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Abstract—For a wide class of systems, as is known, hyper-minimal phase is necessary and
sufficient for the strict passivicability of a system. This class contains both concentrated- and
distributed-parameter systems, including parabolic equations that describe heat-exchange and
diffusion processes. Our results are applicable to finite-dimensional input and output spaces,
which are important for application and cover systems with different numbers of inputs and
outputs for which passivity is superseded by the G-passivity of some rectangular matrix G.
An example of a diffusion-type one-dimensional partial differential equation directly containing
control is given. Proofs are based on the infinite-dimensional variant of the Yakubovich-Kalman
lemma and Nefedov—Sholokhovich exponential stabilization theorem.

1. INTRODUCTION

Passivity-based methods of system analysis were developed in the sixties of the last century by
V.M. Popov [1], G. Zames [2], and others. Conditions for the applicability of these methods for lin-
ear systems are formulated in the classical Yakubovich-Kalman-Popov (frequency) theorem [3, 4],
which asserts conditions for the existence of a quadratic storage function (analog of the Lyapunov
function) in the form of frequency inequalities (the SPR-property). The existence of a feedback
that transforms a linear system into a strictly positive real system, i.e., passivication in modern
terminology, is studied in [5, 6]. As has been found, a necessary and sufficient condition for the
strict passivicability of a system is its strongly minimal phase—the so-called hyper-minimal phase.

The simplicity of the conditions for the solvability of the problem opens a way for designing
effective methods of synthesizing systems. The passivity- and passivication-based methods of de-
signing linear and nonlinear control systems have subsequently found wide application [7-12] and
the passivicability conditions were discovered by many authors [5, 6] (see [13, 14] and the list of
references in [15]). The passivication method is advantageous, because there is no need to compute
the Lyapunov function explicitly for synthesizing and studying a system. It is worthwhile to extend
this method to a wider class of control systems.

In [16], sufficient conditions for the solvability of operator inequalities defining the existence
of a quadratic Lyapunov functional for a linear distributed system are formulated. The system
is described by differential equations in a Banach space of unbounded operators that generate a
continuous semigroup. The solvability conditions [16] are similar to the hyper-minimal phase con-
ditions for the finite-dimensional case. However, unlike in the finite-dimensional case, the necessity
of these conditions is still an open question.

In this paper, for a slightly more general case than that of [16], we prove that strictly minimal
phase is necessary and sufficient for the existence of solutions to operator inequalities defining the
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existence of a quadratic Lyapunov functional. The results are formulated in terms of passivity and
passivication in a convenient form for application to designing distributed control systems. Our
results pertain to finite-dimensional input and output spaces, which are important in application.
The final solution to the problem of strict passivicability is obtained for a wide class of systems.

An example on a diffusion-type one-dimensional partial differential equation containing control
is given to illustrate our results.

All proofs are based on the infinite-dimensional variant of the Yakubovich-Kalman lemma and
Nefedov—Sholokhovich exponential stabilization theorem and are given in the Appendix.

2. FORMULATION OF THE PROBLEM

Let us consider a class of objects described by the differential equations
t=Ax+ Bu, y=Cx (1)

in the Hilbert state space X = {x}. Although the results are formulated for a Hilbert state space,
many of our results also hold for more general objects described by differential equations in a
Banach space. Therefore, we state the formulations for Banach spaces wherever possible. We
assume that control and output take finite-dimensional values, i.e., u(t) € R™ and y(t) € R', where
R™ is an n-dimensional Euclidean space. The linear operators B and C are assumed to be bounded:
B e L(IR" — X) and C* € L(X — R™), where L(X — Y) denotes the set of linear bounded
operators acting from the Banach space X to the Banach space Y. The linear operator A, in
general, is unbounded. We assume that the operator A generates a semigroup U (t) of the class Cj.
Therefore, for every ¢ € (0,00), the operator U(t) € L(X — X) is defined such that

Uit+s)=U{#)U(s) Vte (0,00) Vse(0,00), %ir%U(t)x:x VzelX,

and lin’(l) e Y (U(e)x — ) = Ax for all z for which the limit exists (this set, denoted by D(A), is
E—
dense in the Banach space X).

The solution of Eq. (1) is interpreted in the sense of the semigroup U(t): a function y(-) is taken
to be the solution if the equalities

2(t) = U(t)z(0) + / Ut — s)Bu(s)ds and y(t) = C(t)
0

hold for all ¢ for some function z(-) with values in the Banach space X.

