Linear Quadratic Control for Sampled-data Systems
with Stochastic Delays

Masashi Wakaiki!, Masaki Ogura?, and Jodo P. Hespanha®

Abstract

We study optimal control for sampled-data systems with stochastic delays. Assuming that the delays can
be modeled by a Markov chain and can be measured by controllers, we design a control law that minimizes
an infinite-horizon continuous-time quadratic cost function. The resulting optimal control law can be efficiently
computed offline by the iteration of a certain Riccati difference equation. We also obtain sufficient conditions in
terms of linear matrix inequalities for stochastic stabilizability and detectability, which are used for the optimal
controller design.

I. INTRODUCTION

Time-varying delays often appear in networked communication and real-time implementation of control sys-
tems, as surveyed in [1], [2]. Since the variation of such delays can be large, it may not be suitable to use optimal
controllers that are constructed for the case of constant delays, e.g., in [3, Chapter 6]. One solution to compensate
for time-varying delays is to measure delays by time-stamped messages and exploit these measurements in the
control algorithm. An example of this scenario is inter-area power systems [4]. Our goal is to design optimal
control laws that employ real-time information about time-varying delays.

Delay-dependent controllers have been widely used for systems with time-varying delays, and the stabilization
by such controllers has been studied in [4]-[12] and references therein. For systems with stochastic delays, the
design of linear quadratic (LQ) controllers has also been developed for scenarios where delay measurements are
available [13]-[16] and where they are not [17]-[21].

Although delay-dependent stabilizing controllers can be obtained offline, the LQ controllers in the earlier
studies [13]-[15], [17]-[21] require online computation. Furthermore, those designs of LQ controllers are based
on simplistic assumptions that the delays can take only finitely many values or follow independent and identically-
distributed distribution, but networked-induced delays generally take a continuum of values in a given interval
and are often modeled by a Markov chain (see, e.g., [22], [23] for the Markovian modeling of network-induced
delays). A notable exception are found in [16], whose authors present a method for offline computation of LQ
controllers for systems having continuous-valued Markovian delays. However, in the controller design of [16], we
need to solve a nonlinear vector integral equation called the Riccati integral equation. Moreover, the LQ criterion
employed in [16] is defined in the discrete-time domain, and therefore fails to incorporate the intersample behavior
of the closed-loop system.

In this paper, we study LQ control for sampled-data linear systems and present a computationally efficient
method for finding an optimal control law. We reduce our optimal control problem with a continuous-time LQ
criterion to an LQ problem for a discrete-time Markov jump system whose jumps are modeled by a Markov
chain taking values in a general Borel space. This reduction is the first contribution of this study and enables
us to deal with Markovian delays that take arbitrary values in a given interval. Furthermore, we can obtain the
LQ control law by the iteration of a Riccati difference equation based on the results of [24], and the derived
controller is optimal including intersample behaviors.
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The proposed method requires stochastic stabilizability and detectability of certain pairs of matrices constructed
from a given sampled-data system. However, there has been relatively little work on the test of these properties.
Our second contribution is to provide novel sufficient conditions for stochastic stabilizability and detectability in
terms of linear matrix inequalities (LMIs). These conditions are inspired by the gridding methods for establishing
the stability of networked control systems with aperiodic sampling and time-varying delays in [6], [25]-[27].

This paper is organized as follows. In Section II, we introduce the closed-loop system and basic assumptions,
and then formulate our LQ problem. In Section III, we reduce our LQ problem to an LQ problem for discrete-time
Markov jump systems, which allows us to apply the general results in [24] to the reduced LQ problem in Section
IV. Section V is devoted to the derivation of sufficient conditions for stochastic stabilizability and detectability.
We illustrate the proposed method with a numerical simulation in Section VI and give concluding remarks in
Section VII.

Notation: Let Z. denote the set of nonnegative integers. For a complex matrix M, let us denote its complex

conjugate by M*. For simplicity, we write a partitioned Hermitian matrix I/IC/2* Rrlas g Rl For a Borel
set M and a o-finite measure x on M, we denote by H;"™" the space of matrix-valued functions P(e) : M —
C™™ that are measurable and integrable in M, and similarly, by H;ﬁ’fg the space of matrix-valued functions

P(e) : M — C™™ that are measurable and essentially bounded in M. For simplicity, we will write H} := H;"",

Hp = Hsip,
]HI;‘:; = {PeHg,,: P(t)>0, p-almost everywhere in M},
and

H™ = {A € HY™ : A(t) is real for all t € M}.

sup sup

For a bounded linear operator 7" on a Banach space, let r,(7T") denote the spectral radius of 7.

