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Semi-Markov Jump Linear Systems with Bi-boundary
Sojourn Time: Anti-modal-asynchrony Control
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& Research Institute of Intelligent Control and Systems, Harbin Institute of Technology, Harbin, 150080, China
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Abstract

This paper investigates the problem of control synthesis for a class of discrete-time semi-Markov jump linear systems, in which
the sojourn time of each mode is bi-boundary (with upper and lower bound). The system is subject to modal asynchrony,
which means that the switchings of the mode-dependent controller to be designed lag behind the ones of the controlled plant,
and the lag is mode-dependent. In contrast with the traditional mode-independent lag commonly assumed in the existing
studies, not only is the modal lag more practical and general, but also it yields less conservatism of the controller design. By
virtue of the semi-Markov kernel approach, the conditions on the existence of the anticipated stabilizing controller capable of
overcoming the modal asynchrony are derived. Illustrative examples including a class of VTOL helicopter models are presented
to demonstrate the necessity and the validity of the designed anti-modal-asynchrony controllers.

Key words: anti-modal-asynchrony control, bi-boundary sojourn time, mean-square stability, semi-Markov jump linear systems

1 Introduction

The past decade has seen increasing usages of semi-
Markov jump linear systems (S-MJLSs) in modeling
stochastic switching systems instead of MJLSs. Recent
examples can be found in communication networks un-
der environment changes [12], robot arm systems with
varying payloads [13], and so on. The powerful capa-
bility of system modeling of S-MJLSs mainly benefits
from the fact that the sojourn time in S-MJLSs is not
necessarily subject to exponential distribution unlike
MJLSs. Earlier works on S-MJLSs consider that the
sojourn time is of special distributions, such as phase-
type distribution in [6], Weibull distribution in [7], etc.,
in order to simplify the derivations of the controller
design. In [21], the semi-Markov kernel approach is pro-
posed, which greatly impulses the studies on stability
analysis and control synthesis for S-MJLSs allowing for
any types distribution of sojourn time.

On control synthesis problems of stochastic switching
systems, the mode-dependent controller is generally ex-
pected as it brings less conservatism than the mode-
independent controller, cf., [11, 18, 19]. However, a draw-
back in the scheme of the mode-dependency approaches
is the asynchrony which generally means that the switch-
ings of the controller lag behind the ones of the controlled
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plant ! . It is actually a common and non-ignorable issue
in the area of switching systems, and the lag is mainly
caused by the time needed for identifying the activated
mode of the plant in the cases of no switching informa-
tion available a priori. Referring to the previous studies
[5, 8, 9, 17] in solving the issue of asynchrony, efforts
have been devoted to the asynchronously switched con-
trol of S-MJLSs, see, e.g., [22]. Unfortunately, the pro-
posed criteria in [22] are not applicable to the case that
the sojourn time is with lower bounds. In practice, it is
seldom encountered that the mode changes to another
one immediately after the last switching. Then, if ignor-
ing the lower bounds of the sojourn time, the resulting
conditions on the existence of controller may be rather
conservative. It is quite necessary to fill such a void by
solving the control synthesis problem for S-MJLSs with
bi-boundary sojourn time against asynchronous mode
jumps.

Moreover, note that almost all the existing results with
respect to asynchronously switched control systems
presume that the lags corresponding to different modes
of the plant are all identical. Surprisingly, the issue of
mode-dependent lag, i.e., the modal asynchrony has
never been considered in the field, let alone the com-
plex S-MJLSs involving with non-specific distribution
of sojourn time. In fact, it is quite common that the
time for identifying different modes of the controlled

! In this paper, we will slightly abuse the notion of con-
trolled plant to mean the real physical plant itself and its
surrounding environment.
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plant is mode-dependent. Meanwhile, it is worth men-
tioning that although the considerations of lag mode-
independency in [4, 14], etc., facilitate the derivations
of the controller design, the simplification leads to great
conservatism. Therefore, it is necessary and significant
to probe the control synthesis problems for switch-
ing systems while taking the modal asynchrony into
account. Note that in S-MJLSs, the consideration of
bi-boundary sojourn time will inevitably increase the
difficulty of derivation for the case of modal asynchrony.

Motivated by the above observations, this study is con-
cerned with the control synthesis for a class of discrete-
time S-MJLSs with bi-boundary sojourn time and modal
asynchrony. Compared with the previous studies assum-
ing the common lag, the obtained results are more prac-
tical and general yielding the less conservatism of the
controller design. The remainder of this paper is orga-
nized as follows. Section II presents the preliminaries
and problem formulation. The detailed derivations of
the proposed approach are given in Section III. Two nu-
merical examples are provided to verify the validity and
applicability of theoretical findings in Section IV, and
Section V concludes this paper.

Notations: The superscripts “T” and “-1” indicate
transposition and inverse of a vector or a matrix, re-
spectively; R™ denotes the n-dimensional Euclidean
space and || - || the Euclidean vector norm in R™; R
and N stand for the set of real numbers and the set
of non-negative integers, respectively; R signifies the
sets {i € R|i > 0}; N>y and Njn, n,) denote the sets
{i € NJi > N} and {i € N|N; < i < Ny}, respectively.
Besides, E{z}|, stands for the expectation of  condi-
tional on y; the notation P > 0 (P < 0) means that
P is a positive (negative) definite matrix; ® represents
the Kronecker product of matrices, diag{- - -} a block-
diagonal matrix, and sign(x) the signum function which
is defined as sign(z) £ 1 for x > 0, sign(z) = —1 for
r < 0, and sign(z) = 0 for x = 0. In addition, sym(A)
is a shorthand of A + AT To reduce clutter, the symbol

Wy ”

x” is employed as an ellipsis for the terms introduced
by symmetry. The symbol ©%(A;) is defined as Hf: o Ai
for a < b, and [ for a > b. I,, and 0 are identity matrix
of order n and zero matrix with appropriate dimensions,
respectively.