Definition 1. A system (1) is said to be G-passive if there exists a self-adjoint positive operator
H € £(X — X) such that

t
V(a(t) < V() + [ [u(s) Culs) = pla(s)?] ds @
0
for p = 0 for the quadratic form V(z) = 2*Hx on the solutions of Eq. (1).
If inequality (2) holds for a positive p, then system (1) is said to be strictly G-passive.

Inequality (2), which contains the solution of Eq. (1) with an arbitrary locally summable function
u(+) in the right side, is equivalent to the inequality for quadratic forms

20" H(Az + Bu) < u*GCxz — plz|* Vo€ D(A) YueC™ (3)
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or, which is the same thing, two operator relations
HA+ A*"H <0 and HB = (GC)". (4)
(Operator inequalities are interpreted in the sense of quadratic forms.) Let us add the feedback
u=Ky+v (5)
to system (1), where v € C™ is a new input and K is an m x [ matrix.

Definition 2. A system (1) is said to be G-passivicable (strictly G-passivicable) if there exists
an m x [ matrix K such that system (1), (5) is G-passive (strictly G-passive).

This paper is primarily concerned with necessary and sufficient conditions for the strict G-
passivicability for some class of systems (1). The main condition for a system to belong to this
class is the stabilizability, which is necessary for the passivicability of a system. In this sense, the
class of infinite-dimensional system is almost not extendable. The class is almost not extendable,
because additional conditions are imposed on the rate of decrement of the frequency characteristic
of the system when the frequency tends to infinity. For a finite-dimensional state space of the
system, these conditions automatically hold. For an infinite-dimensional space X, these conditions
are satisfied, for example, by parabolic-type equations describing heat-exchange processes as well
as chemical and nuclear reactions.

The passivicability problem is solved with the use of the degenerate frequency theorem, which
states conditions for the solvability of the operator relations (4) in terms of frequency characteristics
of system (1). For infinite-dimensional systems, this theorem was first demonstrated only as a
sufficient condition. In this paper, we shall show that the frequency conditions for solvability are
also necessary (4). Since the degenerate frequency theorem holds only for stable systems (1), we
must also investigate the stabilizability of system (1) using dynamic output-to-control feedback.
We shall formulate the solution of this problem in the form of necessary and sufficient conditions.

We now describe the class of systems (1). Let system (1), (5) be strictly G-passive for rela-
tions (4) of the form

H(A+ KC)+ (A+ KC)*H <0, HB=(GC)", (6)

where H = H* > 0. By the first relation, system (1), (5) is exponentially stable for v(t) = 0.
Consequently, the strict G-passivicable system (1) is exponentially stabilizable by the feedback
u = KCx from the state x to the finite-dimensional input u. Hence, without loss of generality, we
can require that the system be exponentially stabilizable by the feedback

u = Dz, (7)

where D € L(X — R™).
An effective criterion for the exponential stabilizability of system (1) by feedback (7) from the
state x to the finite-dimensional control u is given in [17]. To formulate this criterion, we require

the following notation: o(A) is the spectrum of the operator A, sp(Q) is the linear span of the
set @, and C, = {\ : ReX > v} is the extended right half-plane (for v < 0).

Theorem (Nefedov-Sholokhovich [17]). Let an operator A generate a semigroup of the class C°
in a Banach space X and let B € L(C™ — X). Then the following two assertions are equivalent:

I. There exists an operator D € L(X — C™) such that 0(A+ BD) Cc C\C,, v < 0.
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II. The spectrum of the operator A in the closed right half-plane Cy consists of a finite number
of eigenvalues of total multiplicity n < oo. The spectral projector P defined by the integral of the
resolvent (A\I — A)~! along the contour containing the whole spectrum of A in the closed right half-
plane decomposes system (1) into an exponentially stable subsystem and a finite-dimensional (not
exponentially stable) completely controllable subsystem:

dx’

= = Ald' + By, o =PrecX, =07, (8)
d "
% — A//:I/_// + B//u’ (9)
x// — (I _ P)x e X//’ y// — C//x//’
y=y +y",

where X is the direct sum of the subspaces X' = PX = C" and X" = (I — P)X, A" = AP,
A"=A(I-P), B=PBeL(C"—C"),B"=(I—-P)B,C'"=CP, and C" =C(I — P),

o(A) =c(A)ua(A"), o(A)CCy oA")NC,=02, (10)
sp{B'C™, AB'C™,...., (A" 'B'C"} = X" (11)

