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Abstract: This paper deals with the class of continuous-time linear systems
with Markovian jumps and time-delay. The delay in the system dynamics is
assumed to be time-varying. Under norm-bounded uncertainties and based
on the Lyapunov method, a mixed Ha/Ho controller that minimizes the Hs
performance measure when satisfying a prescribed Ho, norm bound on the
closed-loop system is proposed. LMI-based sufficient conditions for the exis-
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1 Introduction

During the last decades the state feedback control that meets desired performance and/or
robustness specifications has attracted a lot of researchers from the control community
and different types of controllers were proposed. The mixed Ha/Hoo state feedback
controller belongs to this class of controllers and it consists of determining a state feedback
gain that achieves a certain nominal (suboptimal) performance measure subject to a
robustness constraint. This feedback controller satisfying simultaneously the Hs and
H~ specifications is interesting since it gives robust stability and nominal performance.

Bernstein and Haddad [1] were the first to introduc the mixed Ha/Hoo control problem.
Their approach consists of minimizing an auxiliary cost function subject to the Ho
norm constraint and this cost provides an upper bound on the Hs norm. The work
of Berstein and Haddad has been extended to other mixed Ha/Hoo control problem
(see for instance the work in [2,3]). For other related works on the design of Ho/Hoo
controllers by state feedback or output feedback, we refer the reader to Haddad, et al. [4],
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Limbeer, et al. [5], Mustapha [6], Rotea and Khargonekar [7] and Saberi, et al. [8] and
Leibfritz [14]. For results using the LMI formalism we quote the works of Geromel, et
al. [9], Giusto, et al. [10], Kaminer, et al. [11], Khargonekar and Rotea [12], and Rotea
and Khargonekar [13].

For the time-delay system there exists only one reference that deals with the ro-
bust mixed Ha/Hoo. This work was done by Kim [15]. The paper considers the norm
bounded uncertainties. The time was considered to be time-varying. Kim developed some
LMI-based sufficient conditions that solve the robust mixed Ha/Hso control problem for
uncertain linear systems with time-delay.

As it was mentioned by different papers reported in the literature, there exist some
plants that can not be modelled by deterministic time invariant model as it is the case
in the work of Kim due maybe to abrupt changes in the dynamics for instance or to any
equivalent phenomena that makes the dynamics switches instantaneously and randomly
between some finite number of models. This behavior was shown to be adequately
represented by the class of Markovian jumping parameters that has recently attracted
a lot of researchers due to its power to model different practical situations that the
standard time-invariant linear model doesn’t do. For more details of this class of systems
we refer the reader to Mariton [16] and the references therein. For the class of systems
with time-delay and all the connected works we refer the reader to Boukas and Liu [17].

The mixed Ha/Ho control for the class of linear systems with Markovian Jumping
parameters was studied by Costa and Marques for the discrete-time case [18] and Aliyu
and Boukas [19] for the continuous-time case. In these references, the given results are not
in LMI-based. The problem of H., control of the class of Markovian jumping parameters
systems with time-delay has been tackled by some authors among them we quote the
works of [17,20, 21].

To the best of our knowledge, the mixed Ha/Hoo control of the class of systems we
are considering in this paper has never been studied. The extension of the results on the
mixed Ha/Ho to the class of Markovian jumping parameters is of great interest for the
control community due to the importance of this class of systems in practice. The problem
we are addressing here consists of determining a mean-square stabilizing controller that
minimizes the upper bound of the Hs performance measure under the restriction that
the Hoo performance measure is less than a prescribed value v > 0 for all w € £2]0, c0).
We are interested by LMI-based conditions that can be easily solved using the existing
LMI tools. In this paper we will address the design of mixed Ha/Hoo controller with
or without uncertainties in the dynamics of the class of Markovian jumping parameters
with time-varying delay.

The rest of this paper is organized as follows. In Section 2, the problem is stated and
the goal of the paper is presented. In Section 3, the main results are given and they
include results on stochastic stabilizability and its robustness. A memoryless controller
is used in this paper and a design algorithm in terms of the solutions of linear matrix
inequalities is proposed to synthesize the controller gains we are using.

Notation. Throughout this paper, R” and R™*™ denote, respectively, the n dimen-
sional Euclidean space and the set of all nxm real matrices. The superscript “T” denotes
matrix transposition and the notation X > Y (respectively, X > Y'), where X and Y are
symmetric matrices, means that X — Y is positive semi-definite (respectively, positive
definite). I is the identity matrices with compatible dimensions. Y is a constant matrix
associated with the controller. E{-} denotes the expectation operator with respective to
some probability measure P. L is the space of integral vector over [0,c0). || - || will refer
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to the Euclidean vector norm whereas || - || denotes the Lo-norm over [0, 00) defined as

I£12 =E[ [ 17wt at].