2 Preliminaries and Problem Formulation

Fix the complete probability space (¥, F, Pr) and con-
sider the following discrete-time S-MJLS:

Q’J(k + 1) = Ar(k)(ﬂ(k) + Br(k)u(k) (1)

where W is the sample space, F the o-algebra of the sub-
sets of W, and Pr the probability measure on F; the vec-
tors x(k) € R™ and u(k) € R™ denote the system state
and control input, respectively; {r(k)}ren stands for a
semi-Markov chain that governs the switching among
different plant modes and takes the values in the finite
set M= {1,2,..., M}.

Throughout the paper, {R,}ncn denotes the index of
plant mode at the nth jump, {k,}nen the time at the
nth jump with kg = 0, and {5, }nen the sojourn time
between the (n — 1)th jump and nth jump denoted as
Sn=kn —kn_1.

Definition 1 [1] The stochastic process {(r(k))}xen is

considered as a semi-Markov chain associated with a

homogeneous Markov renewal chain {(R,, kn)}nen, if

Va,b € M, a # b, V7 € N>1, ¥n,k € N, Pr(Rp41 =

ba S’n+l = 7-|RO; kOa Rl7 kla IREE] Rn = a, kn) = Pr(Rn+l =
b, Sp+1 = 7|R, = a) =Pr(R; =b,51 = 7|Ry = a), and

r(k) = Rn(x), where N(k) £ max{n € N|k, < k}.

Given a semi-Markov chain {r(k)}ien corresponding
to a Markov renewal chain {R,,k;}nen, the tran-
sition probability, the probability mass function of
sojourn time, and the semi-Markov kernel are, re-
spectively, defined as 74, = Pr(R,.1 = bR, =
a), fa(tr) = Pr(Sps1 = 7|Rus1 = bR, = a),
eab(T) £ Pr(Rn—H = bysn-‘rl = T‘Rn = a), with
Taa = faa(T) = 0aa(7) £ 0, Vb # a € M, V7 € N>;.
According to the definitions of fuu(7), 0ap(7) and 74,
it can be derived that 0,,(7) = 7ap fan(7), Va,b € M,
V7T € N>i1. Now, to precisely present the purposes of
this paper, the following stability definition is needed to
recall.

Definition 2 [16] Consider a discrete-time switching
system xp11 = f(xg,rg), where ry is a certain stochas-
tic process. The system is mean-square stable if for any
initial conditions z(0) € R"=, r(0) € M, the following
holds:

Tim E{2(k)|2} 0. 0) = 0.

Note that throughout the paper, the sojourn time of the
ath mode in the stochastic switching system (1) is con-
sidered to have both the upper bound 7, and the lower
bound 7, with 1 < 7, < 7, — 1. It is straightforward
that the demerit of Definition 2 is that it considers the
sojourn time to be any length (even infinity) instead
of the bi-boundary one. Then, a stability definition in
mean-square sense for the underlying S-MJLSs with bi-
boundary sojourn time is required.

Definition 3 Consider an S-MJLS (1) with the upper
bound 7, and lower bound 7, of sojourn time for the
ath mode, a € M. The system is mean-square stable
if for u(k) = 0 and any initial conditions x(0) € R™=,
r(0) € M, the following formula holds:

. 2 —
i ELz(R)7He0),r(0),80 N 711w =0 = 0-

In this paper, we consider the general and practical phe-
nomenon of modal asynchrony (illustrated in Fig. 1(a)),
where the modal lags are defined as d,, a € M. Note that
although the consideration of lag mode-independency in
the previous literature facilitates the derivations, it is in-
competent to describe the modal asynchronous switch-
ing of controllers accurately, which is shown in Fig. 1(b).
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Fig. 1. The illustration of modal asynchrony and its simpli-
cations by mode-independent lag d¢ and dg, where di, da,
ds denote the lags corresponding to mode 1, 2 and 3 of the
plant, respectively.

In view of this, a state-feedback controller is employed
and formed as

u(k) = Kex(k) (2)

where ¢ € M is the current controller mode, and K. the
corresponding controller gain. It can be seen that r(k —
d.) = ¢ due to the existence of the modal asynchrony.
Also, it is generally supposed that r(k — d,() = r(0),
Vk € N[07dr(o)—1]'

The modal lag is considered as 7, < d, < T —1,Va € M
in this work, where 7, and 7, denote the upper and lower
bound of sojourn time of the ath mode, respectively.
The main reasons for the consideration are twofold. (%)
The case of d, > T, is rather extreme in asynchronous
switching systems. (i) For the case of d, < 7, the
criteria of stability analysis and control synthesis can be
readily obtained from the results to be derived in the
sequel.

Then, combining (1) and (2), the closed-loop S-MJLS
can be expressed as

w(k+1) = Ay r(e—a (k) (3)

where A, 1) r(k—d,) = Ark) + Brio Krk—d,)-

The purpose of this paper is to design anti-modal-
asynchrony (AMA) controllers in the form of (2) to
guarantee the mean-square stability (MSS) for the
closed-loop S-MJLSs (3).