II. PROBLEM STATEMENT
A. Plant

Consider the following linear continuous-time plant:
Y #(t) = Acx(t) + Beu(t), z(0) = xo (1)

where z(¢) € R™ and u(t) € R™ are the state and the input of the plant. This plant is connected to a controller
through a time-driven sampler with period h > 0 and an event-driven zero-order hold.

The state x is measured at each sampling time ¢t = kh (k € Z.). The controller receives the sampled state
x(kh) with a sensor-to-controller delay 7 and generates the control value uy at time ¢t = kh + 7. We assume
that the lengths of the delays are known to the controller at the time when the sample arrives. One way to
measure the delays is to mark every output of the sampler with a time-stamp. The zero-order hold transforms
the discrete-time control input u; to the continuous-time control input

u(t)— U—1 0§t<’7’0 (2)
CNup kR4 <t < (k+Dh+7pg1, k€ Zy.

where u_; is a known deterministic initial condition for the zero-order hold. In (2), we have ignored controller-
to-actuator delays. However, if the controller-to-actuator delays 7., are constant (see, e.g., [1, Section 2.3.2] for
this situation) and if we consider the total delays 73, + 7., instead of the sensor-to-controller delays 7, then we
can use the proposed method in the presence of the controller-to-actuator delays.

B. Problem Formulation

Throughout this paper, we fix the probability space (€2, F, P) and assume that the delays {7y : k € Z,} is
smaller than one sampling period and is modeled by a continuous-state Markov chain.

Assumption 2.1 (Delays modeled by Markov chains): The delay sequence {7y : k € Z} is modeled by a
time-homogeneous Markov chain taking values in an interval M := [Tyin, Tmax] C [0, h) and having transition
probability kernel G(e|e) with a density g(e|e) with respect to a o-finite measure . on M, so that for every
k € Z, and every Borel set B of M, G(1i11 € Blmy = 7) = [ g(t|7)p(dt).



We assume that the pair of the initial state and delay (x, 7o) has a distribution & on R™ x M. Define firq by
wam(B) == u(R™, B) for all Borel sets B of M. We place the following mild assumption on the initial distribution
1L

Assumption 2.2 (Initial distribution): The initial distribution [i of (zq, 7o) satisfies Al) E(||zo*) < oo and
A2) [irg s absolutely continuous with respect to |i.

The assumption of absolute continuity guarantees the existence of the Radon-Nikodym derivative of ip4.

Let {F} : k € Z4 } denote a filtration, where Fj, represents the o-field generated by {x(0), 7o, ..., z(kh), 7}
Set U, as the class of control inputs v = {uy : k € Z} such that uy is F; measurable and the system (1) and
(2) is mean square stable in the sense that E(||z(t)|?) — 0 as t — oo and E(|jug|?) — 0 as k — oo for every
initial distribution z satisfying Assumption 2.2. For all u € U,, we consider the infinite-horizon continuous-time
quadratic cost function 7, defined by

Je(ptyu) :=FE </00<> x(t)*Qex(t) + u(t)*Rcu(t)dt> , 3)

where Q. > 0 and R, > 0 are weighting matrices. The optimal cost is defined as inf, ;. Je(f, ).

In this paper, we study the following LQ problem:

Problem 2.3: Consider the system (1) and (2), and let Assumptions 2.1 and 2.2 hold. Find an optimal control
law u°P* € U, achieving J.(fi, uP*) = inf,crq. J.(11, u) for every distribution fi on (o, o).

III. REDUCTION TO DISCRETE-TIME LQ PROBLEM

In this section, we transform Problem 2.3 to the LQ problem of discrete-time Markov jump linear systems.

Define o
x
&k = [ kh) } : “4)
Uk—1
This stochastic process can be viewed as the state of the following stochastic discrete-time linear system
Ea: &k = A(T)&k + B(me)uk, &)
where
Ag Bg—-T(r I'(r
A(r) = [Od d 0 ( )], B(T) := [ (I)} (6)

h h—T1
Agi=eeh, Bd::/ A< B.ds, F(T)iz/ e Beds.
0 0

This discretized system is widely used for the analysis of time-delay systems, e.g., in [6], [13]-[16], [26], [27].
We denote by U, the discrete-time counterpart of U, defined as the class of control inputs {uy : & € Z} such
that uy, is Fj, measurable and E(||€x]|?) — 0 as k — oo for every initial distribution /i satisfying Assumption 2.2.
The following result establishes that Uf; = U,:
Lemma 3.1: Consider the plant 3. and its discretization ;. We have that