2 Problem Statement

Consider a hybrid linear continuous-time system with N modes, i.e., S = {1,2,--- N}
and assume that the mode switching is governed by a continuous-time Markov process
{ri,t > 0} taking values in the state space S and having the following infinitesimal
generator:
A= ()\ij)u i, j S S7
where )\ij Z 0, V] 75 ’i, /\“ = — Z /\ZJ
J#i
The mode transition probabilities are described as follows:

Aij A+ o(A), Jj#i,

1

P[Tt+A—j|7"t—i]—{

where ilgo o(A)/A = 0.

Let z(t) € R™ be the physical state of the system, which satisfies the following dy-
namics:

8

(t) = A(ry, )z (t) + A1 (re, )x(t — h(t)) + B(re, t)u(t) + Bi(ry)w(t),
( (s),—7<s<0,

21(t) = Ci(re)a(t) + Di(re)u(t),

2a(t) = Ca(re)a(t) + Da(r)u(t),

(2)

where u(t) € R™ is the control input system, w(t) € R! is the disturbance to be rejected
and/or reference to be tracked, which we assume to belong to L3[0,0), z(t) € RP,
i = 1,2 is the controlled (regulated) signal, A(ry,t) = A(ry) + Da(ry)Fi(r, t)Ea(ry) €
R™ 7™ Ay (re,t) = A1(ry) + Dar(re)Fa(ry, t)Ear(ry) € R™ ™, and B(r,t) = B(r,) +
DB(Tt)Fg(Tt, t)EB(Tt) € R™™ with A(Tt), Aq (Tt), B('f‘t), By (Tt), DA(T‘t), Dy ('f‘t),
Dpg(re), Ea(ry), Eai(rs), and Eg(rs), are known real matrices with appropriate di-
mensions for each r; € S, and Fy(r¢), k = 1,2, 3 are unknown real time-varying matrices
with appropriate dimensions satisfying the following:

E) (ry, ) Fi(re,t) <1, Yry €8, (3)
h(t) > 0 represents the system delay, that satisfies 0 < h(t) < 7, h(t) < § < 1, and ¢(t)
is a smooth vector-valued initial function in [—7,0].

The initial condition of the system is specified as (rg, ¢(-)) with rq is the initial mode
and ¢(.) is the initial functional such that

o(s) = 6(6) € Lal=r,02 (0] [ £ (00 < oc).
0
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Remark 2.1 The uncertainties that satisfies the conditions (3) are referred to be ad-
missible. The uncertainties we are considering here are time and mode system dependent
only. The results we are developing here will remain valid for systems with uncertainties
that may depend on time, modes and states systems.

For system (2) with u(.) 20fort > 0, we have the following definitions:

Definition 2.1 System (2) with u(.) éO, V¢ > 0 and all the uncertainties equal to
zero, is said to be

(i) stochastically stable (SS) if there exists a positive constant T'(ro, ¢(-)) such that
the following holds for any initial condition (7, ¢(.)):

E| [ lla@)]dt
/

(ii) mean square stable (MSS) if the following holds for any initial condition (rq, ¢(.)):

ro, #(s) = ¢(s), s € [=7,0]| <T(ro,¢(-)); (4)

Jim Ela(t)]* = 0;

(iii) mean exponentially stable (MES) if there exist constants a(rg,¢(-)) > 0, 8 >0
such that the following holds for any initial condition (rg, ¢(.)):

Elllz()I*] < alro, 6(-))e™"". (5)

Obviously, MES implies MSS and SS.

Definition 2.2 System (2) with u(.) 20 for t > 0, is said to be

(i) robustly stochastically stable (RSS) if there exists a positive constant T'(rq, ¢(-))
such that (4) holds for any initial condition (rg, ¢(.)) and for all admissible un-
certainties;

(ii) robustly mean exponentially stable (RMES) if there exist constants a(rg, ¢(+)) > 0,
£ > 0 such that (5) holds for any initial condition (rg, ¢(.)) and for all admissible
uncertainties.

Obviously, we can show that RMES implies RSS.
In the rest of this paper, we will be interested by the design of a state feedback control
law in the following form:

u(t) = K(re)z(t), (6)

where z(t) is the system state, and K (i), i € S is a constant gain matrix that has to be
determined and which constitutes one of our main goal in this paper.

In the rest of this paper, we will assume that we have complete access to the state
vector, z(t), and to the mode, r; at nay time ¢ > 0.

