If y < oo, let e denote the n-by-1 vector with all entries equal to 1. Consider the set

T

_ T Cv=4d+1 nil

Q=<z= . _[e—AU—A}ER : A>0,0>0
Tn

Then
(a) Qis a convex set (as a linear transformation image of a set defined by linear inequalities);

(b) zero is an interior point of Q (because it contains the open cube |z;| < 1, which can be
seen by setting v = 0);

(c) vector [y + 1;e — B] does not belong to 2 (otherwise Av + A = B and Cv — § = y, which
contradicts the assumption that Cv < y whenever Av < B).

According to the Hahn-Banach Theorem, this means that there exists a non-zero linear functional
L [ S;O ] — Lomo + L',
where Ly € R, L € R", defined on R"*!, such that

Lo(Cv—6+1)+L(e—Av—A)<Lo(y+1)+L'(e—B) YA >0,6>0,0. (10.2)
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Looking separately at the coefficients at v,d, A and at the constant term in (10.2) implies
LoC=L'A, Ly>0, L>0, Loy > L'B. (10.3)

Note that Lo cannot be equal to zero: otherwise L'A =0 and L'B > 0, which, after multiplying
Avg < B by L >0, L # 0 yields a contradiction:

0=1'Avyg < I'B < Loy = 0.

If Ly > 0 then for
p=L/Lo

conditions (10.3) imply
Ap=C', p=0, Bp<y.
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