By the Nefedov—Sholokhovich theorem, every stabilizable system (1) has a finite-dimensional
subsystem (8), which is uniquely defined if its “antistability” condition (10) holds. Hence we can
assume that the operator A’ € L(C™ — C") is defined by a matrix in some base of an n-dimensional
space X’. Hence the polynomial

§(\) = det(\I,, — A) (12)

is also uniquely defined and is called the characteristic polynomial of system (1).
Let us consider the class Z of systems (1) satisfying the following conditions.
1. System (1) is exponentially stabilizable by some feedback u = Dz.
2. The resolvent (A] — A)~! tends to zero as || — oo and A € C, for some ~y < 0.
3. The operators CA: X — C! and AB: C™ — X are bounded.

The first condition, as has been stated, is necessary for system (1) to be strictly passivica-
ble. The other two conditions are imposed for technological reasons, since the criterion of strict
G-passivicability formulated in the next section thus far does not yield to proof without them. For
a finite-dimensional phase space of a system, these conditions automatically hold. For an infinite-
dimensional state space, condition 2 holds, for example, for parabolic-type systems. Condition 3 in
this case obviously implies that the weight functions corresponding to the operators B and C are
sufficiently smooth. The example given in Section 4 pertains precisely to this class.

3. FORMULATION OF THE RESULTS
Let us take an m x [ matrix G and the functions
X/()\) — Cl()\I o A/)le/’ X//()\) — C”()\I o A//)le//’
XA =X +x"(N) =C = A)7'B,  o(A) = 6()) det[Gx(N)].

Definition 3. A system of the class Z is said to be of minimal phase if the function ¢(\) has
no zeros in C, for some v < 0. A minimal phase system is said to be of hyper-minimal phase if

GCB = (GCB)* > 0.
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By analogy with the finite-dimensional case, an operator B € L(C™ — X)) is said to be of complete
rank if Bu = 0 only for a zero vector u.

Theorem 1. A system of the class = is strongly G-passivicable if and only if it is of hyper-minimal
phase.

To prove this theorem, we require two assertions, which are of independent interest and known
to hold for the finite-dimensional case. The first assertion is the degenerate frequency theorem (the
Yakubovich-Kalman lemma).

Theorem 2. Let A be an exponentially stable operator gemerating a semigroup in the Hilbert
space X, B € L(C™ — X)), and C € L(X — C™). Then for the existence of a self-adjoint positive
operator H : X — X and a positive number  obeying the relations

Rez*HAz < —6|z|*> Va € D(A), HB=C* (13)

it 1s sufficient that
Rex(A) >0 VA=iw, we€ (—o00,00), (14)
lim g(w) 2Re(iw) > 0, (15)

where
g(w) = max {||(iwl = A)~'B|, |C(iwl — A)7!||}.

But if system (1) with operator coefficients A, B, and C belongs to the class Z and the operator B
is of complete rank, then it is necessary that inequalities (14) and (15) also hold for relations (13)
to hold. Furthermore, relations (13) imply that inequality (14) holds not only on the imaginary
azis, but also for all A\ € Cr, where I' < 0.

The sufficiency of this theorem is proved in [16], whereas its necessity is demonstrated in the
Appendix of this paper.

To demonstrate Theorem 1, we require one more auxiliary assertion concerning the stabilizability
of system (1) by output-to-control feedback. Let us consider the dynamic feedback defined by the
following differential equations in the Banach space Z = {z} (Hilbert space for our case):

2=Az+ By, u=Cz+ Dy, (16)

where A is the generating operator of a semigroup of the class C°, B € L(C! — Z), C € L(Z — C™),
and D € L(C! — C™).

Definition 4. A system (1) (of the class =) is dynamically output-stabilizable if there exist
operators A, B, C, and D such that system (1), (16) is exponentially stable.

Definition 5. A system (1) (of the class =) is nondegenerate in the closed right half-plane if there
exists a minor p(A) of the transfer function x(A) such that

A 5(A)u(A) #0 (17)

for every root A\g € Cy of polynomial (12).
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Theorem 3. A system (1) (of the class Z) is dynamically output-stabilizable if and only if it is
nondegenerate in the closed right half-plane.

Corollary. A dynamically output-stabilizable system is exponentially stable if its transfer function
has no poles in the extended right half-plane.