lim E([|&)*) =0 <« lim E(Jz(t)||*) =0 and lim E(|uk|*) = 0.
k—s00 t—o0 k—ro0
Proof: The statement that lim; ., F(||z(¢)||?) = 0 and limy,_,o E(|Jux]|?) = 0 imply limg_,o0 E(||é:]|?) = 0,

follows directly from the definition of £;. To prove the converse statement, we note that for the system dynamics
(1) and (2), there exist constants M, Ma, M3 > 0 such that for all § € [0, h),

le(kh + 0)|| < Millz(kh)[| + M |jug || + Ms|ug |-
By Young’s inequality, this leads to
lz(kh + 0)1* < Nullz(kh)|* + Nafug—1]|* + Ns|lug|?

for appropriate constants N1, N2, N3 > 0. It then follows that if E(||¢;||?) — 0 as k — oo, then E(||z(¢)]|?) — 0
as t — oo. which completes the proof. [ ]



The cost J. in (3) can be expressed as the following (discrete-time) summation 7, = ZZO:() Ji, wWhere

(k+1)h
T = / z(t)* Qex(t) + u(t)" Reu(t)dt.
kh

The next lemma shows that each Jj is a quadratic form on the state and input of the discrete-time system 34
in (4).
Lemma 3.2: For every k > 0, we have

2= [ae) [0 R )
where the matrices (), W, R are defined by
o= [0 Qutr]
* 22(T
W= [ i) <o auo)

h
R(t):=(h—7)R. +/ Y(1,0)* Qcy(T,0)do

h
Qu(r) = /0 (6)*Qear(6)d0
h

h
Q12(T) ::/0 a(0)*Q.L(0)do — a(0)* Qcy(T,0)do

h ! h h
Q22(7—> = TRC+/() 5(9)*Qcﬁ(e)d9+/ ’7(7—7 0)*620’7(7—7 9)d9—/ (B(e)*Qc'Y(Tv 9)_{'7(7? 9)*QCB(0))CZ0

and the functions «, [, v are defined by

a(f) == e’ B = /00 e B.ds,  ~(1,0) = /09—7 e B.ds.
Proof: If 0 < 0 < 7, then
x(kh+0) = a(0)z) + B(O)ug_1,
and we have
2(kh + 0)* Qe (kh + 0) + u(kh + 0)* Rou(kh + 6)
= 23,a(0)* Qca(0) ) + 273,0(0)" Qe B(0)up—1 + up_18(0) Qe B(0)up—1 + up_q Reug—1.
On the other hand, if 7, < 8 < h, then
z(kh+0) = a(0)zr + (B(0) — ¥(7,0))up—1 + ¥(7, 0)uy.
Hence
x(kh +0)*Qcx(kh 4 0) + u(kh + )" Reu(kh + 6)
= z30(0)" Qca(0)xy + 2x50(0)*Qc(B(0)
— (T, 0))ug—1 + 225.0:(0)* QY (T, 0)ug;
+ g1 (B(0) = v(7k, 0))"Qe(B(0) — (7k, ) Juk—1
+ 2up 1 (B(0) = ¥(7k, 0))" Qe (i, O) i
+ upy (i, 0)* QY (i, O)ug, + up Reug.

Substituting these equations into
(k+1)h

kh~+T,
T = /k (2(t)* Qe (t) + u(t)* Reu(t)) dt + / (2(t)" Qe (t) + u(t)" Reu(t)) dt,

h kh+T7



we obtain the desired expression (7). [ |
As in the linear time-invariant case [28, Section 3.4], we can remove the cross term in (7) by transforming the
input uy into Uy as
Ul = U + R(Tk)71W(Tk)*§k.