Definition 2.3 System (2) with all the uncertainties equal to zero, is said to be
stabilizable in the stochastic sense if there exists a control law of the form (6) such that
the closed-loop system is stochastically stable for any initial condition (79, ¢(.)).
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Definition 2.4 System (2) is said to be robustly stabilizable in the stochastic sense if
there exists a state feedback controller of the form (6) such that the closed-loop system
is robustly stochastically stable for any initial condition (rg, ¢(.)) and for all admissible
uncertainties.

Remark 2.2 Notice that the stability in each mode doesn’t imply the stochastic sta-
bility of the global system. It is the same for the stabilization problem. The stability
and the stabilization problems of the class of system we are considering is not a trivial
one and more care should be taken when working with this class of systems.

The Hy performance and Hoo performance measures used in the rest of this paper are
defined as follows:

Jn, =E /zf(t)zl (t) dt] : 'Ha performance measure, (7)
Lo

Ju,. =E /Z;(t)ZQ(t) — 2w (t)w(t) dt] : Heo performance measure. (8)
Lo

The goal of the mixed Ha/Hoo control can be summarized as follows: Given the dy-
namical system (2) find a controller (6) that achieves the minimization of Hy performance
measure and satisfying H, norm bound within v (a given real positive constant) for all
w(t) € L2]0,00). In other words, the aim of the mixed Ha/Hoo control is to minimize
the output energy of z;(t) and at the same time satisfy the prescribed Ho, norm bound
of the closed-loop system from w(t) to za(t).

Plugging the controller (6) in the dynamics (2) we get:

@(t) = Ag (re, )a(t) + Ay (re, )a(t — h(t)) + Bi(re, H)w(t),
z(s) = d(s), —T<s<0,

zZ1 (t) = ClK(T‘t)JJ(t),
Zg(t) = CQK(T‘t)JJ(t),
where A (r¢,t) = A(re, )+ B(re, t) K (r), C1x (re) = C1(re)+D1(re) K (1) and Caok (1) =
CQK(Tt) + DQ(’I”t)K(’I”t).
Let us now give the following lemmas that we will use extensively in proving our
results in the rest of this paper. The proofs of the results of these lemmas can be found
in Boukas and Liu [17] or any equivalent reference.

(9)

Lemma 2.1 LetY be a given symmetric and positive-definite matriz, x(t) and y(t)
be two given vectors of appropriate dimensions, and F(t) a matriz with appropriate di-
mension satisfying F'T(t)F(t) < I. Then, for any ¢ > 0 we have:

pm2x (OF(t)y(t) <ex' t)Yz(t) +e ly )Y tyt), VreS.

Lemma 2.2 Let A, D, F, E be real matrices of appropriate dimensions with || F|| <
1. Then, we have

(i) for any matriz P > 0 and scalar € > 0 satisfying eI — EPET > 0,
(A+ DFE)P(A+DFE)" < APAT + APE" (eI — EPET)"'EPAT +<DD"; (10)
(ii) for any matriz P > 0 and scalar € > 0 satisfying P —eDDT >0,

(A+ DFE)'P"Y(A+ DFE) < A"(P—-eDD") 1A+ YrE. (11)
e
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Lemma 2.3 The linear matriz inequality

{H ST

AR

is equivalent to
R>0, H-S'R'S>0,

where H=H'", R=R" and S is a constant matric.

3 Main Results

The main goal of this paper is to develop an LMI-based design procedure for the mixed
H2/Hoo controller for the class of systems we are considering. The rest of this section
will treat the nominal system first and then consider the case of uncertain systems with
norm bounded uncertainties. In both cases, we will establish LMI-based conditions for
the mixed Ha/Hoo controller design.

3.1 Nominal system

Let us now assume that the uncertainties in the dynamics (2) are equal to zero for all
time and for all modes. In this case, the previous closed-loop dynamics becomes:

t) = Ag(ro)z(t) + A1 (re)z(t — h(t)) + Bi(ri)w(t),
s)=¢(s), —-1<s<0,

(t) = Cik (re)z(t),

(t) = Cak (re)(t),

where Ag(r) = A(re) + B(re) K(re), Cix(re) = Ci(re) + D1(re) K (r¢) and Cox (re) =
CQK(Tt) =+ DQ(’I’t)K(’I’t).

When the external disturbance w(t) is equal to zero for all ¢ > 0, the following theorem
gives the conditions that controller (6) should satisfy to stabilize the class of systems
under consideration.