A particular case of Theorem 3 for a system with scalar input and output is given in [18]. If
Il =m =1, then (17) takes the form

5(N) =0 = B #0, (18)

where x(\) = B(A)/d(A). For a finite-dimensional system, we can take 6(A) = det(Al — A). If,
additionally, condition (18) is satisfied for any A € C, then the polynomials §(\) and ((\) are
coprime. If (18) holds for Cy, the greatest common divisor of the polynomials §(\) and G(A) is a
Hurwitz polynomial. In either case, system (1) is output-stabilizable. Thus, Theorem 3 extends
the well-known result for a finite-dimensional system to an infinite-dimensional system.

4. AN EXAMPLE

Let us examine the temperature-control problem for a homogeneous rod of unit length described
by the parabolic partial differential equation

1
oT 0*T
T 82—l—ﬁT—i—b() O/C T(s,t)d (19)
d d
gT(O,t) = gT(l,t) =0, (20)

where a > 0, the state T'(s,t) for every ¢ > 0 is a function in the space X = Ly(0,1), and
the distributed parameters b(-) and ¢(-) are also functions in the space X. Let us determine the
conditions for the system to be passivicable. To apply Theorem 1 in determining the passivicability,
we must verify whether system (19), (20) belongs to the class =. The operator A for our case is a
second-order differential operator ad?/3s? + BI with domain of definition defined by the boundary
conditions (20). To find the resolvent (A — A)~!, we must solve the equation Az = Az + w for the
function z(-) for an arbitrary function w(-) € L9(0,1). For our operator A, the resolvent is defined
by an ordinary differential equation

Mz2(s) = ad®z(s) /ds® + Bz(s) +w(s), dz(0)/ds = dz(1)/ds = 0.
Solving this equation, we find that the relation z(-) = (Al — A)~1w(-) is equivalent to the equalities
—su su 1
Z(S) _ [ +e / —PH epu 1 _ dp-i—/

2alp?][(et —e7#)/u]

e~PH _ cPH

o

] w(s —p)dp,

pr =20
(0

Here all functions within square brackets are analytical functions of y, whose expansions contain
only even powers. Therefore, the resolvent degenerates only at the zeros of the function

sin(iv/(h = B)/a)
VO B)ja

i.e., at the points \y = 3 — a(7k)?, k = 0,1,2,..., which form the spectrum of the operator A.

alp’]l(e” —e™)/u] = 2(X - B)
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Let us find the conditions under which system (19), (20) belongs to the class =. For this, we
must verify three conditions. First, the operators C'A and AB must be bounded. For our example,
this implies that the functions b(-) and ¢(-) are twice differentiable and their first derivatives at
the boundary points s = 0 and s = 1 are zero. Second, the resolvent (A — A)~! must tend to
zero as A tends to infinity inside the right half-plane. This is always true of parabolic equations.
This is also implied by the expression for the resolvent. What now remains is to verify the last
condition, namely, the stabilizability of the system by a finite-dimensional feedback. Let us apply
the Nefedov—Sholokhovich theorem for this purpose.

First let us take § < 0. Then the spectral expansion (8), (9) for our system is trivial: P = 0,
A=A", §()\) =1, and we obtain, instead of stabilizability, stability. This completes the proof.

Now let 0 < 3 < am?. Then the spectrum of the operator A contains only one point A\g in the
right half-plane ReA > 0. The operator P is the residue of the resolvent at the point A\g. The
expression for the resolvent implies that P is simply an operator of averaging over the rod length.
The antistable finite-dimensional subsystem (8) is described by the equation

fCO = )\0%0 + Eu,
where b = fol b(s) ds. Its controllability is defined by the inequality b # 0 and therefore system (19),
(20), by the Nefedov—Sholokhovich theorem, is finite-dimensionally stabilizable. Similarly, we can
also find the antistable subsystem for large 5. But for the time being let us confine ourselves to

the case 3 < ar?. Therefore, §(A\) =1 for 3 < 0 and §(\) = (A — \g) for 0 < 3 < an?.
Let us compute the transfer function y(\) = C(A\ — A)~1B. For our case,

1
w=Bu < w(s)=0bs)u, y=Cr &y= /c(s)x(s) ds.
0
Let, for instance, ¢(s) = b(s) = c¢. Then the expression for the resolvent implies that
1
OB = /c(s)b(s) ds = 2, x(\) = /(A= No).
0

Therefore, for 3 < ar? and b(s) = c(s) = ¢ # 0, system (19), (20) not only belongs to the
class =, but is also of hyper-minimal phase. By Theorem 1, this is necessary and sufficient for its
passivicability.

