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Abstract

This paper presents a new characterization of stabilizability via Riccati equation
for linear time-varying (LTV) systems. An equivalence is given between the global
null-controllability, complete stabilizability and the existence of the solution of some
appropriate Riccati differential equation.
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1 Introduction

In the theory of control systems, the qualitative control problem has received considerable
research interests in the past decades, see; e.g. [7, 9, 15] and the references therein. This
problem, regarded as an extension of the classical Kalman result [5] on controllability and
stability of linear systems, is to find an admissible control u(t) such that the corresponding
solution for the state vector z(t) of the system has desired properties. Depending on the
properties involved, one defines various qualitative problems. For example, the global null-
controllability (GNC) problem of the linear system:

i(t) = A(t)x(t) + B(t)u(t), t>0,

concerns the question of finding an admissible control u(t) which steers an arbitrary state xg
of the system into the origin; the stabilizability problem is to find a control u(t) = K (t)x(t)
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such that the zero solution of the closed-loop system
z(t) = [A(t) + B(t)K(t)]z(t),t > 0

is asymptotically stable in the Lyapunov sense. In this case one says that the system is
stabilizable with the stabilizing feedback control u(t) = K (t)x(t). Various stability concepts
can be adapted to investigate the stability property of the systems. One of the extended
stability properties of control systems is the complete stabilizability, originally introduced by
Wonham [13], which relates to a stronger stability of the system. Namely, the control system
is completely stabilizable if for every number § > 0, there exists a feedback control u(t) =
K (t)z(t) such that the solution x (¢, xq) of the closed-loop system satisfies the inequality

N >0: |zt z)|| < Ne % xol|, vVt > 0.

This means that for every positive number § > 0, the system zero-input response of the
closed-loop system decays faster than e%. In other words, for any given positive number
0 > 0 for the decay rate, the system can be d—exponentially stabilizable. Such problem
may arise in the speed control of real systems in manufacturing, communication networks,
automotive and aircraft control. It is well known that if a linear time-invariant (LTI) control
system is GNC then it is stabilizable, but the converse is not true. In [13], it is shown that if
the LTI system is completely stabilizable, then it is GNC. This result has been extended to
LTI systems in Hilbert spaces [15]. It is worth mentioning the result of 2], which provides an
equivalence between the stabilizability and the existence of solutions of coupled Lyapunov-
like equations for LTI control systems. For LTV systems, the first result on the relationship
between GNC and Riccati differential equation (RDE) was given in [5], which proves that if
LTV control system is GNC then the RDE

P(t) 4+ AT (t)P(t) + P(t)A(t) — P(t)B(t)BT (t)P(t) + Q(t) = 0,

where Q(t) > 0, has a positive semi-definite solution P(t). However, the existence of the
positive definite solution P(t) of the above RDE is not sufficient for the GNC. This can be
seen from the following example. Consider the following LTV control system

T= <0'5(10_ ? 0.5(10— Qet)) S <%t) -

The system is not GNC due to rank[B(t), A(t)B(t)] < 2 for all ¢ > 0, however the corre-
sponding RDE with @ = 2I has a bounded positive definite solution P(t) = e *I. Some
criteria for the stabilizability of LTV control systems were derived in [3, 10, 11] in terms of
the uniformly positive definiteness of the solution. That is, P(¢) has to satisfy the inequality
MI < P(t) < AoI, Vt> 0. Note that the uniformly positive definiteness of the solution of
this kind of RDE is still not sufficient for the GNC of LTV systems. For instant, consider a
LTV control system with

—0.5cost 0 —sint
Alt) = ( 0 0.5sint — e—COSt) , B(t) = ( 0 ) '
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It is easy to see that the system is not GNC, but the RDE, where Q(t) = (é (2)) , has a

6smt

0 ecost
ship between controllability and stabilizability, the authors of [4] introduced the concept of
uniform global controllability, whereby it is shown that the LTV control system is completely
stabilizable if and only if it is uniformly globally controllable. Notably, this result combining
with the result of [5] shows that the complete stabilizability is a sufficient condition for the
existence of the bounded positive semi-definite solution of RDE for LTV control systems.
The relationship between controllability, stabilizability and the solution of periodic Riccati
equations for periodic LTV control systems was given in [6]. It is interesting for the question
as to whether there exists a relationship between the GNC, stabilizability and RDE. This
has motivated our research. In this paper, we present a new characterization of controllabil-
ity of LTV control systems through stabilizability and the existence of solutions of Riccati
equations. It shows that the global null-controllability and complete stabilizability of LTV
control systems are equivalent to the existence of bounded positive semi-definite solution of
some appropriate RDE. The results obtained here can be considered as further extensions
of [3, 4, 5, 11, 13] to LTV control systems.