(
(

1

8

(12)

N

22

Theorem 3.1 Let the disturbance input be equal to zero, i.e. w(t) =0 fort > 0.
The controller (6) is an Ha optimal controller satisfying the minimization of the Ha
performance measure (7) if there exist symmetric and positive-definite matrices P =
(P(1),...,P(N)), Q and a controller gain K = (K(1),...,K(N)) that the following
holds for every mode i € S:

N A J (i) P(i) Ay (i)
002 | b o) <0 (13)
with J(i) = AL (1)P(i) + P(i) Ak (i) + _JXV:l i P(5) + Q + Clx (re)Cik (r1). The Ha per-

formance measure is bounded by a positive scalar, i.e.:
0 :
Juy < T2 [CCT(O)P(TO)I(O) + / w(s)w(s)ds] . (14)

—h(0)
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Proof Let C[—7,0] be a space of continuous functions on the interval [—7, 0] and for
any z(t), t € C[—7,0], define ||z|| = sup [Jz(s)|. Obviously, the evolution of z(t)

—7<5<0
depends on z(s), t — 7 < s < ¢, which means that {(x(t),r:),¢ > 0} is not a Markov
process. To cast our model into the framework of Markov system, let us define a process
x(t) taking values in C[—7, 0] by

xs(t) =a(s+t), t—7<s<t

then, {(x(t),r¢),t > 0} is a strong Markov process. Consider now the Lyapunov func-
tional candidate with the following form:

t

V(x(t),r:) = ;CT(t)P(rt);E(t) + / xT(G)Qx(H) do, (15)

t—h(t)

where P(r;) and @ are symmetric and positive-definite matrices.
Let A be the infinitesimal generator of the process {(x(t),7:),t > 0}. Then, we get:

AV (x(t), 1) = & (t)P(r)z(t) + 2" (t)P(ry)@(t) + z ' ()Qu(t)
N
— (L= h(t)a " (t = h(t)Qu(t — h(t)) + Y _ Arjx | (t)P(j)(t)
j=1

= [(A(re) + B(r) K (ry))x(t) + As (r)z(t — h(t))] T P(ry)z(t)
z ' ()P (1) [(Alre) + B(re) K (re))x(t) + A1 (1) (t — h(1))]
zT ()Qu(t) — (1= h(t)x " (t — h(t)Qu(t — h(t))

N
—+ Z /\th!ET (t)P(j):E(f)
j=1

which gives the following:

N
AV (x(t), ) < 27 (1) [A}(n)P(m) P AR QY AMPm} "

j=1
+22 " (1) P(re) Ay (re)z(t — h(t) — (1 = Bz " (t — h(1))Qx(t — h(t))
Notice that (13) can be rewritten as follows:
ALWP) + POA) +Q+ X AsP() P . [c;K@
- 0
A ()P(i) -(1-p)Q

which gives in turn:

:| [ClK(i) O] <0

ALOPO +POAG) +Q+ X AsPU) POAG) | _

A{ () P(i) -1-pQ



126 E.K. BOUKAS

This implies that the system is stochastically stable under the control law (6) (see
Boukas and Liu [17] for the details of the proof).
Using now Dynkin’s formula, we get:

t

E[V(x(t),r:)] = V(x(0),m0) = E{/AV(X(S), rs) dS} :

0
Combining this with (13) we have:
IV (x(t7), 72~ Vx0)r0) < E| [ €T ()000)¢(0)ds|
0

with ((s) = [I(sx—(SfB(S))}

Using the fact that system is stable, this implies the following when letting ¢; goes to
infinity:

EUOT (5)21(s) ds] < V(x(0), 70)
0

0
—aTOPr)(0)+ [ T O)Qa(0) b,

—h(0)

ie.:

0
2
laal < [T OPE00 + [ 2T O)Qa(0) a8
—h(0)
which gives an upper bound for the Hy performance measure for the class of systems we
are dealing with. This ends the proof of Theorem 3.1.

Let us now put the condition of Theorem 3.1 in the LMI formalism since it is now
nonlinear in P(r;) and K(R;). From (13) we get the following using Schur complement:

ALOPO +POAG) + X APG) PO T Ol
A (i)P(i) ~(1-8)Q 0 0o | <o.
I 0 Q' o0
Cik (i) 0 0 ~I

Letting Q = (1 — 3)Q, the previous condition becomes:

A (OP()+P@)Ax (D)+ fl Ay P(N+P(HAL(HDQTAT ()P()) T Clyx(d)
=

. <0.
I -Q 0

C1k (3) 0 —I



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 3(2) (2003) 119-137 127

Letting now X (i) = P~1(i) and pre and post-multiplying the previous condition by
diag (X (@), I,I) we get:

Jo(4) X))  X@OKT()D{ (1) +X@H)C (i)
X (7) Q! 0 <0
D1(i)K (i) X (i) + C (1) X (4) 0 -I

with Jo(i) = X()AR () + Ax ()X () + X()| 3 A XT1G)]X6) + 41 (@147 ().