If the conditions for the passivicability of the system are satisfied, we can design a controller,
using the passivication method. For example, Theorem 1 implies that the linear controller u = Ky
stabilizes the system for a sufficiently large negative K. But applying the results of [16], we find
that the adaptive controller

u= Ky, dK/dt = —y*

guarantees that ||T'(s,-)|| € L2[0,00) in time under any initial conditions, where

1
1T (s 02 = [ 7(s.0)ds.
0
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5. CONCLUSIONS

A class Z of infinite-dimensional, in general, control systems with finite-dimensional input and
output is determined. These systems satisfy the well-known result for finite-dimensional systems,
namely, hyper-minimal phase is necessary and sufficient for the passivicability of a system. This
class includes all finite-dimensional linear stationary systems. The class of infinite-dimensional sys-
tems also includes parabolic-type systems describing heat-exchange and diffusion processes. The
main conditions for a system to belong to the class = are close to the necessary and sufficient
conditions for the stabilizability of a system by linear feedback. An example is given to illustrate
the verification of hyper-minimal phase conditions for a diffusion-type one-dimensional partial dif-
ferential equation directly containing control.

APPENDIX

Theorem 1 is demonstrated with the use of Theorems 2 and 3, which, in turn, are demonstrated
with the use of certain auxiliary assertions. First, let us write an obvious equality

MM —A) T —T=AN-A) ' =0\I-A)"14, (A1)
from which we obtain
M(A) = CB=CW\ —A)7'AB = CAW\ — A)7'B, (A.2)
ACN — A)"'AB — CAB = CA(\I — A)"'AB, (A.3)
Mx(\) = ACB — CAB = CAM — A)™'AB, (A.4)

if A\ € 0(A) and CA and AB are bounded operators.

Proof of Theorem 2. The sufficiency of the frequency inequalities (14) and (15) for the existence
of a self-adjoint positive operator H satisfying relations (13) is proved in [16]. We now show the
converse is also true of systems (1) belonging to the class =, i.e., relations (13) imply inequalities (14)
and (15).

Let the continuous operator S be the square root of H~'. Then H~! = S5, S = 5* > 0. Let
z=28r, A=S5"1A4S8, B=S"1B,and C = CS. If the triple {u(-), z(-),y(-)} defines the process of
system (1), then the triple {u(-),z(-),y(:)} defines the process of an equivalent system

2=Az+Bu, y=Cg (A.5)
which has the same transfer function
x(\) =C\ —A)'B=CSS '\ - 551A8Ss 1)"lss 1B =C(\[ - A)"'B.
Expressing relations (13) in terms of system (A.5), we obtain
A+A*<—¢l, B=C" (A.6)
where ¢ = §/||H|| > 0. Let u be a nonzero m-dimensional vector and let A = v +iw, v > —e. Then
Re [u*x(\)u] = Re [u*B*(A\ — A)"'Bu]
= %[u*B*(iwI 4+ vl — A) " 'Bu + u*'B*(—iwl +vI — A*)"'By]
= %u*B*[(iwI + vl — A — (iwl —vI+ A*) By

1
= Su'B[(iwl — vl + A )N A+ A* — 2w (iwl + v — A)"YBu
= —w* (A +A* —2vD)w > (v +¢)|w|* >0,
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where w = (M — A)"'Bu. The equality holds only for a zero |w|. But if w = 0, then Bu =
(M — A)w = 0. Hence u = 0, contrary to our assertion. Thus, inequality (14) has been demon-
strated for all A of real part greater than —e.

For inequality (15), let us note that the function g(w) in it can be replaced by |w|~!. Indeed,
(iw — A)™1 — 0 as w — oo for systems of the class Z. Therefore, relation (A.1) implies that

LBI _ oo iy < 2081 ICH _ e g 2UC
=0 I—A) B <22l 20 I—A el
o) < Nl =478l < S8 S < Clier — )7 < S

for all sufficiently large |w|. Therefore, inequality (15) is equivalent to the inequality

lim w?Re x(iw) > 0, (A.7)

wW—00

which we shall verify with the help of equality (A.4). Applying it to the triple A,B,C = B* for
A = iw, for any nonzero m-dimensional vector u we obtain

w?Re [u*x(iw)u] = —Re [(iw?)u*x(iw)u]
= —Re[iwu*B*Bu + v*B*ABu* — u*B*A(iwl — A)"'ABuj

1
= —Qu*B*(A + A")Bu + Re[u*B*A(iwl — A)"'ABu).

