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Abstract

This paper considers sliding mode control design for singular stochastic Markovian jump systems with uncertainties. A suitable
integral sliding function is proposed and the resulting sliding mode dynamics is an uncertain singular stochastic Markovian
jump system. A set of new sufficient conditions is developed which not only guarantees the stochastic admissibility of the
sliding mode dynamics, but is also constructive and determines all the parameter matrices in the integral sliding function. A set
of new sufficient conditions is developed which not only guarantees the stochastic admissibility of the sliding mode dynamics,
but also determines all the parameter matrices in the integral sliding function. Then, a sliding mode control law is synthesized
such that reachability of the specified sliding surface can be ensured. Finally, three examples are given to demonstrate the

effectiveness of the results.
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1 Introduction

Markovian jump systems (MJSs) have the advantage
of better representing physical systems with random
changes in both structure and parameters. Much recent
attention has been paid to the investigation of these sys-
tems (Fang and Loparo, 2002; Yue and Han, 2005; Xiong
and Lam, 2006). Singular systems have extensive appli-
cations in fields related to electrical circuits and power
systems (Yang, Zhang and Zhou, 2006; Lewis, 1986).
When singular systems experience abrupt changes in
their structure, it is natural to model them as singu-
lar Markovian jump systems (SMJSs) (Boukas, 2008;
Huang and Mao, 2010). In practice, these systems are
often corrupted by noise, for example Brownian motion.
Therefore it is of significance to study singular stochas-
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tic Markovian jump systems (SSMJSs).

Sliding mode control (SMC) has been recognized as an
effective strategy for control of systems with uncertain-
ties and nonlinearity (Hung, Gao and Hung, 1993; Ma
and Boukas, 2009). The sliding mode dynamics
is a reduced-order system and completely insensi-
tive to matched uncertainties (Utkin, Guldner and
Shi, 1999; Edwards and Spurgeon, 1998). Sliding mode
methods can also be applied to systems in the presence
of mismatched uncertainties (Yan, Spurgeon and Ed-
wards, 2005). To obtain similar levels of robustness from
a classical linear state feedback controller, high gain
is required (Young, Utkin and Ozgiiner, 1999) which
can be limiting in terms of controller saturation and
practical application. A novel augmented sliding mode
observer is presented for the augmented system of MJSs
and is utilized to eliminate the effects of sensor faults
and disturbances (Li, Gao, Shi and Zhao, 2014). Slid-
ing mode methods are successfully applied to uncertain
time-delay systems (Alwi and Edwards, 2008; Fridman,
Gouaisbaut, Dambrine and Richard, 2003; Yan, Spur-
geon and Edwards, 2013), interconnected systems (Yan,
Spurgeon and Edwards, 2010), stochastic systems (Niu,
Ho and Wang, 2007; Shi, Xia, Liu and Rees, 2006),
SMJSs (Wu, Su and Shi, 2012; Wu and Daniel, 2010; Wu
and Zheng, 2009). Sliding mode control of singular sys-
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tems may become complicated due to the singular matriz
FE in the system. Since the rank of E may not be equal to
the rank of B even in a simple linear system representa-
tion: Ex (t) = Az (t)+ Bu (t), it is not possible to obtain
the reqular form typically used for sliding mode control
design through model transformation (Shi et al., 2006).
Thus, the approach proposed in (Shi et al., 2006) is not
applicable in this case. This also implies that the linear
sliding function is not applicable to singular systems.
In order to avoid this issue, an integral-type sliding
function for a singular system has been designed (Wu
et al., 2012; Wu and Daniel, 2010; Wu and Zheng, 2009).
When the linear sliding function is used, the dimension
of the resulting sliding motion will be reduced, the reg-
ular form typically used for sliding mode control design
(Edwards and Spurgeon, 1998) is necessary in order to
solve the existence problem of linear sliding surface.
However, such regular form for singular systems is avail-
able only if the column vector of the input matrix B is a
linear representation of that of the derivative matrix F.
On the other hand, the integral-type sliding function in-
troduces some compensator whose dimension is equal to
the dimension of input vector, then the resulting sliding
motion is of full order and the regular form typically for
sliding mode control design is not required, therefore,
the integral-type sliding function (Wu et al., 2012; Wu
and Daniel, 2010; Wu and Zheng, 2009) is suitable
for any singular system. In (Wu et al., 2012; Wu and
Zheng, 2009), parameter matrices G; (G) in the sliding
function need to be designed in advance. If the selec-
tion of these parameter matrices is not appropriate,
additional conservatism will be introduced into the sta-
bility analysis of the resulting sliding mode dynamics.
In order to decrease the conservatism, these parameter
matrices need be redesigned but no constructive design
approach is given. In (Wu and Daniel, 2010), although
a method of how to design all the parameter matrices
in the sliding function is given, a particular constraint
must be satisfied so that EB; for system matrices F
and B; must have full column rank.