uniformly positive definite solution P(t) = . In an attempt to seek a relation-

The organization of the paper is as follows. Following the introduction and the problem
motivation. Section 2 presents the notation, some definitions and propositions. The main
result is given in Section 3 and followed by the cited references.

2 Preliminaries

Let us first introduce the notation used in this note. R* denotes the set of all real non-
negative numbers; while R" denotes the n-dimensional Euclidean space with the scalar
product (x,y) of two vectors z,y € R™ M"*™ denote the space of all (n x m)— matri-
ces. I,A7! and AT denote the identity matrix, the inverse and the transpose of the matrix
A, respectively. A is symmetric if A = AT. A matrix Q € M™*" is positive semi-definite
(Q = 0) if (Qz,z) > 0, for all z € X. If (Qz,z) > 0, for  # 0 then @ is positive def-
inite (QQ > 0). A > B means A — B = 0; M™ denotes the set of all symmetric positive
definite constant matrices. BM"™*™ (0, 00)(BM™(0, 00), respectively) denote the set of all
n X m—matrix functions continuous and bounded on Rt (symmetric positive semi-definite
matrix functions continuous and bounded on (0, 00), respectively). Ly([0,t], R™) denotes the
space of all square integrable on [0, ¢] functions with valued in R™.

Now, let us consider the following LTV control system, briefly denoted by [A(t), B(t)] :
(t) = At)z(t) + B(t)u(t), z(0)=uzy, t€RT, (2.1)

where A € BM"™*"(0,00), B € BM™™(0,00) are given matrix functions. The control u(¢)
is admissible if u(s) € La([0,t], R™),Vt > 0. For every zo € R", and admissible control wu(t),



the solution of system (2.1) is given by

¢
x(t) = U(t,0)zg +/ U(t,s)B(s)u(s)ds,
0
where U(t, s) is the transition matrix of the unforced system &(t) = A(t)x(t). It is well known
(see; e.g. [1]) that if A € BM(0, co0) then the transition matrix U(t, s) satisfies the condition
IM > 1,a>0:||U(t,s)|| < Me™t=sl vt s € R, (2.2)

Definition 2.1. [5] Linear control system (2.1) is globally null-controllable (GNC) if for
every xo € R", there exist a number 7' > 0 and an admissible control u(¢) such that z(T") = 0.

We state the following well-known controllability criterion that will be used later.

Proposition 2.1. [1, 7] Linear control system (2.1) is GNC if and only if one of the
following conditions holds.

(i) 3t >0,c>0: [J||BT(s)UT(t,s)x|*ds > c|UT(t,0)x|?, Vo€ R
(i1) A(t), B(t) are analytic on R and rank M(ty) = n for some ty > 0, where M(t) =
[Mo(t), Ml(t), ceeny Mn_l(t)], M() = B(t), Mz—i—l(t) = —A(t)MZ(t)—i-%Mz(t), 1= 0, 1, ,n—2

Definition 2.2. [13] Linear control system (2.1) is completely stabilizable if for every
number 0 > 0, there exists a feedback control u(t) = K (t)z(t), where K(t) € BM™*™(0, c0),
such that the solution x(t,zg) of the closed-loop system satisfies the inequality

IN >0: |zt 2z0)|| < Ne ®|zol|, Vte R™.
The solution to stabilization problem involves the following RDE

P(t) + AT(t)P(t) + P(t)A(t) — P(t)B(t)BT(t)P(t) + Q(t) = 0. (2.3)

Definition 2.3. Let QQ € BM™(0,00). Linear control system (2.1) is Q—stabilizable if for
every initial state zg, there is a control u(t) € Ly(]0, 00), R™) such that the cost function

J(u) = /OOO[HU(t)H2 +(Q(1)x(t), x(t))]dt,

where z(t) is a solution of the system, exists and is finite.