Remark 1 It is worth emphasizing that the studies
on the modal asynchrony are significant not only for S-
MJLSSs considering in this paper but also for any other
types of nondeterministic switching systems (e.g., [2, 3]),
as the modal asynchronous phenomenon is not seldom
encountered in engineering practice of switching sys-
tems. Then, if setting d, = d¢, Va € M, where d¢ is a
constant, the modal lags will be simplified to the mode-
independent one, which means that the modal asyn-
chrony covers the asynchronous switching with mode-
independent lag commonly assumed in the existing stud-
ies as a special case.

3 Main Results

In this section, the numerically testable stability crite-
ria and the conditions on the existence of AMA con-
troller for the closed-loop S-MJLS (3) with bi-boundary
sojourn time will be developed in the presence of modal
asynchrony.

Lemma 1 [22] Consider a discrete-time stochastic
switching system xpi1 = f(xk,7k), where x and T
stand for the system state and the mode index, respec-
tively. The system is mean-square stable, if Yn € N,
Vk € Nk, knsr—1), Vr(k) € M, there exist a set of func-
tions V(x(k),r(k), k — kn) and three class Ko functions
k1(+), ka(+) and k3(+), such that for any initial conditions
z(0) € R™, r(0) € M and given finite positive constants
Pr(k,) > 0, the following inequalities hold:

r(lz(R)[]) < V(x(k),r(k), k = kn) < ra([[z(R)]]) (4)

V(z(k),r(k),k—kp) < qbr(kn)V(a?(kn),r(kn),O)
Vk € Nig,41kp—-1)5 0f knt1 —kn € Nxo

E{V (@ (kn+1)s7(knt1)s 0) Ha(kn) r(kn)
= V(@(kn),7(kn),0) < —r3(|[z(k)[]).  (6)

To reduce the conservatism of the derived results, we
invoke an elapsed-time-dependent Lyapunov function
V(z(k),r(k),t) £ 2T (k)P (t)z(k) as presented in
[15], where t £ k — k,, is the sojourn time that the sys-
tem has been spent in the current mode r(k,,). Based on
Lemma 1, the MSS criteria of S-MJLSs are established
in the following theorem.

Theorem 1 Given finite constants T, € N>1, T, €
N>r,+1, do € Nip, 7,21), ¢4 € Rso, a € M, the closed-
loop S-MJLS (3) is mean-square stable, if there exist a
set of matrices Pét) = 0, wherea € M andt € Ny -, _13,
such that Vag, a1, . .., aq, €M, a1 # ag, Vt1 € Ni1,d,)»
Vi2 € Nig, +1,74,-1]

(0%, (A)]" PV, (A) = ¢4, P <0 (7)

aop™ ao

[4520{(A)]" PP A2 (Ai) — ¢, P <0 (8)

S g el(A) e Ay el(A,)

T:d+; 9)

+ > [ed (A)TPDel (4) - P <0
where /Nli = Aao,am d & day, 01 2 d—t + 1,
o &ty —d P 2 Y ban (1) P feay, with
:ZT o St Oaod (7).



Proof. By considering the Lyapunov function as
V(z(k),r(k),t) with 7(k,) = a and Vk € Ny &, ., 1]
it holds that

V(x(k), a,t) > infaemien,, -,y {Amin(P “’)}nx( k)2
D)} (k)2

V(Jﬁ(k), a7t) < SupaEM,teN[Ia,l,;a,I]{ max(

where )\mm(Pét)) (respectively, Apax (P )) denotes the

minimum (respectively, maximum) eigenvalue of P,g ) Tt
is from the construction of the Lyapunov function that
(4) in Lemma 1 is satisfied.

For r(k,) = ag, it can be obtained from (7) and (8) that

(k)02 (A1) PO (Ar) = By PO (k)
=0, (A)a(ka)) PO (A (ky)
— Gy (k) PO (k)

Y (a(k), a0, 1) — bV (2(kn). 00,0) < O

w(ka)T[(Ag204(A;))T P AT O(A) — ¢, PO (k)

=<Aa2 O7(A)x (k)T P A5 07 (A;)x <k>0 0
Gay (k) T PO 2 (ky,)
=V (@(k), a0, t2) — Bg, V (2(kn), a0, 0) < O

which ensure (5) in Lemma 1. In addition, let (2 =
Agidgil("il)a
from (9) that

r(kn) = ag, 7(knt1) = b, and one knows

d
‘T—’IO
+ > a0 - PO a(kn)
T:d_+1

=E{V (2(kn+1),6,0)}Ho(kn),ao = V(2(kn), a0, 0).

Thus, one has

E{V($(kn+1),b, O)}|w(kn),a0
— V(@(kn), a0,0) < =Xsz(kn)[|?

where
{i k3 ~
)\3 lnfao,al, LageM Amin | — Z (ezl(Az))T
T=Ta,
Tag
xPel (A)— > o"PDa+ PO
r=d+1

and Tg,, Tq, denote the upper and lower bound of so-
journ time at mode ag, respectively. In conclusion, MSS
of the underlying S-MJLS (3) is ensured by Lemma 1. O

Then, to derive the existence conditions of AMA con-
troller, certain techniques eliminating the existence of
the power of A; are further employed in Theorem 2.