Si(X) = (VAX(@), - VA X (0, VA X (@), VA X ()
d

X; = diag (X (1),..., X(i—1),X(i+1),...,X(N))

J (i) X(i) YT@)D] @)+ X@C () Si(X)
X (i) -U 0 0 <0
Di(i)Y (i) +C1()X (i) 0 —I 0
S.(X) 0 0 —X;

with

Ji(1) = X(@)AT () + A@)X (1) + Y T ()BT (i)
+ BO)Y (i) + X X (i) + (1 = 8) ' A ()UA] (i)

This condition can be solved using the LMI toolbox of Matlab or any equivalent tool
to get the controller gain, K (r;) for every r, € S.

Let us now consider that the external disturbance is not equal to zero. The controller
(6) in this case is a Hoo controller and the following theorem gives the associated results.

Theorem 3.2 Let v be a given positive constant. The controller (6) will stabilize
the system and guarantee the disturbance rejection of level v for all w(t) € L3]0,00) if
there exist symmetric and positive-definite matrices P = (P(1),...,P(N)) and Q, and
a controller gain K = (K (1),... ,K(N)) such that the following holds for everyi € S:

2(7) P(i)AL(i)  P(i)B1(i)
Ou. = | A]()P(H) —(1-5)Q 0 <0 (16)
B (i)P(4) 0 -2
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N

with Jo(i) = Ak (i)P(i) + P(i)Ar (i) + ; NiiP(5) + Q + CJi (1)Cax (7). In this case we
have: ” o
leal = [Pl + T OPGoe ) + [ oTQotas| )
—h(0)

Proof To prove this theorem, let us assume that the controller exists and show that
it stochastically stabilizes the class of system we are considering. For this purpose notice
that (16) implies the following:

(i) P(D)A1(d)
[Af(i)P(i) —(1- g)@} <0 (18)

This inequality can be rewritten as:

ALOPO) + POARG) + X APU)+ @ POA) | | [c; ~

AJ (0)P(i) —(1-p)Q
which gives in turn:
N
Ak ()P@i) + P(i) Ak (i) + 32 A P(j) +Q  P(i)A1(q)
j=1
AT (i) P (i) —(1-p)Q
This implies in turn that the system is stochastically stable under the controller (6)
(for more details on the rest of the proof, we refer the reader to Boukas and Liu [17]).

Let us now, show that the Hy_ performance measure is bounded. For this purpose,
let us define the performance function:

Ir = E[ /T (27 (B)z2(t) — 7% (1) (1)) dt} .

To prove that Hy_ performance measure is bounded, it suffices to establish

0
T < V(x(0), 70) = g P(ro)zo + / $(5)Qe(s) ds.

—h(0)
Using Dynkin’s formula, we have
T
E[/AV(x(t), )] dt} =E[V((T),rr)] — V(x(0),79),
0

where V(x(¢), ) is given by equation (15).
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Noticing that:
23 (1)z2(t) = V’w T (Ww(t) = 2T (1) Cok (1) Car (re)z(t) — 7v*w T (Hw(?)
and

N
AV (x(t),r)] < & (t) | Aj (re) P(re) + P(re) Ag (re) + Q + Z)\ijp(j):| 40

j=1
+ 2$T(t)P(Tt)A1(T’t)IE(t —h(t)) + 2$T(t)P(Tt)B1 (re)w(t)
— (1= p)z"(t = h(t)Qux(t — h(t))

we get:
2 (t)za(t) = Y*w (Ow(t) + AV (x(1), ) < 0" ()On., (re)n(t),

where ' (t) = (27 (t) =" (t — h(t)) w'(t)). Therefore,

Since Op_ (i) < 0 and E[V(x(T),rr)] > 0, (19) implies
Jr < V(x(0),70),

yielding

ie.,
0
Jaally = 9wl < a5 PlroJoo + [ 07 (5)Q0(s) ds.
—h(0)
This yields
0
lzally < 22l +a7 Plrojaa+ [ 67 (9)Q0(s)ds,
—h(0)

which gives the bound we are looking for.
This ends the proof of Theorem 3.2.
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In a similar way we can put the condition (16) in the LMI formalism in the design
parameters. The new conditions becomes:

J2 (1) X(@) Bi()) YT(i)D3 (i) + X(i)Cq (i) Si(X)

X (i) U 0 0 0

BT (i) 0 —y2I 0 0 | <0 (20
Co(i)X (i) + Do(i)Y (i) 0 0 I 0

S(X) 0 0 0 -X;

with
Jo(i) = X()AT (i) +AG)X (@) +Y " ()BT (i) +BGE)Y (i) + N X (i) +(1—6) AL () U A (i).