This paper considers the design of a SMC for a class of
uncertain SSMJSs. Key questions to be addressed are
stated as follows:

Q1. How to design a suitable sliding function such that
conditions developed for the stochastic admissibility of
the resulting sliding mode dynamics can determine all the
parameter matrices in the sliding function whilst reduc-
ing conservatism? Q1. How to design a suitable sliding
function such that conditions developed for the stochas-
tic admissibility of the resulting sliding mode dynamics
can determine all the parameter matrices in the sliding
function complementing the existing design methods?
Q2. How to analyze and synthesize a SMC law so that
the proposed approach can effectively reject the effect
of Markovian switching on the desired dynamic perfor-
mance of uncertain SSMJSs?

2 System representation and preliminaries

Consider a nonlinear SSMJS described as follows:

Edz (t) = [(A(ry) + AA(re,t)) z (t)
+B (re) (u(t) + f(x(t),r,))]dt (1)
+D (r) z (t) dw (¢)

where z (t) € R™ is the state vector, u (t) € R™ is the
control input and w (t) is a one-dimensional Brownian
motion satisfying £ {dw (t)} = 0 and & {d=” (1)} =
dt, £{-} denotes the mathematical expectation of the
stochastic process or vector. The matrix £ € R™*" may
be singular. It is assumed that rank (E) = r < n. Ma-
trices A (ry), B (1) and D(ry) are known and real with
appropriate dimensions where B ( rt) has full column
rank, AA (r,t) is uncertain and satisfies

AA (Tt,t) = M(’I"t)F(Tt,t)N(Tt) (2)

where matrices M (ry) and N (r;) are known, and the
function matrix F (r4,¢) is unknown and Lebesgue-
measurable with

FT (ro,t) F(re,t) <1

for all ¢ > 0; {r¢,t > 0} is a continuous-time Markov
process with right continuous trajectories taking values
in a finite set S = {1,2,- -+ , N} with the transition rate

matrix (TRM) II = {m;} given by

mijh+o(h) i#j

)
1+7T”h+0(h) 1=

7’{7“t+h=j|7“t=i}={

where h > 0, %ir%o(h)/h =0;my; > 0forj # iis
—
the transition rate from mode i at time ¢ to j at time
N
>~ mij;; the nonlinear
=15
term f (z (t),r:) € R™ represents the system nonlinear-
ity satisfying

t + h, which satisfies m;; = —

1S (@ (@), )l <O, lz @ <O @, re €S (4)

where 9,, > 0 is a constant and ¢ 2 max;es (9;).

For each r; = i € S, corresponding matrices or vectors
relating to r; in the system (1) are denoted with the
index i, for example, A (r;) = A;, AA (1, t) = AA; (),
and f (z (t),r:) = fi (x) ete.

The unforced nominal system of the system (1) can be
described as

Edz (t) = Az (t)dt + Dz (t) dw (t) (5)



A basic assumption and a definition are first introduced.
Assumption 1: For i € §, rank(E) = rank([E  D,]).
Definition 1 (Xu and Lam, 2006)

(i) The continuous SSMJS (5) is said to be regular if
det (sE — A;) is not identically zero for every i € S.

(ii) The continuous SSMJS (5) is said to be impulse-free
if deg (det (sE — 4;)) = rank(FE) for every i € S.