Theorem 2 Given finite constants T, € N>, T, €
N>7,41,da € Nip, 7,-1], 9o € Ruo,a € MwithT, > 74,
the closed-loop S-MJLS (3) is mean-square stable, if there
exist sets of matrices Qat"{) = 0 and fo’ﬁ) = 0 with
a€eM,t e N[O’.,—-a,l], K€ N[O,t]7 T E N[Iav"_—a]’ B8 € N[O’.,—-a],
such that Vag, a1, ..., aq, €M, a1 # ag, Vt1 € Ni1,d,, )5
Vi2 € Nig, +1,7,,-1]» V61 € Njg 1, 1], V&2 € Njg g, -1,
Vi3 € Ny, -1, V81 € Ny, —14,-1, VB €
N[dao7f—a071], VB4 € N[O’IGU,Q], Vi € N[LQ], the following
hold:

—QuyY Qutt Az,
[ . (t1s0) <0 (10)
ao
,0 0,0
Ql® — 4, QLY <0 (11)
_ (tz,li3+1) (tg,ﬁ3+l)A
[ an an (t2,53) 0 {0 (12)
* _an
— ol * *
QUn @ Ag_p,)Za (61 +1) —Q * <0
Q<(101+1)A~J7ﬁ1 0 —Ql(lolJrl)
(13)
751?2) * *
Q(In @ Ag)Zay(By +1) —Q * <0 (14)
0%t AgTay(By +1) 0 —Qf2*Y
QY — Q0" <0 (15)
_ AB3z+1) (53+1 A
[ 0 Pl <0 (16)
* _Q(B:z)

where

02 dwg{ (00)7 §070>7 53070)’.“7@\370)}

an(ﬂ) £ [%01(5)»%02(5)» RS naoM(ﬂ)}T
Iag(ﬁ) é Sign(%ao - ﬁ)-[nza vﬁ E N[({+1,‘T'u0]
and A; & Agyap, d 2 dy,, o) O Zi“oﬂlo o,
)

_Slg) = 7Z:zjﬁ+1 QELZ’ , naob(ﬁ) £ aob< )/anfm,
€aop £ Z:azorao ZbeM 9005(7—)'

Proof. Performing the congruence transformation to
(10) via diag{(Q"**™)=1 I, } and by the Schur com-

plement, it yields that

Ql(ltoz,m-i-l)AJ_m _ Q((ltohm) <0.

d—ry



By considering the case of [ = 1, one has

t1—1

> (OF (AT

N1:0

x (AL, QUr=FVA; . —Qur))es m+1(1‘ii) =<0

which is equivalent to

(@g t1+1( ))TQ t1,t1) @g t1+1( 2) _ Q((Ltol,O) ~0.

Combining (11) and the above inequality, we have

(@g 414 ))TQ o @Z t1+1( i)— ¢aoQ (00 < 0.

By setting P(Ef)) = gﬁ;”, the inequality (7) in Theorem 1

is satisfied. Besides, by considering [ = 2 with the same
techniques as the case of [ = 1, it holds that

(©(A))TQlVei(A) — QY <0 (17)
Then, performing a congruence transformation to (12)

via diag{( (tQ’HSH)) ,In, }, and by the Schur comple-

ment, the following 1nequality holds

ATQ(t'z K3+1)A Q (ta;k3) < Q.

Summarizing from k3 = d to k3 = to — 1, it implies that

ta—1 B ) ~ ) ]
S (Agr )T (AT QU fg—QUiz) A52~4 < 0
rk3=d

which is equivalent to
(Ag2)TQ((ltoz,tz)Ag2 _ Q((ltoz,c?) <0

With the aid of (11), (17) and the above inequality, it
can be verified that (A3 @gf(Ai))TQEL?’tz)Agz 0%(4;) —
anOQ(O 0 < o. Further, (8) can be arrived at by setting
the matrices P(t) £ ((;.’t).

In addition, by bearing in mind Qgg’ﬁ) £ ZbeM Ouob(B)
Xng,o) /€4y, pPerforming congruence transformations
to (13) via diag{I,,,Q~1, (O =1} and (14) via
diag{I,,,Q 1, (‘2@2“))—1}, as well as applying the
Schur complement, the following inequalities hold

1 1, 1
L5, (@D 4 QA Ay — Q) <0
AT (T oy (By + 1)@t 4 QWP+ 15241 4; — Q(F2) < 0.

Then, taking the summations from 7,, — 1 to d — 1 with
respect to 3, and from d to 7,, — 1 with respect to 3,

respectively, it follows that

(OF_4 (A)TQEttAtiel | (4)

d—p,
B1=Tag—1
Fag ) )
- Z (eg—zaow(ﬁi))ip g)’zao_l)gg’fraﬁz(ﬁi)
T=Tag
Tag
+ ) (efA)) el Pet(4) <0
T=dtl
20: (Agrd’ﬂ):ﬁQ%ﬁl,gﬁl)ﬁgrdﬂ
Bo=d
Tag
Z Q(Td
r=d+1

Combining the above two inequalities, we have

1—1
D (O, (AT e] ; (A)

ﬁlz 0—1

‘T’u.o - ~ ( 71) ) )
B (Gg—zaow(Ai))T ag " 93_Ia0+2(Ai)

T=Tag

Tag—1
+ Z ABZ d+l@d( ))TQ(52+1762+1)

ag
ﬂz_d

x Aol 4;) < 0.
(18)
By performing the congruence transformation to (16)

via diag{( ~((£3+1))_1, I,.} and applying the Schur com-
plement, it yields that Adz, 5“"“ Ad7 (ﬂj) < 0.