Notice that in (14) and (31) we have the following common term:

rT(0)P( / 8T (5)Q0(5)
—h(0)
that we should minimize to guarantee good performances. By doing so, simultaneously
we will guarantee a minimum upper bound for the Hs performance measure and a good
disturbance rejection with a level v for all w(t) € £2[0, 00). Before giving the optimization
problem that will allow us to reach our goal, let us formulate the cost function.
First of all, notice that =T (0)P(i)x(0) for all i € S can be bounded by a real positive
constant that we should minimize:
2" (0)P(i)z(0) < a
with & = max(z " (0)P(1)z(0),... ,2 " (0)P(N)z(0)); which we can rewrite as follows:
—a+¢"(0)X ' (1)$(0) <
where X (i) = P71(4).

This can be rewritten in matrix form as:

—a ¢ (0)
b(o) _X(Z.)] <0. (21)

For the second term of the common term for the two performance measures, notice
that:

0
/ o' (5)Qa(s / tr (@7 (s)U'¢(s)) ds
—h(0

—h(0)
=tr WNTU ) =tr WU W) <tr(Q)
0
with NNT = [ ¢(s)¢" (s)ds. This gives:
—h(0)

—Qi+NTUIN <.

[_Ql NT] <0. (22)

In matrix form we get:

N U
The following theorem gives the optimization that we could solve to get the controller
gain.
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Theorem 3.3 Let v be a given positive constant. If there exist symmetric and
positive-definite matrices X = (X(1),...,X(N)), U and Q and a positive scalar «,
and a matriz Y = (Y (1),...,Y(N)), solution of the following optimization problem:

min (a + tr (Q))
s.t:
§ 8 X (é) YT (i)D] (i)0+ X(4)C1(d) Si(OX )
Ci()X () + Di(i)Y (@) 0 —I o | <0 (23)
ST (X) 0 0 —X;
Ja (i) X(i) Bi(i) YT()D; (i) +X(H)C5 (i) Si(X)
X () -U 0 0 0
B (i) 0 -2 0 0 <0,
Co()X (i) + Do (i)Y (i) 0 0 —I 0 (24)
ST(X) 0 0 0 —X;
—a ¢ (0)
oty X)) <0 (%)
{_ﬁl /YH <0, (26)

then the controller (6) is a mized Ha/Hoo controller satisfying the control objective (8).
The controller gain is given by K (ry) =Y (r)X ~1(rt), for every mode r; € S.

This theorem gives a procedure to design the mixed Hs/Hoo controller for the nominal
class of systems we are dealing with. The optimization that we propose is a convex one
that we can solve using the existing tools like the one of Matlab or any equivalent one.

In the next subsection we will see how we can modify the results on this subsection
to handle the case of uncertain systems.

3.2 Uncertain system

Let us now assume that uncertainties are not equal to zero and suppose that they satisfy
the conditions (3). In this case the closed-loop dynamics becomes:

= A (r)x(t) + Ar1(re, )z (t — h(t)) + Bi(re)w(t),
s)=¢(s),—T <s<0,

If) = ClK(Tt),T(f),

t) = Cox (ry)z(t),

(27)

N

2

where Ag (r:) = A(re, t) + B(re, ) K (1), Cik (1) = C1(r¢) + D1(r¢) K (r¢) and Cog (r) =
Carc (re) + Da(r) K (1¢).
If we apply the results of Theorem 3.1 to the uncertain system (27), we get:

J(Tt,t) P(Tt)Al(’l"t,t)

AT (r,)P(r)  —(1—p)Q | ="
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N

with J(’I“t, t) = A;(Tt,t)P(’l"t) + P(’I“t)AK(Tt,t) + Z )\thp(j) + Q + C;—K(Tt)clK(’ft).
j=1
This gives in turn the following:
J(’I“t, t) + (1 - ﬁ)_lp(Tt)Al (Tt,t)Q_lAI(Tt, t)P(Tt) <0 (28)

since
A}(Tt,t)P(’l”t) + P(’I”t)AK(Tt,t) = A;(Tt)P(Tt) + P(’I”t)AK(Tt)
+ 2P(Tt)AA(’I”t, t) + 2P(’I”t)AB(’I”t, t)K(Tt)
using Lemma 2.1, we get:
A}(Tt,t)P(’l"t) + P(’I"t)AK(Tt,t) S A}(Tt)P(Tt) + P(’I"t)AK(Tt)
+eaP(ro)Da(re) Dy (re) P(re) + €4  EA (re) Ea(re)

)
+ EBP(Tt)DB(Tt)Dg(Tt)P(Tt) + aglKT(rt)Eg(rt)EB(Tt)K(Tt).