Under this transformation, we can obtain the next lemma.
Lemma 3.3: Assume that the weighting matrix in Lemma 3.2 satisfies

Q(r) W(r)
[ N R(T)] >0, 7M. 8
Define
A(r) := A(r) = B(r)R(r)"'W ()", 9

and let C(1) and D(1) be obtained from the following Cholesky decompositions:
C(r)*C(r) = Q(r) = W(T)R(r) "W (r)*

D(7)*D(1) = R(7). (19)
Consider the following discrete-time Markov jump system
k1 = A(T)& + B(7) (1n
and LQ cost -
Ja(fi,u) =Y E (|C(m)&]* + 1D (me)url?) (12)
k=0

If U°P* € Uy is the optimal control law achieving Jy(1i, u®P*) = inf,e, Ju(fi, u) for the discrete-time Markov
jump system (11) and the discrete-time LQ cost (12), then the desired optimal input u°* € U, for the continuous-
time system (1) and the continuous-time LQ cost (3) is given by

upP = @ — R(7,) " W (1) "k (13)

for every k € 7.
Remark 3.4: If, in (8), we have strict positive definiteness

Q) W(r) o
[ N R(T)] >0, 7€M = Tmin, Tmax) (14)

instead of the semidefiniteness, then
Q(r) = W(r)R(r)"'W(r)* >0

from the Schur complement formula. Hence C'(7) and D(7), derived from the Cholesky decompositions (10), are
continuous with respect to 7. Moreover, C(7) and D(7) are unique in the following sense: For all 7 € [Tiin, Tmax)»
there exist unique upper triangular matrices C'(7) and D(7) with strictly positive diagonal entries such that (10)
holds; see, e.g., [29] for Cholesky decompositions.

Remark 3.5: Although the authors in [13], [16] also designed LQ optimal controllers by transforming time-
delays systems to discrete-time Markov jump systems, only discrete-time LQ criteria were considered.

Remark 3.6: When delays are larger than one sampling period h, we can discretize the system (1) and (2)
as in [30]. Under the assumption that certain variables calculated from the delays can be modeled by a Markov
chain, we can extend the proposed approach to the case with large delays.



IV. LQ CONTROL FOR DISCRETE-TIME MARKOV JUMP SYSTEMS

In this section, we recall the results of [24] for the LQ problem of discrete-time Markov Jump systems.
First we define stochastic stability for discrete-time Markov jump linear systems. Consider the following
autonomous system

Sk = A(Tr)E, (15)
where A € H”

tup and the sequence {7;, : k € Z.} is a time-homogeneous Markov chain in a Borel space M.
Throughout this section, we assume that the initial distribution 1 of (&p, 79) satisfies the following conditions as
in Assumption 2.2: A1’) E(||&]|?) < oo and A2’) fipm(B) = 1i(R™, B) is absolutely continuous with respect to
I
Definition 4.1 (Stochastic stability, [31]): The autonomous Markov jump linear system (15) is said to be
stochastically stable if > pe  E(||&||?) < oo for any initial distribution [i satisfying Al’) and A2’).

Let g(e|e) be the density function with respect to a o-finite measure p on M for the transition of the Markov
chain {7y : k € Z, }. For every A € HZ, , define the operator L4 : H} — HY} by

sup’

La(V)(e) = /M g(e[) AV (1) A(t)" pu(dt) (16)

We recall a relationship among stochastic stability, the spectral radius r,(L4), and a Lyapunov inequality
condition.

Theorem 4.2 ([31]): The following assertions are equivalent:

1) System (15) is stochastically stable.

2) The spectral radius r,(L4) < 1, where L4 is as in (16) above.

3) There exists S € H’;jp and ¢ > 0 such that the following Lyapunov inequality holds for p-almost every
TeM:

wﬂ—Avr(ﬁﬁ@mswmwoAvnmL an

We next provide the definition of stochastic stabilizability and stochastic detectability.

Definition 4.3 (Stochastical stabilizability, [24]): Ler A € H;‘up and B € Hgﬁ?ﬁ. We say that (A, B) is
stochastically stabilizable if there exists F' € ]ﬁlg&g such that ro(La+pr) < 1, where L A4 pF is as in (16) above.
In this case, F is said to stochastically stabilize (A, B). B

Definition 4.4 (Stochastic detectability, [24]): Let A € H?,, and C € Hgup,. We say that (C, A) is stochas-

v sup
tically detectable if there exists L € H;ﬁ;’; such that ro(La+rc) < 1, where L a4 rc is as in (16) above.
Define the operators £ : H%E — HZE, V: H2ZE — H™F and R : HYE — HZE as follows:

sup sup’ sup sup * sup sup

swmwaA/@wmmw
V(Z) := D*D + B*€(Z)B
R(Z):=C*C + A*(£(Z) — £(Z)BV(Z)'B*£(Z))A.

Using the above operators, we can obtain the optimal control law for discrete-time Markov jump linear systems
from the iteration of a Riccati difference equation.