The first term in the right side of this chain of equalities does not depend on w and is positive due
the complete rank of B and inequalities (A.6). The second term tends to zero, because

IB*A(iwl — A)"'AB|| < |B*A|||(iwl — A)~'|| || AB|| P
w|—00

since system (A.5) belongs to the class =. Hence we obtain inequality (A.7) (and even with total
limit, instead of partial limit). This completes the proof the theorem.

Lemma 1. Let 2 be a neighborhood of the point Ay € C, let 6(\) be a scalar analytical function

on Q, let A(\) = (aij()\))gjzl be a matriz analytical function on S, let b(X) = (b;j;(N\)) be an N x N

rational matriz, and let u(\) be a minor of the matriz B(\). If

)\li_)rr)\lo d(AM)u(N) =0 (A.8)

for all minors of B(\), then (A.8) also holds for all minors of the matriz B(X) + A(\).

Proof. Without loss of generality, let us consider a matrix A(\) with only one nonzero element
@iojo(A). Let pp(A) be a minor of B(A) and let p1a4p(A) be a minor of B(A) 4+ A(X) defined by the
same set of columns and rows. If pa4p(A) does not depend on a;yj;,(A), then parp(A) = up(A)
and equality (A.8) is trivial. In the contrary case, expanding p44+p5(A) by the elements of the ipth
row, we obtain

pars(N) = pp(\) £ aigjois,
where (/5 is another minor of B(\). Consequently,
>\11—>H>\10 (N pars(N) = Hm (A pp(N) £ lim a;yj, im 6(A\)u'z = 0.
This completes the proof of the lemma.
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Lemma 2. A system (1) (of the class Z) may be nondegenerate in the closed right half-plane if
and only if its finite-dimensional subsystem (8) is also nondegenerate in the closed right half-plane.

Proof. Let system (1) be degenerate, i.e.,
d(Ao) =0, lim 6(A\)u(A) =0

A— Ao
at some point A\g € Cy for every minor pu(\) of the transfer function x(\). Then system (8),
by Lemma 1, is also degenerate, because the difference between y(\) and x/()) is an analytical
matrix function x”(A) in Cy. For this reason, degeneracy of system (8) implies the degeneracy of
system (1). This completes the proof of the lemma.
Proof of Theorem 3. First we prove that nondegeneracy of system (1) is necessary for the system
to be output-stabilizable. If system (1) degenerates at some point A\g € Cy, then, by Lemma 2,
its finite-dimensional subsystem (8) also degenerates at the same point. The nondegeneracy of
system (8) by a well-known finite-dimensional theorem (see, for example, Theorem 1.2.4 in [19]) is
equivalent its controllability and observability. Consequently, system (8) is nonobservable since it is
controllable by definition and Nefedov—Sholokhovich theorem. Therefore, there exist an eigenvalue
Ao and an eigenvector x( such that

ReXdg >0, z9€ X/, Axg = A/.’Eo = Mpzg, Cz9=0.

The functions z(t) = 0, u(t) = 0, y(t) = 0, and z(t) = ez define the process of the closed-loop
system (1), (16) for any feedback (16). Therefore, system (1) is not stabilizable. This completes
the proof of the necessity of nondegeneracy.

To prove the sufficiency, feedback (16) must be expressed such that the closed-loop system is
exponentially stable. Let system (1) be nondegenerate in the right half-plane. Then, by Lemma 2,
the finite-dimensional subsystem (8) is also nondegenerate, and Theorem 1.2.4 of [19] asserts that
system (8) is controllable and observable. Consequently, there exist matrices ® and ¥ such that
the operators (matrices) A"+ ®C’ and A’ + BV¥ are Hurwitz.