For the term (1 — 3)~1P(r;) A1 (re, t)Q LA (r4,t)P(r) notice that using Lemma 2.2,
we have:

Ay (re, ) QAT (re,t) < A (r) QA (re) + A1 (r)Q ' E} (1)

< (ea] = Bayr)Q EL (m)) " Eay(r)Q AT (r) + 21D, () D, ()
which gives the following when we replace Q1 by (1 — )~1Q~:
Axlre (1~ 8)7Q71AT (re 1) < Ay(r)(1— H)7Q A (1)
£ A1) - B QER () (el — Ba ()1 - 97 QU ER ()

X Ea,(re)(1=B)"'Q A (r) + ea1Da, (r) D, (re).

Based on all these transformations the condition (28) becomes:

N
Afe(ro)P(re) + P(re) Ak (r1) + €aP(re) Da(re) D3 (re) P(re) + Q + > A, P()

+ O (re)Caxc () + €5 B (1) Ba(re) + epP(r1) Dp(re) D (ro) P(r1)
+ep' KT (r)EL (re) Ep(re) K (re) + P(re) Ai(re) (1 = 8) 7' Q™ A (1) P(r)
£ PO - 5)'Q BL () (T — Bay ()1~ 0) QT ER (r)
X B (re)(1 = B) T Q7 A (re) P(re) + ea1P(re) Da, (re) D A, (1) P(re) < 0.

In matrix form we get:

Ja(re) BL(ro) KT () B () BU0MC8 PnGo 1 o, ()
Ea(re) eal 0 0 0 0
Eg(ri)K(re) 0 el 0 0 0 <0
T —1,4T —15T
EA1(Tt)Q(1:;1) )Py o eIt EAm)(cleiB)EAm) 0 o
I 0 0 0 Q7! 0
CYE (1) 0 0 0 0 -1
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with

N
Js(re) = Aje(r) P(re) + P(ro) Aje(re) + Y A P(j)
j=1
+eaP(ri)Da(re)D j(r1)P(ry) + epP(ri) Dp(re) D (re) P(r;)
X ea1P(ri)Dar(ri) D}y (re) P(re) + (1= 8) " P(r) A (r) Q" A (r) P ().
Now if we pre and post-multiplying the right hand side term by diag (X (¢),I,I,1,1)

with X (i) = P71(i) and by following the same steps as we followed to transform (13) in
LMI form, we get:

Js(r1) X(r)EL(r) Y (r)Ef(r) A0
Ea(re) X (re) eal 0 0
Ep(r)Y (r:) 0 epl 0
T T
slitiac) ! 0 e Bl
X(re) 0 0 0
Cl(Tt)X(T‘t) +D1(T‘t)Y(T‘t) 0 0 0
L 5 (X) 0 0 0
X(re) Y (re)D{ (re) + X (re)CY (1) Sp(X)7]
0 0 0
0 0 0
0 0 0 |<o (29)
-U 0 0
0 -1 0
0 0 -X;

with

Ja(re) = A(re) X (1) + X (re) AT (1) + Apor, X (1) + B(r)Y (re) + Y " (1) BT (ry)
+eaDa(re)DA(re) +epDp(re)Dp(re) + ca1Dar(re) Dy, (re)
+ (1 — 6)71A1(Tt)UAI(Tt)-

If this condition is satisfied, we can easily prove following the steps of Theorem 3.1’s
proof that the system is stable under the control law (6) when the external disturbance
is equal to zero and that the Hy performance measure is bounded, i.e.:

0 1
il < |00+ [ oTIQ0te)as]
)

—h(0

The following theorem summarizes the corresponding results.
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Theorem 3.4 Let the disturbance input be equal to zero, i.e. w(t) =0 fort > 0.
The controller (6) is an Ha optimal controller satisfying the minimization of the Ha
performance measure (7) if there exist symmetric and positive-definite matrices P =
(P(1),...,P(N)), Q and a matriz Y = (Y(1),...,Y(N)) that (29) holds for every
mode © € S. The Ho performance measure is bounded by a positive scalar, i.e.:

0 1
2
| o0 ds
—h(0)
The controller gain K (i) = Y (i)X ~1(i) for everyi € S.

When the external disturbance is not equal to zero we can easily follow the same step
as for Theorem 3.4 to establish the results of Theorem 3.5.