Theorem 4.5 ([24]): Consider the Markov jump system (11) with LQ cost Jy in (12). If (14_1, B) is stochastically
stabilizable and (C,A) is stochastically detectable, then there exists a unique function S € H’Sﬁ; such that

S =R(S) and K := —V(S)"'B*E(S)A stochastically stabilizes (A, B). The optimal control input ﬂzpt €Uy
is given by azpt := K (7x)&k and achieves

Taliu™) = inf Talfi,u) = B S (r0)6)

for every initial distribution [i satisfying A1’) and A2’). Moreover, we can compute the solution S in the following

way: For any = € HLl and the sequence Y,! = R(Y,! ), V) = =, we have that Y (1) — S(7) as 7 — oo

u-almost everywhere in M.



If the weighting matrix of 7; is positive definite, that is, if (14) holds, then we do not have to compute the
Cholesky decompositions in (10) for the design of the optimal controller. This follows from the definition of the
operators 1V, R and Proposition 4.6 below.

Proposition 4.6: Define A and C as in (9) and (10), respectively. The pair (A, B) is stochastically stabilizable
if and only if (A, B) is stochastically stabilizable. Moreover, under the positive definiteness of the weighting matrix
in (14), (C, A) is stochastically detectable if and only if (C*C, A) is stochastically detectable.

V. SUFFICIENT CONDITIONS FOR STOCHASTIC STABILIZABILITY AND DETECTABILITY

From the results of Sections 3 and 4, we can obtain the optimal controller under the assumption that (A4, B) in
(6) is stochastically stabilizable and (C, A) in Lemmas 3.2 and 3.3 is stochastically detectable. This assumption
does not hold in general (and hence the solution of the Riccati difference equation may diverge) even if (A., B.)
is controllable and (Q., A.) is observable. The major difficulty in the controller design is to check the stochastic
stabilizability and detectability. In this section, we provide sufficient conditions for these properties in terms of
LMIs. To this end, we use the following technical result:

Lemma 5.1 ([32]): For all square matrix U and all positive definite matrix S,

Us—‘ur>u+U*-S.

For simplicity, we assume that {7 : k € Z, } is a time-homogeneous Markov chain taking values in the interval
M = [Timin, Tmax|- We can easily extend the results here to more general Borel spaces M such as bounded sets in
RY. Let g(e|e) be the density function with respect to a o-finite measure z on M for the transition of the Markov
chain {7 : k € Z;}. All matrices in this section are complex-valued, but similar results hold for real-valued
matrices.

A. Stochastic Stabilizability

We first study the stochastic stabilizability of the pair A € IF]IQUP and B € ]ﬁl;ﬁ;g‘. In our LQ problem, we need
to check the stochastic stabilizability of the pair (A, B) defined by (6).
Consider the piecewise-constant feedback gain K € Hg,, defined by

F(r):=F,eC™", T € [8i; Sit1), (18)

where
Tmin = 81 < 82 < -+ < SN41 ‘= Tmax- (19)

We provide a sufficient condition for the feedback gain K in (18) to stochastically stabilize (A, B), inspired
by the gridding approach developed, e.g., in [6], [25]-[27].
Theorem 5.2: For each i =1,...,N, define

51(7—) = / g(t|7—)dt > 07 TEC [TminaTmax]v
[3i75i+1)

S Si +23i+1, 20)

VEEIAT) /BB
VENGIIA(s™) /B (S B(s)

Take a scalar r; > 0 such that for all T € [s;, Si+1),

VB(T)A(T)  +/Bi(T)B(1)
VANTA() /BrT)B()

and

[Ta; Tyl =

— [Ta; Tal| < i (2D

) )



If there exist positive definite matrices R; > 0, (not necessarily symmetric) matrices U;, F;, and scalars \; > 0
such that the following LMls are feasible for all t =1... N:

Ui+Uf=R; 0 Uy +F Ty, ki [UF F

* * R 0 >0, (22)
* * * il

where R := diag(Ry, ..., RN), the pair (A, B) is stochastically stabilizable and the controller (18) with F; :=
F;U stochastically stabilizes (A, B).
Proof: We employ a piecewise-constant matrix function .S for the Lyapunov inequality (17). Define

S(r) := S, T € [SiySit1) (23)

with S; > 0. By construction, we have that S € H™F and

sup

(t t)dt = i (7)S;. 24
/M m)S Zﬁ (24)