Let us consider the feedback

z‘// — A”Z” + B”'U,, (Ag)
=A% +Bu+d@y-—C" -0, (A.10)
u=V7. (A.11)

Subtracting Eq. (A.9) from (9), we obtain é” = A”e” where ¢”(t) = 2" (t)— 2" (t) exponentially tends
to zero as t — oo, because the operator A” is exponentially stable. Subtracting (8) from (A.10),
we find that

g(t) =2 (t) - 2'(t) (A.12)
exponentially tends to zero, because
¢ =Aa" — A +0(C'2' +C"2" - C"2 - ') = (A + 9C™)e' + oC"e".
Substituting (A.11) and (A.12) into (8), we obtain

d /

d—:i = A2+ Bu= A2+ BY (2 — &)= (A" + B'V)z' — B'Ue. (A.13)
Consequently, da’(t)/dt and 2/(t) exponentially tend to zero and, therefore, u(t) also exponentially
tends to infinity by virtue of (8). Finally, relation (9) guarantees the exponential decay of |z”|,

because the operator A” in Eq. (9) is exponentially stable.
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Hence the feedback (A.9)—(A.11) guarantees the exponential stability of the closed-loop system.
This completes the proof of the theorem.

Proof of Theorem 1. Without loss of generality, we take m =1 and G = I. If this cannot be
done, then we take GC, instead of C.

Let us show that the hyper-minimal-phase system (1) is strongly G-passivicable, i.e., there exists
a matrix K such that the system

&t =Agxr+ Bu, y=Cx (A.14)

is strictly G-passive, where Ay = A + BKC. We shall determine the matrix K in the form
K = —kI, where k is a real number. Let xx(\) = C(A — Ax)~!B. Left- and right-multiplying
the obvious identity (Al — A)~! — (A — Ag)™t = (M — A)"H(A - Ag)(M — Ag)~! by C and B,
respectively, we obtain x(A) — xx(A) = —x(A) K xx(A). Hence

X' (A =XV = K = kI (A.15)

Using this equality, we shall show that the operator triple (Ax, B, C) satisfies all conditions of
Theorem 2 for any sufficiently large k.

Let us begin with the exponential stability of the operator Ax. Since system (1) is of hyper-
minimal phase, the inequalities det x(\) # 0 VA € C, and CB > 61, > 0 hold for some ¢ > 0.
Furthermore, the functions Q(\) = C(A\ — A)"'AB and q(\) = CA(M — A)~!AB tend to zero as
Al = 00, A € Cy. Indeed, ||g(\)|| < ||CA|||[(AM — A)7 ||||AB]|. Since our system belongs to the
class Z, the first and last factors are bounded, and the middle term tends to zero. A similar picture
holds for Q(X) as well.

The matrix function x(A)™" is continuous inside the domain C,, because det x(\) is nonzero in
this domain. Taking R > 0, let us partition C, into subsets C = {\ € C, : [|Q()\)|| < /2, |A| > R}
and C = C,\C. Let R be sufficiently large such that C does not contain the spectrum of the
operator A. Then the functions g(\) and Q(\) will be continuous on C. The set C is compact,
because Q(\) — 0 as |\| — oo, A € C,. Consequently, Reu*x(\)'u > —klu|> Vu € C™ and
VA € C, where k = max ||x(\)7}|| for A € C.

If A\ € C, then ||u(\)] < 1/2, where u(\) = —(CB)"'Q(\). Since (I, — pu(N)™F = I, +
p(A) (I — p(N) ™1, we have || (I, — p(A) ™1 || < 2. Therefore

-1

10y [y—1 -1 177 -1
X = NHCB QM) = AMCB) T Iy — p(V)]
= XCB)™ [ + p) I — p(V)] 7]
= MCB)™ = (CB) 2 DQN)][Lm — p(N)] ™
= ANCB)™" = (CB)*[CAB + q(N)][Im — p(N)] 7.
Consequently,
Reu*x ' (A\)u = Reuw*\(CB) 'u — Reu*(CB) ?[CAB 4 ¢(\)][Lmn — n(N)] ™ u
2

> T Z(j0AB| + [gW)lu®
Hence Reu*x(\)~tu > —k|u|? VA € C, where k = —v/6 — 2(|CAB|| + k) /6% and k, = sup ||g(\)||
for A € C.

Let k& > 1 4 max{k,k}. Then, relation (A.15) implies that Reu*x (\u > |[u]? VA € C,

and for all u. This inequality does not hold for a nonzero m-vector v for which Xl_(l()\)v = 0.
Therefore, det x5 (\) # 0 VA € C,, i.e., the matrix function [z (A\)]™' = xx()\) is continuous
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in the domain C,. This implies the exponential stability of Ax. Indeed, the hyper-minimal-
phase system (1) is nondegenerate in the closed right half-plane: the minor () can be taken to be
det x(A). Then inequality (17) guarantees the absence of zeros for the function ¢(A) = d(X) det x(\)
in C,. By Theorem 3, the nondegeneracy of system (1) implies that some feedback (16) stabilizes
the system. Therefore, a similar feedback

2=Az+By, u=Cz+(D—-K)y

stabilizes system (A.14), because the matrices A = Ay and Ag differ precisely by BKC'. Applying
Theorem 3 once again, we find that system (A.14) is nondegenerate. By the corollary of Theorem 3,
this implies the exponential stability of the operator Ag.