(iii) The continuous SSMJS (5) is said to be stochasti-
cally stable if for any g € R™ and ¢ € S, there exists a
scalar M (xg,79) > 0 such that

. t
tli{gog {fo ‘TT (Sa ‘TOaTO) x (SaiUO’TO) ds |‘T0ar0 }

SM(ZEO,T’O)

where x (t, zg, 79) denotes the solution under the initial
condition zg and rg.

(iv) The continuous SSMJS (5) is said to be stochasti-
cally admissible if it is regular, impulse-free and stochas-
tically stable.

Lemma 1 (Xu and Hu, 2007): For given matri-
ces B, X > 0,Y, if ETX 4+ YAT is nonsingular,
then there exist matrices S > 0,L such that ES +
LT = (ETX+YAT)', where X,5 € R™™,
Y,L € R"*("=") and A, © € R"*("~") are any matrices
with full column rank satisfying ETA = 0, E© = 0.

Lemma 2: Let M, F, N and P be real matrices of ap-
propriate dimensions with P > 0, FTF < I and a scalar
€ > 0. Then

MFN + NTF'M" <eMP'M" + INTFT'PFN

The proof is trivial, so it is omitted. (Il

Remark 1: From Lemma 2, when F' = I, it follows that
MN+NTMT < EMP_lMT—l—éNTPN, and when P =
1,it follows that M FN+NTFTMT < eMMT+LNTN.

3 SMUC synthesis

In this section, a sliding surface is designed and the corre-
sponding sliding motion is analyzed. Then sliding mode
controllers are synthesized such that the closed-loop sys-
tem has the desired performance.

For the system (1), consider the following integral sliding
function:

s(t) = B} P,Ex (t) — /Ot Bl'P; (A; + B;K;) z (6)do
(6)

where P; € R™*" and K; € R™*"™ are real matrices to be
designed with B P, B; being nonsingular. It should be
noted that due to the assumption that B; is full column
rank, the nonsingularity of Bf P;B; can be ensured if

P, >0fories.

Considering the solution of the system (1), it is straight-
forward to see that the term Ez(t) can be expressed by:

Bz (t) = Bx (0) + [5 [(Ai + A4, (0)) z (6)

B 7
+B; (u(0) + fi (x))] d0 + fg D;z(0)dw (0) @)

where the last term is the It6 stochastic integral. Thus,
from (6) and (7), it follows that

s(t) = BIPiBx (0) + Jy [BI P (AAi (0) - Bik))
+BFP,B; (u(9) + f; ()] 8 + [, BF P,D;x(8)dw (6)
(8)
This implies that the sliding function s (¢) in (6) is well
defined for the system (1). Hence, if Bf P;D; = 0, then
the sliding function is described by

s(t) = BEP.Ex (0) + [y [BIP; (AA; (6) — B,K,)
+BIP,B; (u(0) + fi ()] do
(9)

From SMC theory, when the sliding motion takes place,
it follows that s (t) = 0 and $ (¢t) = 0. From (9),

$(t) = Bl P; (AA; (t) — B;K;) x (t)

_ (10)
+BIP,B; (u(t) + f; (z))

Further, from $(t) = 0, the equivalent control can be
given by

Ueqg = Kiz (t) — (B;rpz'Bi)il BIPAA; () x (t) — fi (x)

(11)
Thus, by substituting the equivalent control (11) into the
system (1), the sliding mode dynamics can be obtained
as

FEdx (t) = (4, + BK; + AA; (t)
—B,; (BFP,B;) "' BT P,A4, (t)) z(t)dt (12)
Dz () dow (t)

The following result is ready to be presented.