Then, summarizing from ,6’3 = 0 to By = Iao
be obtained that

2, it can

IaO_Z

S (O 4 (AT
B3=0

X (Ag—ﬁs OVt Ay , — OP)yet 5 LAy <0

3

which is equivalent to (©%_ Tao+2(fl )T Ofpeo ™Y

x@ﬁ;fuoﬁ(ﬁi) - ~((l%) =< 0. Combining (15), (18) and
above inequality, it yields that

(05, (AT QU HVeg_, (

A;)
+ 3 (AT ed(4)T Qa1 At

BQZJ
x A~ ef(A) - QY

By setting Pat) = ((Ito’t), (9) holds, then the MSS for
S-MJLSs (3) can be concluded by Theorem 1. O



Now, based on Theorem 2, we are in a position to give
the existence conditions of AMA controller for the un-
derlying S-MJLS (3).

Theorem 3 Given finite constants T, € N>, T, €
N>r,41, do € Nip, 7, 21), ¢4 € Rso, a € M, the closed-
loop S-MJLS (3) is mean-square stable, if there exist a
set of matrices U™ = 0, U™ = 0, X, and Y, with
aEMtEN[OT,l],KEN[Ot],TENT.,- BEN[OT]

such that Vag, a1, ..., aq, €M, a1 # ao, th € Np,d, )

Vty € N[dao—&-liao—l], V/ﬁ € Njo,t,~1), Vk2 € Npg,a,, 1),
Vi3 € Ny, -1, V61 € Ny, —14,,-1) Vﬂz €
N[dao,ﬂo—l]) VB4 € N[OJGO_Q], Vi € N[LQ], the following
hold:

Us™ Y — sym(Xa, Ag
a0 sym(Xa;_, ) "ﬁt—”l <0 (19)
* —Uaol’m)
Ul — ¢, UL <0 (20)
Us™ Y — sym(Xa,) Ao
. e <0 (21
—L_{éfl) * *
(In ® Ag_p )Bap(Br+1) V. <0 (22)
"Zld—ﬁl 0 V(Bl‘i‘l)
i —Z/ngz} * * T

(I ® Ao)Za, (B2 +1) V' # <0 (23

ATy (By+1) 0 VY|
uo - vl <o (24)

-Z;{(gﬁﬁl)fs m(X,. A |
° ym(Xag_p, ) Thl <0 (2)

* —Uay®" |

where

V(ﬁ) {u(ﬁ) - Sym(X d—B) ﬁ € N[O,Jfl]

Uy — sym(Xo,)  BE€Ngs, |
Tag Tag
y A T, A T,
o2 S ueh, a® e Sy
T=p+1 T=Taq
X £ dmg {X17X23X37 LN XM}
U 2 diag {U{"”, 00, U, ..., O}

A 2 Ay X, + By Y, V2 U - sym(X), and Z4,(B),
oy (B) are deﬁned in Theorem 2. Further, the admissible
gains of controllers are given by K, = Y, X1, a € M.

Proof. Note that Va,b € M, Vt € Nizo, =170, 11> VK €
Nio,1, V5 € Nyg,7,,], the following inequalities

(U5 = X (Ug) U™ = X

U-x)U U -X)"~0

2 — X)W
G )

) U — x)T -0
- X - 0

ensure
Ut — Xy — X+ X, (U 71X] =0
U-x-xXT+xv'x7 -0
uP — x, — X'+ X, 1xF -0

uP — x, — X'+ x, P 1xt - o.
Also, by setting

(t,r) _
Ute) & X;I;Ln ao Xag , €Nz (26)
ao Xg:)Qt(lto’”)Xao K€ N[d_ﬁ'ao]
(1,8) _
Uh) & { ag_ ﬁQZ(; Xag_ 8 pe N[O,d—l] (27)
0 aO an7 Xu,o B E N[Jv?ao]

and it follows from (19) that

(ti,ki+1)y—1 A-
( ao ) Ad K ad Ky

% Qal“l)X

ad "y Gd—ry

< 0.

Employing the congruence transformation to the above

inequality via diag{Qa, (t1,k1+1)

,(Xa,_,, )71} it gives rise
to (10). Furthermore, replacing U( ") Llé; # in (20)
by (26)-(27), one has X[ (Qq (£1.0) ¢a0Qa% O))Xad =<0,

which ensures (11). Similarly, we can rewrite (21) as

—( ((Itomlﬂerl))—l AOXaO
T H(t2,K3) < 0.
* —Xa0 a0 Xa,

Then, taking the congruence transformation to the

above inequality via diag{Qa, (t2,ra+1) , X'}, we can

obtain (12). Also, it follows from (22) that

T ~(B1)
7Xad 81 ao’ X“dlﬁu * *
(T ® Ag_g )20, (81 +1) Q7 * <0.
Ai_p, 0 —(Qu)

By performing a congruence transformation to the above
inequality via diag{X’{ E Q,I,,}, one can get (13).

Then, replacing Uao ") Uaz A by (26)-(27), it can be
obtained from (23) that

~XT U X,

*k *k
(Inr @ Ap)Eay (B + 1) —Q « <0.
AoTay(By +1) 0 —(QEt

Also, employing the congruence transformation with
diag{X;',Q, I, }, it yiclds that the above inequality
is equivalent to (14). Using similar techniques, (24) is



equivalent to (X;)—lb?ég)
which guarantees (15).