Proposition 2.2. [1] Let Q € BM*(0,00). If linear control system (.1) is Q(t)—stabilizable,
then the RDE (2.83) has a solution P € BM™(0,0).

Proposition 2.3. [14] Consider nonlinear time-varying system i(t) = f(t,z(t)),z(0) =
xo, f(t,0) =0,t € RT. If there exists a Lyapunov function V (t,x) : Rt x R" — R satisfying
the following conditions:

(i) I\ > 0,2 >0:  MNz|> <V (t,x) < X\oz||?, V€ RT,
(i) Vi(t,x) = 92+ 9V f(t,x(t)) <0, for all solutions x(t) of the system,
then the solution x(t) is bounded: IN > 0 : ||z(t, xo)|| < N||xo|,Vt € RT.
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3 Main result

Given 0 > 0, we set As(t) = A(t) + 0I. For P,Q € BM*(0,00), consider the following RDE
(RDE;) P(t) + AL(t)P(t) + P(t)As(t) — P(t)B(t)BT (t)P(t) + Q(t) = 0.

Theorem 3.1. The following statements are equivalent:

(i) System [A(t), B(t)] is globally null-controllable.

(i1) For every 6 > 0,Q € BM*(0,00), RDEjs has a solution P € BM™(0, c0).

(#ii) System [A(t), B(t)] is completely stabilizable.

Proof. (i)—(ii). Assume that system [A(¢), B(t)] is globally null-controllable. Then, by

Definition 2.1, for every z, € X there are a time h > 0 and admissible control u(s) €
Ly([0, k], R™) such that

U(h,0)xo + /Oh U(t,s)B(s)u(s)ds = 0. (3.1)

Let § > 0 be an arbitrary positive number. Multiplying both sides of (3.1) with e’ and
observing Ug,(t, s) = 2t U(t, s) we find

Ua;(h,0)zo + /0 Uas(h, s)B(s)u(s)ds = 0,

where @(s) = e**u(s). This implies that the initial state zo can be steered to 0 by the

admissible control @(¢) in the time h, i.e., the system [As(t), B(t)] :
y(t) = As(D)y(t) + B()u(t), te R, (3:2)

is GNC. Therefore, for every initial state xy € X there is an admissible control wu,(t) €
Ly([0, k], R™) such that the solution z(t) of the system (3.2) according to the control u,(t)
satisfies £(0) = xg,x(h) = 0. Define the control @,(t) € Ly([0,00), R™),t > 0 as U,(t) =
ug(t), if t € [0, h], and = 0, if ¢ > h. Then, taking any @@ € BM* (0, 00) we have

J () = /OOO[H%(?f)H2 +{(Q)x(t), x(t))]dt :/0 (lua(®)]* + (Q#)(t), 2(t))]dt < +oo.

This means that system [As(t), B(t)] is Q—stabilizable, and hence by Proposition 2.2, the
RDE
P(t) + A () P(t) + P(t)As(t) — P()B(t) B (t)P(t) + Q(t) = 0,

has a solution P € BM™(0, c0), which means (ii).

(ii)—(iii). Assume that the condition (ii) holds. For any 6 > 0, we define, the matrix
function @) € BM™(0, 00) satisfying

Q(t) > A(t) + AT (t) + 201 + B(t)B*(t), t€ RY. (3.3)

bt



Then, RDEjs has a solution P € BM™(0, 00). We now rewrite this RDFEj in the form
P(t) + A7 (t)P(t) + P(t) As(t) — e P(t) Bs(t) B (t) P(t) + Q(t) = 0, (3.4)

where Bs(t) = e’ B(t). By using the transformation y(t) = e‘z(t),t € R*, system (2.1) is
transformed to the system

y(t) = As(t)y(t) + Bs(tu(t), y(0) = yo,t € RT, (3.5)

We first prove that the solution y(t) of the system (3.5) is bounded on R™. For this, we
consider the following Lyapunov function

Vit,y) = (Pt)y.y)+ lylI>. te€RT,

where P € BM™(0,00) is the solution of (3.4). It is easy to verify that the Lyapunov
function V'(t,y) satisfies the inequality

Mlyll? <Vt y) < Xallyl?, vt e R,
for some A;, Ao > 0. Let us choose a feedback control of the form