Theorem 1: The sliding mode dynamics (12) is stochas-
tically admissible if there exist scalars €1; > 0,e9; > 0,



matrices P; > 0, L; and S; for i € S such that

= * * * * *
€2¢B;»T —B;F.P,LBZ * * * *
NiYi 0 —611'1 * * *
<0
NZY; 0 0 _EQiI * *
FTH_lDi}/i 0 0 0 —-0; x*
i -1yt 0 0 0 0 —J;]
(13)
—.Pi *
_ <0 (14)
MZTPZ —822'1
BIP,D; =0 (15)

where I' = [I,. 0]", Z; = m; ;T ET + YT AT + LT BT
AY; + B;L; + 511'MiMZT7 0, = FTGEY;'GTF, v,
N GRG0 (U N
diag {@1, e ,91_1, ®i+17 s ,@N}, Li = Kl}/l and
Y, = (ER + S'ZRT)T where R € R"*("=7) is any matrix
with full column rank and satisfies ER = 0. Matrices G

and H are nounsingular satisfying GEH = diag{[,,0}.
Moreover, the parameter K; in (6) is given by

I+

K= LY, " (16)

Proof: From (13), it follows that Y; is nonsingular. Be-
cause Y; = (EP; + S'ZRT)T and ER =0,

Y'ET = EY; = ER,ET >0 (17)
Denote
Yin Y;
H_I}/;GT _ 11 12
Yio1 Yoo

From (17), it is straightforward to see that ¥;;2 = 0 and
Yi11 is symmetric, which implies that Y;11 and Y;o0 are
nonsingular. Therefore,

Vi 0

GiTYi_lH = -1 -1 y—1
_Yizz Yi21Yz’11 Yi22

and TTGEY;G™T = Y;1; is nonsingular.

From Lemma 1, there exists X; 2 Yi_1 = (ETPi + SiRT)T

where P, > 0, S; € R™ (™7 and the matrix
R € R™*(n=7) ig full column rank and satisfies ETR = 0.
It is clear to see that

H T (I"GEY;G"T) ' TTH' = E"X, = E"P,E
(18)

By (13) and (14), it can be obtained that

(Ai + BiKi)T X; + XzT (Ai + BiKi) + EliXiTMiMiTXi
+LNIN; + 3, XTB; (BIPB;) ' BIX;

+EL§NiTFT (t) MF P;M,F (t) N; + DFETP,ED;
N

+ Z WijETPjE <0
j=1
(19)
By Lemma 2, it follows from (19) that
N
XTA+A X+ DI ETP,ED+Y m; EYP,E <0 (20)
j=1

where . -
A; = Ai+B;K;+AA; (t)-B; (B P,B;) " Bf P,AA; (t)

R can be rewritten as R = GV

0 _
_ | where & €
)

R™=7x(=7) is any nonsingular matrix. From Assump-

tion 1

0 O

Partition the matrices GA;H, G"TP,G~" and H'S; in
a compatible way as follows

A — A (1) A ()
Az (t) A (t)
Py P Si
G_TPiG_l = and HTSi =
Pz Py i2

for i € S. It is readily concluded that A;4 (t) is non-
singular for ¢ € S. From Definition 1, the sliding mode
dynamics (12) is regular and impulse-free.

Consider the Lyapunov function candidate as V' (x (¢) , 1)
=27 (t) ETP,Ex (t) for the sliding mode dynamics (12).
Then the weak infinitesimal operator £ of V (x (t),1)
along the solution of the system (12) is given by

LV (z(t),i) =T (t) (AT X; + XA,

T T N T (21)
]:

From (20) and (21), it is straight forward to see that
there exists a scalar x > 0, such that for each i € S,

LV (z (1)) < = |z (1))



From the Generalized It6 formula, it yields

lim & {/Ot ||x(9)|2d9} < KLV (2(0),70)}

t—o0

Then, from Definition 1, the sliding mode dynamics (12)
is stochastically stable. This completes the proof. O

The objective now is to study the reachability. A SMC
law will be designed to drive the trajectories of the sys-
tem (1) into the designed sliding surface s (t) = 0 with
s(t) defined in (6) in finite time and maintain a sliding
motion there for all subsequent time.

Theorem 2: Suppose that the sliding function is given
in (6) where K; and P; satisfy (13)-(15). Then, the tra-
jectories of the system (1) can be driven into the sliding
surface s (t) = 0 in finite time and then maintain the
sliding motion by employing the following SMC law:

sl @2

N () + 3] & (57 2B
0 |l (1) )sign (s (1))

where v is a positive constant.