X —(X2)™
d

Similarly, replacing UaO ") L{%’B) in (25) by (26)- (27)
as well as performing a congruence transformation via

diag{0%*™ X-1 1}, (16) can be derived. This com-

ag_g,

pletes the proof. O

Remark 2 Note that the modal lag is considered as
dqg > T4, a € M in the above results, where two cases
are considered according to whether the sojourn time is
shorter than the lag. Then, if the modal lag is considered
as d, < 7,4, the system will reduce to only one case, and
the corresponding results can be readily obtained from
Theorem 3 by taking no account of inequality (22) and
replacing (B, € N[dao);ao,” with 8, € N[Iao,ljao,”.
The proof can be obtained in a similar vein to the one
for Theorem 3 and omitted here.

In the absence of the lower bounds of sojourn time, i.e.,
7, =1, Va € M, Theorem 3 will reduce to Corollary 1.

Corollary 1 Given finite constants T, € N>i, ¢, €
R0, do € Npijz,—1), a € M, the closed-loop S-MJLS

(3) is mean-square stable, if there exist a set of matrices
Ut w0, U™ = 0, X, and Y, witha € M, t €
N[O7f—a71]7 K € N[O,t]; T € N[l,?a]f B € N[O,‘T'a]7 such that
Vag,ay,..., ad,, € M, a1 # ag, Vt; € N[lxda0]7 Vo €
Nid,,+1,70,-1]» V51 € Njot,—1), Vk2 € Njg 4, —1], VK3 €
Nid,, t-1]» V81 € Njo,a,, 1], VB2 € Ny _1, V€
Ny ,2], the following hold:

ag 777—a0

t, 1
Utgol Ki+1)

- Xo- Ag .
sym( d—m—l) d(t 1 : <0
* — U™

Ul — ¢, UL <0

ag ap
— sym(Xg,) Ao
* Uétz’“) =0
—Z/_[(Egl) * *
(In @ Ag_g)Eay (B +1) Vx| <0
A(i 8 0 D(51+1)
—B1 aop
— 7,502) * *
(Ing @ Ag)Zay By +1) V' 5 <0
AoTay(B+1) 0 VY
4O — 00 o

where A;, L{(ﬁ) v, Vao , Z;{ao are defined in Theorem 3,
and Zq, (ﬁ), Iao (ﬁ) are defined in Theorem 2. Then, the
admissible gains of controllers are given by K, = Y, X1,
a € M.

Ulgé2,ﬁs+1)

In addition, note that the criteria obtained by Theorem 3
cover the case of mode-independent lag. Then, if d, = dg,
Va € M, where d¢ is a constant, i.e., replaying the modal

lag by the mode-independent lag, one has the following
corollary.

Corollary 2 Given finite constants 7, € N>1, T4 €
N>, 11, ¢, € Ryg, a € M, the closed-loop S-MJLS
(8) is mean-square stable, if there exist a set of matri-
ces Uét"{) >~ 0, Z/IC(LT’ﬁ) = 0, Xq and Y, with a € M,
t € Noz,—11, & € Ny, 7 € Nip, 7.0, B € Nom]
such that Vag, a1, ..., as, € M, a; 7é ao, Vt1 € N 4.,

Viz € Niget1,7,,-1], Vh1 € N[O,tl—l]; Vkg € Ny g, 1),
Vk3 € Nige t,-1], V01 € Nz, —1.dc-1], VB2 € Nig 7, —1),
VB, € N[O’Iao,g], VI € Ny 9, the following hold:

Ug(,zl’erl) _ sym<Xad§7Nl71) Ads*fﬂ 0
* —U(Ef)l’m)
U™ —sym(Xa) A ]
" _ étzﬂi?,)
tz, ¢ U(O 0) <0
ag
—L_I(Sfl) * *
(IM®Ad£_51)EaO(ﬂ1+1) 1% * <0
Ad5761 0 V(Bl"rl)
—ZZE?” * *

(In ® Ap)Eay(By + 1) V' =<0
AT (B +1) 0 V=Y

(0 0,0
ulo — ol <o

~ 1 A
Uy — sym(Xay_y, ) Ascs,

- <0

% _uégs)
where Déf) = z]éf)
*(B) A Z;{éf)

— sym(Xa,,_,) if B € Nyog) and

— sym(X,,) if B € Nige+1,7,,]- Besides,

A, U éﬁ”, v, Z;{c(bf) are defined in Theorem 3, and Z,,(5),
oo (B) are defined in Theorem 2. Then, the admissible
gains of controllers are given by K, = Y, X', a € M.

Remark 3 In the above obtained results, the mode-
dependent controllers are employed to stabilize the
closed-loop system. Note that the asynchronous situa-
tion will vanish if replacing mode-dependent controllers
by mode-independent ones. By setting X, = X,Y, =Y,
the gains of mode-independent controllers can be given
by K £ YX !, and one can refer to [22] for the corre-
sponding conditions on the existence of the controllers.
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Fig. 2. State responses of the system by two classes of controllers designed based on Theorem 3 and Corollary 2, respectively.
The diverging state responses by Corollary 2 are shown as gray-blue curves in (c).