Since [, g(t|7)dt =1 for all 7 € M, it follows that {B:}I¥, satisfies

Z Bi(r) =1
i=1

for all 7 € M.
Note that
N VBIIT" [ VBT
> Bi(r)Si = : S : :
=1 ,BN(T)I ﬂN(T>I
where S := diag(S1, ..., Sn). Therefore, from Theorem 4.2 and (24), the matrix inequality
B’ B ()1
S(r) — (A7) + B(r)F(7))" : s : (A(T)+ B(r)F(7)) 2 el (e>0)
Bn ()1 Bn(T)1

leads to the stocastic stabilizability of (A, B). Thus, using the Schur complement formula, we see that F'
stochastically stabilizes (A, B) if

*

51(7')[
S(t)—el (A(r)+ B(1)F(1))* : S

Bn(T)1

>0 (25)

* S

for some ¢ > 0.
We obtain

*

51:(7')1 1 R }[\/517,47 Bn(T)A(T)*
Veral BB e BN DBO)

Moreover, by (21), for all 7 € [s;, si41), there exists [P4 @] € CMV" ™ with H (P4 @B H < 1 such that

VADARY - /By AR = 5] 3]
V@B - /B@BeY | ] T 25

(A(r) + B()F(7))*




Hence the matrix inequality (25) is feasible for all 7 € M if
. o
) * Ay | TA
st (e e a]) o]
* S

for every i = 1..., N and for every [®4 ®g| € C"V" ™ satisfying ||[[®4 Pp]|| < 1.
Let U; be a nonsingular matrix. Defining R; := 5; L and F; := F;U;, we have from Lemma 5.1 that
ur 0] |S [I Ff et | el ) S| [U 0] [Ui+Uf =R Gf + H®
0 S BJ;S' B 0 St = * R ’
*

where R = diag(Ry,..., Ry) and the matrices ®, GG;, and H; are defined by
U; U;
$:=[Pa Pp], Gi:=[Ta; Tp,l L}j, Hi =k [FZ]
Since ||®|| < 1, it follows that for every p; > 0, we have p; H(I — ®*®)H; > 0. Moreover,

Ui+Uf—R; Gf+H @} B [piHi (I —®*®)H; o] v
* R * 0
where
I 0 Ui—|—Ui*—Ri 0 G:‘ ,OZ'H;(
_|®H; 0O L * pil T 0
Vie= 0o Iy = * * R 0
—-H; 0 * * % pil

Note that p; H; in €; has the product of the variables p; and [U7 F;]". However, from the similarity transfor-
mation with diag(I,1/p;I,1,1/p;I), we see that ; is similar to

Ui+U'—R, 0 G H;

)

* NI MNIO
* * R 0]’
* * * NI

in which \; := 1/p; and the variables appear in a linear form. Thus if the LMIs (22) are feasible, then the
controller (18) with Fj := FiUi_l stochastically stabilizes (A, B). [ ]

The controller obtained in Theorem 5.2 is assumed to know to which interval [s;, s;+1) the delay 7 belongs
for each k € Z,. For the case when no information about delays can be obtained, we present the design of
delay-independent stabilizing controllers.

Corollary 5.3: Under the same hypothesis in Theorem 5.2, if there exist positive definite matrices R; > 0,
(not necessarily symmetric) matrices U, F, and scalars \; > 0 such that the following LMIs are feasible for all
i=1...,N:

U+U*—-R; O U*Fz7i+F*FE7i Ki [U* F*}
* * R 0
* * * NI

>0,

where R := diag(Ry,...,Ry), then the delay-independent controller F := FU™' stochastically stabilizes
(A, B).

Remark 5.4: For the stabilization of discrete-time systems with continuous-valued Markovian jumping pa-
rameters, we here approximate the function .S of the Lyapunov inequality (17) by a piecewise constant function;
see (23). Another approach is to approximate the system

{(A(7),B(7T)) : T € [Tmins Tmax] }

by
{(A(5:), B(8)) : Tmin = 81 < -+ < SN+1 = Tmax}



and then consider the stabilization of discrete-time systems that have discrete-valued Markovian jumping pa-
rameters but time-varying uncertainty. Although Markov jump systems with static uncertainty have extensively
been studied, e.g., in [33], [34], relatively little work has been done on Markov jump systems with time-varying
uncertainty. Therefore we do not proceed along this line.

B. Stochastic Detectability
Next we study the stochastic detectability of the pair A € H" and C € HT]IQKIL). In our LQ problem, we need

sup

to check the stochastic detectability of (C, A) or (Q — WR™'W*, A) in Lemmas 3.2 and 3.3.