Proof: Choose the following Lyapunov function:

V(s (t),i) = %ST (t) (BYP.B:) ™ s (1)

From (10), the weak infinitesimal operator L of
V (s(t),1) is given by

LV (5(8),i) < —v s O € —773 (s (1) ,3)

where 7 E Vv L > 0.
maxies{ Amax(B;rpiBi)il}

Then by denoting s (to) 2 S0, it follows from (Kushner,
1967) that

E{V (1), [s0,10)% < —2t 4+ [V (s0,m0)  (23)

Since the left-hand side of (23) is nonnegative,
E{V (s(t),i)|so,r0 } reaches zero in finite time for

eachi € S, ie., t, <2V (s0, ro)/r. This implies that

E{s(t)} =0or P{s(t)=0} =1, for all t > ¢,. This
proof is completed. (I

Remark 2: From SMC theory, it follows that Theo-
rem 1 together with Theorem 2 guarantees that the cor-
responding closed-loop system formed by applying the
control (22) to the system (1) is stochastically admissi-
ble.

4 SMC with H,, performance

In this section, a set of sufficient conditions will be de-
veloped under which the sliding mode dynamics of the
considered system is guaranteed to be stochastically ad-
missible with H, performance.

Consider the following SSMJS in the presence of external
disturbance:

Edz (t) = [(Ai + AA; () z (t) + B (uw (t) + fi (z))
+Fw (t)] dt+D;x (t) dowo (t)
(24a)
z (t) = Criz () + Copw (1)
(24b)

where w (t) € RP is the disturbance input which belongs
to L5 [0,00); z () € RY is the controlled output; F;, Cy;
and Cy; are constant matrices with appropriate dimen-
sions. Unless otherwise specified, the notation in (24) is
as in (1).

Assume the sliding function (6) is defined for the sys-
tem (24). Using a similar analysis as in Section 3, the
following sliding mode dynamics can be obtained:

Edz (t) = [(Ai + B, K; + AA, (¢)
n (1 ~ B (B'PB,)"" BZTR») Frw (t)} dt
+D;x (t) dw (t)
(25)
Definition 2: Given a scalar v > 0, the sliding mode dy-
namics (25) is said to be stochastically admissible with
an H,, performance level + if it is stochastically admis-

sible with w (¢) = 0, and under the zero initial condition,
for nonzero w (t) € L% [0, 00),

5{/0sz(t)z(t)dt} <72/OOOwT(t)w(t)dt (26)

The following result is ready to be presented.

Theorem 3: Given a scalar v > 0, the sliding mode
dynamics (25) is stochastically admissible with an H
performance level «y if there exist scalars e1; > 0, £2; > 0,
matrices P; > 0, L; and S; for ¢ € S such that (14) and
(15) hold and

Hil *

<0 (27)
Iz II;3




where
[ = * * * x|
FZ-T > * * *
Iy = | ey;BY 0 —BI'PB; * *
BFY 0 0 ~BIPB; *
| C1.Y; Coy 0 0 —TI |
[ NY, 0000
I, — N;Y; 0000
I'"H='D;Y; 0000
i I'TH-'9T 0000

i3 = diag {—e1;l, —e2:1, —O;, —J;}

Ei = —’}/QI—FFITPZFl
and all other notation is as in Theorem 1. Moreover, the
parameter K; in (25) is given by (16).

Proof: From Theorem 1 it is straightforward to see that
(25) with w () = 0 is stochastically admissible. Let
Jow =E{ [y [2T(0) 2 (0) — v*wT (/) w (#)] dF}. Under

the zero initial condition, it is straightforward to see that

Jow < E{[ZT(0) (Ti + ] @;) (0)] 6}

where
AYX; + XTA; + DFETP,ED;
N ES
T, = + 3 7 ETPE ;
j=1
Frolfx; 7?1
o, = [Ci;Cy), &% = I - Bi(BFPB) ' BIP,

T
zZ(t) = [3; (t) w(t) ] , the notation for X; and A; is the
same as in Theorem 1.