Let w = xx (iw)u. Then u = ' (iw)w and

*

Reu*xk (iw)u = Rew* (X}I(iw)) Xx¢ (iw) X 5 (iw)w

= Rew” (X;(l (zw))* w = Rew* x5 (iw)w > 0,

i.e., the transfer function yx(\) satisfies the frequency inequality (14).
Finally, relation (A.4) implies that

w?Reu*x i (iw)u
= —Reu*[CAxB + CAk (iwl — Ax) ' AgBlu —— —Reu"C(A — kBC)Bu
= —Reu*CABu + ku(CB)?u.

Since CB > 0, for sufficiently large k, we obtain liin w?Re xf (iw) > 0, which is similar to (A.7)
and which for systems of the class = is equivalent to the limiting frequency inequality (15).

Thus, for any sufficiently large k, the operator triple (Ax, B, C) satisfies all conditions of The-
orem 2: the operator Ag is exponentially stable and the transfer function satisfies the frequency
inequalities (14) and (15). Applying Theorem 2, we find that system (A.14) is strictly passive, i.e.,
system (1) is strictly passivicable.

We now show that the converse is also true: if system (1) is strictly passivicable, then it is
of hyper-minimal phase. The strict passivicability of system (1), by definition, implies the strict
passivity of system (A.14) with some matrix K, which now need not necessarily be of the form kI.
Hence the operator triple (Ax = A+BKC, B, C) satisfies the relations HB = C* and Re HAg < 0
with some bounded operator H = H* > 0. Hence it immediately follows that the triple Ax is
exponentially stable and the operator CB = B*H B is positive. What now remains is to verify that
the function p(A) = 0(A)det x(\) has no zeros in the closed right half-plane Cy.

Let us apply Theorem 2. For the strictly passive system (A.14), it guarantees the inequality
Reu*xx(A)u > 0 for every nonzero m-vector u and every A in the extended right half-plane
Cr, I < 0. Consequently, det xx(\) # 0 ¥\ € Cr and x5 (\) is a continuous matrix function in
the interior of Cr. Applying the Schur lemma and the first equality in (A.15), we obtain

det M — A —-B'K
N0 T-vOK

= det(A — A')det [ — X"(\K — C'(AI — A) ' B'K| = det(\I — A')det [ — x(\)K]
= det(Al — A')det x(A) det [x'(\) = K| = p(A) det x; (A). (A.16)
Let ¢(A\g) = 0, Re\g > 0. Then, by the continuity of x " ()), relation (A.16) implies that

(Mol — ANz — B'Kyo =0, —C'ag+ [I = x"(M\)K]yo =0 (A.17)
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for some nonzero vectors 2’ and yo. The finite-dimensional subsystem (8), by Lemma 2, is non-
degenerate. By Theorem 1.2.4 of [19], nondegeneracy is equivalent to simultaneous controllability
and observability. Consequently, the vector yy cannot vanish, because equalities (A.17) take the
form A\gz(, = A'z(), C'x(y = 0, which contradicts the observability assumption.

Let v(t) = C"G"(t)(AoI — A") 1 BKy, where G”(t) is an exponentially decreasing semigroup
(in norm) generated by the exponentially stable operator A” in Eq. (9). Let us consider the system
of equations

i'(t) = A'z'(t) + B'Ky(t), 2/'(0) =), (A.18)

i"(t) = A"2"(t) + B"K[y(t) + v(t)], 2"(0) =0, y(t) = C'2'(t) + C"2" ().
By virtue of (A.17), its solutions are the functions
2'(t) = ezl 2"(t) = (ol — A") B KMoy,  y = ey,
This contradicts the stability of the operator Ax = A 4+ BKC, i.e., the stability implied by the
passivity of system (A.14).

Thus, the assumption that ¢(Ag) = 0, ReAg > 0, leads to a contradiction. Hence a strictly
passivicable system is always of hyper-minimal phase. This completes the proof of the theorem.
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