Define the observer gain L € Hgy;p, as the piecewise-constant function:

L(T) =1L; € cmr TE [Si> 3i+1)7 (26)

where the interval [s;, s;4+1) is defined as in (19) for each i = 1,..., N. Note that the positions of the variables
K, L are different between A + BK (stabilizability) and A + LC' (detectability). Moreover, unlike the case of
countable state Markov chains (see, e.g., [35]), the duality of stochastic stabilizability and stochastic detectability
is not proved yet for the case of continuous-state Markov chains. Hence we cannot use Theorem 5.2 directly, but
the gridding method also provides a sufficient condition for stochastic detectability in terms of LMIs.

Theorem 5.5: For each i =1,..., N, define 3;, s;" as in Theorem 5.2 and

[, e v

]

Take scalars k4, kg; > 0 such that for all T € [s;, si+1),
A(T) . TAJ'

C(r)] |Tei

I[VBDT - /Ba()I] = Tpil| < g

If there exists positive definite matrices S; > 0, (not necessarily symmetric) matrices U;, L;, and scalars \;, p; > 0
such that the following LMIs are feasible for all 1 =1,... N:

‘ < KA
27)

—UZ‘ + Ui* 0 UiTAJ' + ZZ'TCJ' KA [U,’ Ez] 0 Tg,is pil
* Al Al 0 0 0 0
* * Si 0 0 0 0
* * * Al 0 0 01| >0, (28)
* * * * pil rkgiS 0
* * * * * S 0
| * * * * * * pil
where S := diag(Sh,...,Sn), then (C, A) is stochastically detectable, and the desired observer gain L is given

by (26) with L; := U; ' L;.

Proof: As in the proof of Theorem 5.2, we use a piecewise-constant matrix function S in (23) for the Lyapunov
inequality (17). By the definitions of L and S, we have from Theorem 4.2 and the Schur complement formula
that (C, A) is stochastically detectable if for every i = 1,..., N, there exist a matrix L; and a scalar € > 0 such
that for all 7 € [s;, si41),

S; —el

If U; is nonsingular, then the matrix in the left hand side of this inequality is similar to

[%’z‘ ﬂ [(Zé\f:l Bi(T)Se)l A(Tgf_LéIC(T)] [({)Z* ?] .

[(Zév-lﬂe(ﬂse)_l A“”Li(}m} >0, (29)



Using Lemma 5.1, we see that

P ﬂvzg%pmylA@+gaﬂ[w(q

0 I S; — el 0 I
S | Ui+ U = Yoy Be(r)Se Ui(A(7) + LiC(7))
- * S; — el
B " [\/Bi)I 0

v viam+noey |V S 1)
o S; — el : 0 : 01~

VBN ()T VOBN(T)T 0

where S := diag(Si,...,Sy). Therefore, from the Schur complement formula, the matrix inequality (29) is

feasible if
Ui+ U: Ui(A(T) + LiC (7)) Sjs(7)
* Si

0 > 0,
% k S

where S is defined by

Sﬂ(T) = [\/ 51(7—)[ T/ ﬁN(T)I] S, TE {Tmianmax]-

From (27), we see that for all 7 € [s;, s;41), there exist [@Z CI%]* € C"" and @5 € Cm"N with
|[®% @®%]7|| <1 and ||®4]| <1 such that

o) = e = rae o)
(VBT - /BN =T+ ki Ps.

Defining L; := U;L;, we have

Ui+U,L-* Ui(A(T) +LiC(7')) SB(T) Ui-f-Ui* GA,Z‘-FHA’Z'(I) Glgﬂ‘-f-q)gHgﬂ'
* S; 0 = * Si 0 )
* * S * * S

where the matrices ®, G4, Ha, Gg,, and Hg; are defined by

_ |®a ot 7| YA
o= [%], Ga,i=[Ui L [TCJ

HAJ' = I'{A;L' [UZ I_/z] y Gﬂvi = T,B,isv H[gﬂ' = Iiﬂyis.
Since |||, ||®s| < 1, it follows that for all p;, pg; > 0, we have
piai(I — ®O*)H} ; + pgi(I — gj) > 0.