Using the same method as in the proof of Theorem
1, from (14) and (27) it follows that J,, < 0 for all
t > 0. Therefore, for any nonzero w (t) € L% [0, c0), (26)
holds. Hence according to Definition 2, this system is
stochastically admissible with an H,, performance -.
This completes the proof. (I

Remark 3: Theorem 3 ensures not only all the param-
eter matrices P; and K; in the sliding function (6) are
determined but also the stochastic admissibility con-
dition of the resulting sliding mode dynamics is satis-
fied at the same time. This shows that desired results
can be obtained without repeatedly adjusting values of
some parameter matrices as in (Wu et al., 2012; Wu and
Zheng, 2009) and without the constraint of E'B; having
full column rank as in (Wu and Daniel, 2010). This an-
swers the first question (Q1).

Remark 4: When rank(E) = n, the considered system
is nonsingular. In this case, without loss of generality, it

is assumed that E = I. Then, the SSMJS (1) becomes
the following uncertain stochastic MJS:

dz (t) = [(A; + AA; () x (t) + Bi (u (t) + fi (x))] dt
+D;x (t) dw (t)

(28)
SMC for a similar system to the stochastic MJS (28)
was studied in (Niu et al., 2007; Chen, Huang and Niu,
2007), with the same sliding function adopted as in (6)
with E = I, but the parameter matrices K; (i € S)
must be chosen to satisfy A; 4+ B; K; being Hurwitz prior
to solving matrices P; (i € §). For the same reason
analyzed in Remark 3, the approach proposed here for

the stochastic MJS is improves the results in (Niu et al.,
2007; Chen et al., 2007) in this regard.

Theorem 4: Consider the SSMJS (24), the sliding func-
tion is given in (6), where P;, K; (i € S) are solutions of
(14), (15) and (27). State trajectories can be driven into
the sliding surface s(t) = 0 in finite time and remain
there by the following SMC law:

u(t) = Kix(t) — (U + H (BT P:B;) " BIP,M;

N (o)
ol @)+ 3] S mo (5728 ls 0

o (&)1 sign (s (1))
(29)

T H (BTP:B;)”' BIP,F,

where v is a positive constant.

Remark 5: Here, the second question (Q2) will be an-
swered, that is, how is the attraction of the sliding sur-
face maintained when the sliding surfaces change from
one to another under Markovian switching. From (29),
it is straightforward to see that the designed SMC is re-
lated to the sliding surface through the matrices P; and
K;. It should be noted that the proposed SMC law de-
pends on the transition rates m;; which reflect the effect
of Markovian switching, and prescribe the desired dy-
namic performance of the system. Compared with this
paper, in (Wu et al., 2012; Wu and Daniel, 2010) G;
(1 € S) the designed SMC law is not related to Marko-
vian switching and the SMC law does not depend on the
transition rates m;; directly.

Remark 6: It should be emphasised that it is difficult
to solve equation (15) as the matrices P; in (15) are
constrained by the inequalities (13) and (14). Indeed,
there is no general way to solve equation (15) with the
constraints (13) and (14) (Edward, Yan and Spurgeon,
2007). In order to apply LMI techniques to find possible
solutions, one possible choice is to replace the condition
(15) by the following approximate constraint, which will
reduce the search region for the solution P; and facilitate
the design by combining the limitations (13) and (14):

(BXPD;)" (BYBD;) < vI, (for all i €S)  (30)



where v is a sufficiently small positive scalar. By using
the Schur complement, (30) is equivalent to

—vl l)zTIB,LBZ

_ (31)
BYPD;, I

The following minimization problems for Theorems 1
and 3 are defined:

min v
€1;>0,e2;>0,P;>0,L;,S;

s.t.(13), (14) and (31)

min v
€1,>0,e2;>0,P;>0,L;,S;

s.t.(14), (27) and (31)

It can be seen that if the global infimum v approaches
zero, the corresponding solutions e1; ,€9;, P; > 0, L;, S;
will satisfy (13)-(15) or (14), (15) and (27) respectively.