Jr, < J*2 |27 (0)P(ro)z(0) +

Theorem 3.5 Let v be a given positive constant. The controller (6) will stabilize
the system and guarantee the disturbance rejection of level 7y if there exist symmetric and
positive-definite matrices P = (P(1),...,P(N)), @ and positive constants e, eg and
€4y, and a matriz’ Y = (Y/(1),... ,Y(N)) such that the following holds for every i € S:

B A1 (ro)UE ] (rq
T5(re) X(r)ES () Y (r)BL(ry)  AfBule)
EA(’I”t)X(Tt) EAI 0 0
EB(’I”t)Y(’I”t) 0 EBI 0
T T
EAl(a)jjﬁ?l(Tt) 0 0 _EAII+ EA(Tzl)gg)A (r+)
X(ry) 0 0 0
BT (ry) 0 0 0
OQ(’I”t)X(Tt) + DQ(Tt)Y(Tt) 0 0 0
L S;Z(X) 0 0 0
X(ry) Bi(re) YT(re)D3 (re) + X(r)Cy (re)  Sr,(X)7]
0 0 0 0
0 0 0 0
0 0 0 0
_U 0 0 0 <0 (30)
0 —72I 0 0
0 0 —I 0
0 0 0 -4

with

Js(i) = X(0)AT (i) + A@)X (i) + YT (0)BT (i) + B(d)Y (4) + A X (d)
+eaDA(i)D (i) +epDp(i)D5 (i) +ca1D a1 (i) D} (i)
+ (1 =) P A UAT (i) + 7B (i) B (3).

In this case we have:

N|=

0
2]l = [7l|lwl? + 2 (0)P(ro)2(0) + / ¢ (5)Q(s) dS]
—h(0)

For the same reasons as before, if we combine the two previous theorems we get the
following one that gives the optimization that we could solve to get the controller gains

in each mode for the uncertain class of systems we are dealing with.
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Theorem 3.6 Let v be a given positive constant. If there exist symmetric and
positive-definite matrices X = (X(1),...,X(N)), U and Q and positive scalars «, €4,
ep and €a,, and a matric Y = (Y(1),... ,Y(N)), solution of the following optimization
problem:

min(a + tr (Q))
s.t:
- T
Ta(re) X(r)ES () YT (r)EL(ry)  AdlBule)
Ea(rs) X (r) eal 0 0
E;B(rt)Y(rt) 0 el 0 .
E 1(r+)UA1(r) EA(ri)UE 4 (1+)
= 0 0 —emd + =75
X (ry) 0 0 0
4 (T‘t)X(Tt) + Dy (T‘t)Y('f‘t) 0 0 0
L S55(X) 0 0 0
X(re) Y (re)D{ (re) + X (r)CY (re)  Sr, (X))
0 0 0
0 0 0
0 0 0 | <o, (31)
-U 0 0
0 -1 0
0 0 -X;
- T
T5(re) X(r)ES () YT (r)Ef(ry)  AdlBule)
Ea(rs) X (re) eal 0 0
E;B(rt)Y(rt) 0 el 0 .
E 1(r+)UA1(re) EA(ri)UE 4 (1+)
e 0 0 —emd + =5
X (ry) 0 0 0
BT (ry) 0 0 0
CQ(T‘t)X(Tt) + DQ(T‘t)Y(T‘t) 0 0 0
L 5 (X) 0 0 0
X(re) Bi(re) YT (re)Dg(re) + X(r)C3 (1) Sp(X)]
0 0 0 0
0 0 0 0
0 0 0 0
U 0 0 0 <0, (32)
0 -2 0 0
0 0 —I 0
0 0 0 X

Loy Z] <0 )
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_ T
[ J\/Q jYU] <0, (34)
then the controller (6) is a mized Ha/Hoo controller satisfying the control objective (8).
The controller gain is given by K(r;) = Y (r) X ~1(ry), for every mode vy € S.

This theorem provides a procedure to design a memoryless state feedback controller
of the form (6) that stabilizes system (2) in the robust SS sense. The advantage of these
results is that we can use the LMI tools to solve it for any dynamical system of the class
we are considering in this paper.

4 Conclusion

This paper deals with the class of continuous-time linear systems with Markovian jumps
and time-delays. The time-delay is assumed to be time-varying. Results on stochastic
stabilizability and its robustness are developed. The LMI framework is used to establish
the different results on stabilizability. The conditions we developed can easily be solved
using any LMI toolbox like the one of Matlab or the one of Scilab. These results we can
be extended to other type of controller and also to the case where the time-delay is mode
dependent as it was developed in Boukas and Liu [17]. This will be the subject of our
future research.
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