4 TIllustrative Examples

Example 1 (Numerical Ezample) Consider an unforced
S-MJLS in the form of (3) with three modes:

A1 =
A2 =
A3 =

[1.14 —0.52 ]

0.52 —0.94
[ 0.66 0.83 |
| 1.04 0.42 |
[ —0.33 0.51 |

| 0.11 0.92]

)

)

)

B,

B;

Bs

[ 0.1
_—5.0]
[ 1.4
| 05 ]

[ 15
| 0.1

where o > 0 is a given constant, and the switching
among the three modes is governed by a semi-Markov
chain, where the semi-Markov kernel is given as

=kl VA A A

Fig. 3. The regions corresponding to the case whether feasible
solutions of the controller exist by Theorem 3 and Corollary
2, respectively, for different ¢,, ¢, and ¢5.

0.27=1.0.811-7 . 10!
O13(r) = 0.3 11— )it —1)!
021(7) = 0.8 (0.7D"° —0.77"%)
0.510 - 10!
O23(7) = 0-2- (12 = 7)I(7 — 2)!

0.7771.0.311=7 . 10!

=0T T i o

912(7‘)




The purpose of the example is to show the necessity
of considering the modal lag and designing AMA con-
trollers. Here, the modal lags are set as d; = 4, dy = 4,
ds =1.

First, applying two classes of controllers obtained by
Theorem 3 and Corollary 2 with d¢ £ min{d,, dz,ds},
respectively, the state responses of the closed-loop sys-
tem for different o, 71, T2, T4 are shown in Fig. 2. It can
be seen that the controllers designed by Theorem 3 are
effective despite modal asynchronous switching. How-
ever, the state responses of the closed-loop systems by
the controllers designed using Corollary 2 are either di-
verging or with large overshoots, which means that con-
sidering d¢ instead of modal lags is not qualified to find
a stabilizing controller for S-MJLS in the case of modal
asynchrony.

Then, turning to the case of taking the maximum of
modal lags into consideration, we would check whether
it is suitable for stabilizing controller design. Given dif-
ferent ¢, ¢, and ¢, the controller can be obtained
by employing Theorem 3 and Corollary 2 with dg =
max{dy, ds, d3}, respectively, and Fig. 3 shows the re-
gions corresponding to the case whether a feasible solu-
tion of the controller exists. It can be clearly seen that
the region determined by Theorem 3 (counsidering the
modal lag) completely covers that by Corollary 2 (con-
sidering the common lag) as a subset, i.e., the latter is
more conservative.

In sum, one can conclude that the traditional method-
ology established on the simplification with mode-
independent lag is either incompetent or conservative in
handling the underlying systems with modal lag, show-
ing the necessity of considering the modal asynchrony
and significance of the AMA controller.

Example 2 (Illustrative Example of a Class of VTOL
Helicopter Models) In this example, our aim is to apply
the AMA controller to a VTOL helicopter model as il-
lustrated in Fig. 4, and demonstrate the validity of the
developed theoretical results against the modal asyn-
chrony for S-MJLS with the bi-boundary sojourn time.
As shown in [10] and [20], the discrete-time linearized
model of the VT'OL helicopter can be described as

z(k+1) = Ayyz(k) + Bryu(k)

where r(k) stands for a semi-Markov chain with three
subsystems corresponding to the airspeeds of 135(nom-
inal value), 60 and 170 knots, respectively.

The state variables z(k) = [x1(k), 22(k), z3(k), 24(k)]T
are taken as the horizontal velocity z1(k), the verti-
cal velocity zo(k), the pitch rate z3(k), the pitch angle
x4(k), and the controller inputs u(k) = [u1(k),ua(k)]T
are taken as the collective pitch control u;(k) and the
longitudinal cyclic pitch control us(k). Given the sam-

Table 1
Parameters in different modes.

Mode I (135 knots) II (60 knots) III (170 knots)

asa(r(k)) 0.3681 0.0664 0.5407
asa(r(k)) 1.4200 0.1198 2.5460
boy (r(k)) 3.5446 0.9775 5.1120

pling time T, the system matrices are expressed as

1—-0.037T 0.0271T 0.0188T —-0.4555T

A B 0.0482T 1 —1.01T 0.0024T —4.0208T
"B 0.1002T  age(r(k)T 1= 0.7T aga(r(k))T
0 0 T 1
0.4422T 0.1761T
b21<T<I{?))T —7.5922T
By =
—5.52T 4.49T
0 0

where the values of parameters asq(r(k)), as4(r(k)) and
ba1 (r(k)) are shown in Table 1. The semi-Markov kernel
is designed as

0.6™ -0.48-7 . 8!

0 =074 ——
12(7) ’— )il

0.47-0.6877-8!

0 =026 ——
13(7) (8 — 7)l7!

021(7) = 0.971° _ .97
fa1(7) = 040D a7
911(7’) = 922(’7‘) == 023(7’) == 932(7’) == 933(’7’) e 0

Fig. 4. VTOL helicopter model.

Here, we set T = 0.1, 74 =6, 7o = 5, 73 = 7, d; = 4,
do = 4,d3 = 2. By Theorem 1, it can be checked that the
open-loop system is not mean-square stable. We consider
the modal asynchrony and design the AMA controller
based on Theorem 3 (for brevity, the controller gains are
omitted). For different lower bounds of sojourn time, 50
realizations of the state responses of the closed-loop sys-
tems are shown in Fig. 5. As seen from Fig. 5, the de-
signed AMA controller is effective against the stochastic
variations of the airspeeds, despite the existence of the
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Fig. 5. State responses of the closed-loop system for different lower bounds of sojourn time. (a) 7, =1, 7, = 1, 7, = 1. (b)
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modal asynchronous phenomena and the bi-boundary
sojourn time.