6—2&

u(t) = ———B5 (1)[P(t) — 1ly(®). (3.6)
With the feedback control (3.6), taking the derivative of V'(.) in ¢ along the solution of (%)
of the closed-loop system of (3.5), we have
V(ty(t) = (POy(t),y(0) + 2(P(0)g(t), y(1)) + 2((t), y(1))
= (P(t)y(t),y(t)) + (A5 () P(t) + P(t) As(1)y(2), y (1))
+2(As(0)y (1), y (1)) + 2(Bs(H)u(t), y(t)) + 2(P(t) Bs(t)u(t), y(t))
= ([P(t) + AT ()P(t) + P(t)As(t) — e ™" P(t) B (1) B () P()]y(1), y(t)
+H{[As(t) + AT (1) + e Bs(t) By ()]y(t), y(1))
= —([Q(t) = (A(t) + A" (t) + 201 + B(t) B* (1))Jy(t), y(t)).

By choosing of Q(t) from the condition (3.3), we get V(t,y(t)) < 0,t € R*, and then by
Proposition 2.3, the solution y(t) is bounded:

AN >0 ly®l < Nlyoll.t € BT
Returning to the solution z(t) of system (2.1), by noting that z(0) = y(0) = xy, we obtain
()| < Nljzolle™™, Vte R*.

The last condition means that with the feedback control (3.6):



= S BIOIP() ~ Tlalt) = K(H)a(t)
the zero solution of the closed-loop system:
i(t) = [A(t) + B(t)K(t)]=(t),t € R*,

where

K(t) = —%BT(t)[P(t) 1) € BM™M(0, ),

is exponentially stable with the decay rate 6 > 0.
(iii) —(i). Let the system [A(¢), B(t)] be completely stabilizable, but assume to the
contrary that the system is not globally-null controllable. Taking 6 > «, where o« > 0 is

defined by the condition (2.2). From the complete stabilizability it follows that there is
K € BM™*™(0,00) such that the solution z(¢, x¢) of the closed-loop system

(t) = [A(t) + B(t) K (t)]x(t)
satisfies the inequality:
lz(t, z0)|| = [|Uk (¢, 0)zoll < Nllzofle™, Vte R, (3.7)

where Uk (t, s) is the transition matrix of the closed-loop system. Substituting the feedback
control u(t) = K(t)z(t) = K(t)Uk(t,0)zy and the solution x(t,z9) = Ugk(t,0)zo into the
Cauchy solution of the nominal system:

x(t, zo) = U(t,0)xg +/0 U(t, s)B(s)u(s)ds,
we obtain
U(t,0)z0 = Use(t, ) — / Ut $)B(s) K (5)Use (5. 0)ods, ¢ € R

Since the above equation holds for all zy, € R", the following inequality holds for every
reR":

¢
IU7 (¢, 0)]| < UK (£, 0)=]| +/ Uk (s, 0) K" (s) B (s)U" (t, 5)x|ds.
0
Taking condition (3.7) into account, we have
¢
|UT(t,0)z|| < Ne %z| + Nk:/ e || BT (s)UT (¢, s)x||ds
0

t t
< Ne|a|| + Nk( / e=20 s\ 1/2( / IBT()UT (1, $)z2ds) 2, (3.8)
0 0



where k := sup{[| K (s)|| : s € [0,00)} < +00. Setting B(t) = ([, e~?*ds)"/?, we have

Blt) = (55 — 5ze )2 (39

By the contrary assumption, the system (2.1) is not globally null-controllable. Then, by
Proposition 2.1 (i), for every ¢t > 0,¢ > 0 and € € (0, 1) satisfying

(1 —€)v/2672
<[U=DE) 510
there exists =, € R" such that
¢
/ HBT(S)UT(t, s)x||ds < c||UT(t,O)x*||2. (3.11)
0

It is obvious that z, # 0, we can consider, without loss of generality, the inequality (14)
holding for ||z.|| = 1, otherwise we can take z; = i1+ Therefore, from (3.8) and (3.11), it
follows that

|UT(t,0)z.]| < Ne™® + \/eNkB(H)||UT (t,0)z.]|. (3.12)
On the other hand, we note that
L=l = [UT(0, U (¢, 0|} < [|UT(0, )T (¢, 0)a ]|,

which gives

1
< |UT0,)] < Me™, teR*. (3.13)
[UT(¢,0)x.||

Therefore, combining (2.2), (3.12) and (3.13) gives

Nefdt

1< ————— +VeNkB(t) < NMe =9 1\ JeNES(t), te RY,
|UT(¢,0).|]

hence
1 — eNEB(t) < NMe Ot + ¢ RY.
By letting t go to the infinity and noting (3.9) that 3(t) — (1/v/26), the right-hand side of

the above inequality goes to 0 because 0 > «, we have thus

1
1 —eN—FE <0.
Ve Ak <

Then, from condition (3.10), we obtain the following inequality

1
e<1—eN——Fk <0,
Ve sk <
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which leads to a contradiction. This completes the proof of the theorem.