Remark 7: When compared with the LQR algorithm
which is an automated approach to finding an appropri-
ate linear state-feedback controller, the proposed sliding
mode controllers (see for example (29)) are nonlinear and
have variable structure, and thus produce a sliding mo-
tion which is totally insensitive to matched uncertainties
(Edwards and Spurgeon, 1998) and also exhibits good
robustness to mismatched uncertainty (Yan, Spurgeon
and Edward, 2014; Yan et al., 2005). The discontinuous
terms in the proposed variable structure controllers ef-
fectively reject the effects of the matched uncertainties if
the magnitude of the switched element is larger than the
corresponding bounds on the uncertainties. Although
linear feedback control is straightforward to implement,
high gain may be required to reject the effects of uncer-
tainties if only linear state feedback is employed, partic-
ularly for systems with uncertainties where the bounds
are nonlinear (Young et al., 1999).

5 Numerical examples

Example 1 Consider a SSMJS (24) with two modes
and parameters as follows:

1.5 -1 —1.2 1.0
Mode1l: A; = [ 1316 1.1 |,B1=]05],
0.6 0.8 —0.8 0.2
0.1 0.1 0 0 0.1
Mi=1]0 |,Di=|0020|,F1=]|0 |,
0.1 0 00 0
Ny = {0.2 0.1 0.1} ,C11 = [0.1 0 0.2}, Ca1 = 0;
0.5 -0.6 0.7 0.8
Mode 2: Ay = |12 24 —041|, Bo = |10/,
06 02 1.5 0.3

0.2 03 0 0 i
My=| 0|, D:=| 0010, F=0100],
0.1 0 00

N2 =[030201],Cra=[02003],Co2 =05

The other parameters for models 1 and 2 are given as
follows

100
—-0.5 0.5
E=1|010(, II= ;
04 —-04
000

fi(z) = fo(x) = 0.3sin (¢) 21,
vy=1, F(t)=F(t)=0.2sin(t)

By Theorem 3 and Remark 6, it can be obtained that

81.5 237 —466.7 |
Pi=1| 237 206 —1698 |,
| —466.7 ~169.8 8830.5

571 15.6 —204.2 |
P=1| 156 308 —144.1],
| -204.2 —144.1 6328.8 |

K = [—0.6213 —175.4896 —18.8646}7

Ko = [8.4051 —34.5859 14.9472], va~1.2x1075,

Then, the sliding surface can be computed by (6). Let
the adjustable parameter v = 1, then the SMC law can
be obtained by (29). For simulation purposes, the initial

condition is chosen as z(0) = [1 2 2.9]T. Simulation
results are shown in Figures 1 and 2.

Fig. 1. The time response of the closed-loop system states

Example 2 Consider an electrical circuit that can be
given as a SMJS (Boukas, 2006). Assuming the voltage



Fig. 2. The time response of the switching function s(t)

u(t) is excited by a nonlinear disturbance (where the
nonlinear disturbance f(z) satisfies (4)), which can be
illustrated in Figure 3. It can be seen that the switch
occupies three positions and switches from one position
to another in a random way. This random process is the
consequence of a random request which may come from
the choice of an operator. For this system, it is assumed
that the position of the switch follows a continuous-
time Markovian process {r:|t > 0} in (3) and takes
three modes in § = {1,2,3}. For example, if r; occu-
pies state 2 at time ¢, it is depicted as r; = 2. Denot-
ing the electrical current in the circuit as i(¢) and us-
ing the basic electrical current laws, it is obtained that
u(t)+ f(x) =ur (t) +ur (t) + uc (¢) ,ur (t) =i (t) R,
ur, (t)dt = Ldi (t), a(ry)i (t) dt = duce (¢),

& if =1

where a (ry) = C% if m=2,R=R+AR, Risthe
C%; ’Lf T = 3

resistance with the uncertainty AR.

Fig. 3. Electrical circuit: singular circuit

Then the equation established above can be rewritten as

LOO| | i) 0 10| i)
001 ar(t) | = [a(ry) 00| | ug (t)
000]| |ac®) R 11| |uc()

T

00wt + 1)

T
Ifo(t) = |i(t) ur (t) +uc(t) ue (t)} is chosen, the
obtained system is equivalent to the following

L0O 0 10
Lol1|z(t)=|a(r)—RO —1|xz(t)
000 R 10

T

+[0 1 4} (u(t)+ (1))