5 Conclusions

In this paper, the issues of control synthesis for a class
of discrete-time S-MJLSs are investigated, in which the
sojourn time is with upper and lower bounds. Besides,
a practical and general phenomenon of the modal asyn-
chrony is considered. By employing the semi-Markov
kernel approach, numerically testable stability criteria
are obtained, based on which the conditions on the
existence of AMA controllers capable of overcoming
the modal asynchrony are derived. Compared with the
traditional studies based on the assumption of mode-
independent lag, the derived results are of less con-
servatism. Two illustrative examples are provided to
demonstrate the necessity of considering the modal lag
and the validity of the AMA controllers.

References
[1] V. Barbu and N. Limnios. Empirical estimation for
discrete-time semi-Markov processes with applications
in reliability. Nonparametric Statistics, 18(7-8):483—
498, 2006.

M. Basin and D. Calderon-Alvarez. Optimal controller
for uncertain stochastic polynomial systems with deter-
ministic disturbances. International Journal of Control,
82(8):1435-1447, 2009.

M. Basin and A. Rodkina. On delay-dependent stability
for a class of nonlinear stochastic systems with multiple
state delays. Nonlinear Analysis: Theory, Methods &
Applications, 68(8):2147-2157, 2008.

C. Du, C. Yang, F. Li, and W. Gui. A novel asyn-
chronous control for artificial delayed Markovian jump
systems via output feedback sliding mode approach.
IEEE Transactions on Systems, Man, and Cybernetics:
Systems, 49(2):364-374, 2018.

L. Hetel, J. Daafouz, and C. Iung. Stability analysis for
discrete time switched systems with temporary uncer-
tain switching signal. In 2007 46th IEEE Conference on
Decision and Control, pages 5623-5628. IEEE, 2007.

10

(6]

(10]

(1]

[12]

(13]

(14]

[15]

[16]

(17]

7. Hou, J. Luo, P. Shi, and S. K. Nguang. Stochastic sta-
bility of ito differential equations with semi-Markovian
jump parameters. I[IEEE Transactions on Automatic
Control, 51(8):1383-1387, 2006.

J. Huang and Y. Shi. Stochastic stability of semi-
Markov jump linear systems: An LMI approach. In 2011
50th IEEE Conference on Decision and Control and
FEuropean Control Conference, pages 4668-4673. IEEE,
2011.

S. Li, C. K. Ahn, and Z. Xiang. Sampled-data adaptive
output feedback fuzzy stabilization for switched nonlin-
ear systems with asynchronous switching. IEEE Trans-
actions on Fuzzy Systems, 27(1):200-205, 2018.

D. Ma and J. Zhao. Stabilization of networked switched
linear systems: An asynchronous switching delay system
approach. Systems & Control Letters, 77:46-54, 2015.
K. S. Narendra and S. S. Tripathi. Identification and
optimization of aircraft dynamics. Journal of Aircraft,
10(4):193-199, 1973.

S. Pan, J. Sun, and S. Zhao. Stabilization of discrete-
time Markovian jump linear systems via time-delayed
and impulsive controllers. Automatica, 44(11):2954—
2958, 2008.

W. Qi, G. Zong, and H. R. Karimi. %, control for
positive delay systems with Semi-Markov process and
application to a communication network model. IEEE
Transactions on Industrial Electronics, 66(3):2081—
2091, 2018.

W. Qi, G. Zong, and H. R. Karimi. Finite-time observer-
based sliding mode control for quantized semi-Markov
switching systems with application. IEEE Transactions
on Industrial Informatics, 16(2):1259-1271, 2019.

H. Shen, M. Chen, Z.-G. Wu, J. Cao, and J. H. Park.
Reliable event-triggered asynchronous extended pas-
sive control for semi-Markov jump fuzzy systems and
its application. IEEE Transactions on Fuzzy Systems,
28(8):1708-1722, 2019.

Y. Tian, H. Yan, H. Zhang, X. Zhan, and Y. Peng. Dy-
namic output-feedback control of linear semi-Markov
jump systems with incomplete semi-Markov kernel. Au-
tomatica, 117:108997, 2020.

J. Wu and Y. Shi. Consensus in multi-agent systems
with random delays governed by a Markov chain. Sys-
tems & Control Letters, 60(10):863-870, 2011.

Z. Xiang and R. Wang. Robust control for uncer-
tain switched non-linear systems with time delay under



18]

(19]

20]

(21]

(22]

asynchronous switching. IET Control Theory & Appli-
cations, 3(8):1041-1050, 2009.

G. Xie and L. Wang. Stabilization of switched linear
systems with time-delay in detection of switching sig-
nal. Journal of Mathematical Analysis and Applications,
305(1):277-290, 2005.

J. Xiong and J. Lam. Stabilization of discrete-time
Markovian jump linear systems via time-delayed con-
trollers. Automatica, 42(5):747-753, 2006.

J. Zhang, P. Shi, and W. Lin. Extended sliding mode
observer based control for Markovian jump linear sys-
tems with disturbances. Automatica, 70:140-147, 2016.
L. Zhang, Y. Leng, and P. Colaneri. Stability and stabi-
lization of discrete-time semi-Markov jump linear sys-
tems via semi-Markov kernel approach. IEEFE Transac-
tions on Automatic Control, 61(2):503-508, 2015.

L. Zhang, Z. Ning, and Y. Shi. Analysis and synthesis
for a class of stochastic switching systems against de-
layed mode switching: A framework of integrating mode
weights. Automatica, 99:99-111, 2019.

11