Moreover,
Ui+ U Gai+Hai® Gg,;+ PsHg; il ai(I — @*)H} ; + ppi(I — PgPs) 0 0
* S; 0 - * 0 0| =V QV,
* * S i * * 0
where
[ I 0 0] [U; +UF 0 Ga; piHa; 0 Ggay pgill
(I)*Hjx,i 0 0 * pid 1 0 0 0 0
0 I 0 * * S 0 0 0 0
Vi= | —Hy,;, 0 0], Q:= * * K pil 0 0 0
(I)E 0 0 * * * * pgﬂ'.[ Hgﬂ' 0
0 0o I * S * * S 0
| I 0 0] | * * % * * *  pgal |
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Fig. 1: Sample path of {7 : 0 < k < 30} with 79 = 0.5Typax = 0.2h.

Note that p; H 4 ; has the product of the variables p; and [Ui f/,-] . However, applying the similarity transformation
with diag(I,1/p;1,1,1/p;1,1,1,I), we see that €; is similar to the following matrix:

(U, + U 0 Ga; Ha, 0 Ggi pg,if-
* NI NI 0 0 0 0
* * S; 0 0 0 0
* * * T 0 0 0 |,
* * * x  pgidl Hg; 0
* * * * * S 0

| x * * * * *x  pgl |

where \; := 1/p;. Thus, if the LMIs (28) are feasible, then (C, A) is stochastically detectable. [ |

VI. NUMERICAL EXAMPLE

Consider the unstable batch reactor studied in [36], where the system matrices A, and B, in (1) are given by

1.38 —-0.2077  6.715 —5.676 0 0
A — —0.5814 —4.29 0 0.675 B.— 5.679 0
€ 1.067 4273 —6.654 5.893 |’ . 1.136 —3.146

0.048 4.273 1.343 —-2.104 1.136 0

This model is widely used as a benchmark example, and for reasons of commercial security, the data were
transformed by a change of basis and of time scale [36]. We take the sampling period h = 0.3 and the delay
interval [Tinin, Tmax] = [0, 0.4A].
The delay sequence {74} is modeled by a Markov chain with transition probability kernel G satisfying
(I)S(SQ) — (I)S(Sl)
(ps(Tmax) - @S (Tmin)
for every closed interval [s1, s2] C [Timin, Tmax]» Where @ (z) is the probability distribution function of the normal

distribution with mean s and standard deviation 1/150. Fig. 1 illustrates a sample path of the delays {75} with
70 = 0.5Tmax = 0.2h, where 7(t) is defined by

G(Thy1 € [s1,82)|mh = 5) =

T(t) = Tk, t€[kh+Tk,(k+1)h+Tk+1).

The weighting matrices ()., R. for the state and the input in (3) are the identity matrices with compatible
dimensions. From Theorem 5.2, we see that (A, B) in (6) is stochastically stabilizable. Additionally, from Theorem
55, (Q—WR™'W*, A) in Lemmas 3.2 and 3.3 is stochastically detectable. Hence it follows from Theorem 4.5
that we can derive the optimal controller u°"* from the iteration of a Riccati difference equation.

Time responses are computed for the initial state #(0) = [~1 1 —2 3] and the initial input u_; = [0 0] .
Fig. 2 depicts 10 sample paths of ||z (¢)||? with initial delay uniformly distributed in the interval [Tmin, Tmax] =



Larger initial delay

=)

Fig. 2: 10 sample paths of ||2(¢)||?: The blue lines are the time responses with initial state 29 = [-1 1 —2 3] T
and initial delay uniformly distributed in the interval [Tinin, Tmax] = [0, 0.4h]. The dotted red line is the time
response with no delays, for which we used the (conventional) discrete-time LQ regulator computed with same
weighting matrices.

[0,0.4h]. We observe that the time response with a small initial delay is similar to the response with no delays
by the conventional discrete-time LQ regulator with same weighting matrices. Since u_; = 0, the system is not
controlled until the controller receives the initial state z(0) at time ¢ = 79, which affects the time response as
the initial delay 7y is larger. However, after receiving the sampled state, the optimal controller achieves almost
the same decrease rate of ||z(t)||? for every initial delay.

VII. CONCLUDING REMARKS

We presented an efficient method to obtain optimal controllers for sampled-data systems whose delays can be
measured and be modeled by a continuous-state Markov chain. The proposed controller minimizes an infinite-
horizon continuous-time quadratic cost function and can be efficiently computed offline by the iteration of a
Riccati difference equation. To exploit the results on LQ control for Markov jump systems, we also derived
sufficient conditions for stochastic stabilizability and detectability in terms of LMIs. Future work will focus on
addressing more general systems by incorporating packet losses, output feedback, and delays with memory of
more than one unit.
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