Remark 3.1. It is worth noting that the condition (ii) of Theorem 3.1 can be relaxed by
the condition:

(ii): For every § > 0, there exists Q € M™ such that the RDEj;, where Q(t) = @ has a
solution P(t) € BM™*(0,00).

Indeed, in this case, taking the Lyapunov function V(t,y) = ( ( )y,y), where P(t) €
BM™(0,00) is the solution of RDE (3.4) for some Q(t) = Q € . With the feedback

control

672&

u(t) = —TB(;T(t)P(t)y(t),

the derivative of V(.) in ¢ along the solution of y(t) of the closed-loop system of (3.5) gives
V(t,y(t)) < —e|ly(t)||?, for some € > 0. Integrating both sides of the last inequality from 0
to t gives

V(t,y(t)) —V(0,y0) < —¢ /Ot ly(s)||ds.

Since V(t,y) > 0, we obtain that

[ vt < 2Oy e < oo

Let Us(t, s) be the transition matrix of the closed-loop system of (3.5). It is easy to veirfy
that Us(t, s) satisfies the condition (2.2). For every x € R",t € RT, we have

1_6—2at ) t ) )
U0l = [ s, 0)alds
@ 0
t
< [ e U ) PIUsls, 0)alds
0
t
_ M?/ |Us (s, 0)z]|%ds,
0
and hence
M2«
WO = 10360l < 2225 [ 0G0l

1
M?200 Apax (P(0))

1— 672005

M?*2a
= 2 [k
€ 0

lyoll*. (3.14)

Letting ¢t — oo, the right-hand side function is finite due to (1 — e 2*) — 1 and this implies

that the solution y(t), which is a continuous function, is bounded on R*. The end of the
proof is easily followed by the same argument used in the proof of Theorem 3.1.
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Remark 3.2. The condition (i) of Theorem 3.1 concerns with the solution of Riccati
diferential equations. Note that the problem of solving Riccati differential equations is in
general still complicated, however some various efficient approaches to solving this problem
can be found, for instance, in [8, 12]. In the example below, we try to show the correctness of
the obtained result, where the solution of (RDFE); is easily defined by solving some ordinary
differential equations.

An example. Consider the LTV control system (2.1) in R?, where

—0.5sint —1 \/GQCOSt + 2¢ecost _ ] 1
Alt) = ( 1 —0.5 sint) B(t) = ( -1 Ve2cost | Qecost 1) ’

To verify the global null-controllablity of the system we apply Proposition 2.1 (ii). We have

C(b(t) 1 0.5b(t)sint — 1+ b(t) 0.5sint + b(t)
M) = (—1 b(t) —0.5sint —b(t)  0.5b(t)sint — 1+ b(t)) ’

where b(t) := v/e2cost 4 2ecost — 1 then rank M(tg) = 2 for, e.g. to = 5. For any 6 > 0,
taking @Q = 61 € M+, the RDF; has a solution P(t) € BM™(0,00) defined as

567cost O
P(t) = ( O 5ecost) .

On the other hand, we can verify that the system is completely stabilizable with the feedback
control

up (t) = —0.50e™ sty e2cost 4 Decost — T (t) + 0.55e™ Sty (1),
uy(t) = —0.50e™ Sty (t) — 0.50e s ty/e2cost 4 2ecost — g,(¢).

From the estimation (3.14), we can define a number N > 0 such that the solution of the
system satisfies the inequality

||lx(t, zo)|| < Ne_&HxOH, Vit > 0.

4 Conclusion

This papers has been concerned with the problem of controllability, stabilizability for linear
time-varying systems. An equivalence between the global null-controllability, complete sta-
bilizability and the existence of the solution of some appropriate Riccati differential equation
is presented.
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