Parameters are chosen as follows
L=1,a1=1,a0=12,a3 =15, R=2, AR = 0.01,

—-10.4 0.6
09 -2 1.1

0.2 0.3 -0.5
By Theorem 1, it can be obtained that

17.6206 0.5206 —7.8191 |
Py = | 0.5206 61.6055 —2.2036
| —7.8191 ~2.2036 33.2896 |
[ 16.0577 0.5818 —7.5931 |
Py= | 05818 62.0916 —2.2547
| —7.5031 —2.2547 30.0298 |
[ 18.3454 0.4484 —9.1911 |
Py= | 0.4484 60.4777 —1.8868
| —9.1911 —1.8868 39.1067

f(z) = 0.5sin(t)zy, II =

K = [—2.6864 28694 —0.3674 |,
Ky = [—3.5209 _3.8764 —0.3897 |,
Ky = [—2.1167 _1.8464 —0.5969

Then, the sliding surface can be computed by (6). Let
the adjustable parameter v be v=1. The SMC law can
be obtained by (22). Simulation results with the initial
condition z(0) = [0.5 —0.7 —1]%, are shown in Fig-
ures 4 and 5, which demonstrate the effectiveness of the
obtained results.

Example 3: Consider a two-mode SSMJS (24) without
uncertainty:



Fig. 4. The time response of the closed-loop system states

100

80

60

40

20

-20
0

Fig. 5. The time response of the switching function s(¢)

15 -1 1.2 1
Mode 1: Ay = 1316 1.1 |,B1=]05],
0.6 0.8 —0.8 0.4
01020 0.1]
Di=|01020[,FA=|0 ]|,
0 00 0
Cuu=[01002], Ci=0
0.5 0.6 0.7 ] 0.8
Mode 2: As =112 24 —04|,B2=1| 1 |,
0.6 02 15 | 0.4
0.20.10 0.1] 021"
Dy=102010|,F2=| 0 |,Ca=] 0
0 00 0 0.3

022 =0.

The singular matrix F is given by

100
E=10040
000

In order to compare the results obtained in this paper
with results in (Wu and Daniel, 2010), it is assumed that
w11 = —0.5. Then based on different values of o3, the
corresponding minimum values of v will be calculated.
Table 1 presents the comparison of the minimum -y, for
different ma9, between results using Theorem 3 in this
paper and Theorem 4 in (Wu and Daniel, 2010). It is
clear that the results obtained in this paper improve
the results given in (Xu and Lam, 2006) even when the
constraint of £ B; having full column rank is satisfied.

Table 1
Comparisons of minimum allowed v with 711 = —0.5.
T2 —0.2 —0.3 -0.4 —0.5 —0.6 —1

a 0.2291 0.2293 0.2295 0.2296 0.2298 0.2302
b 0.0954 0.0957 0.0960 0.0962 0.0964 0.0968

Row a: The minimum ~ from Theorem 4 of (Wu and Daniel,
2010)
Row b: The minimum ~ from Theorem 3 in this paper

On the other hand, if it is chosen that v = 0.114, A; =
a —1 —-1.2
1.316 1.1

0.6 0.8 —0.8

the other parameters are unchanged in this example, in
Figure 5, “ 0 ” represents the range of feasible solutions
using Theorem 3 in this paper, and “ * ” represents the
range of the feasible solutions using Theorem 4 of (Wu
and Daniel, 2010). This also demonstrates the method
obtained in this paper has less conservatism under the
same constraint. This demonstrates that the method
obtained in this paper has certain advantages in some
cases.
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6 Conclusions

In this paper, SMC laws have been designed for a class
of SSMJSs in the presence of uncertainties. A suitable
integral-type sliding surface is designed such that the
resulting sliding mode dynamics is stochastically admis-
sible. Investigation of stochastic MJSs is considered as
well using sliding mode techniques such that the corre-
sponding closed-loop systems are stochastically stable.
The developed conditions are easily testable and less con-
servative than the existing results available in the litera-
ture. The developed conditions are easily testable and
can be regarded as a alternative way to complement the
existing results available in the literature. Moreover, the
effect of Markovian switching has been overcome by the
designed sliding mode controller involving the transition
rates of modes. The application to several numerical ex-
amples shows the practicability of the proposed method.
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