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Sliding Mode Observer-Based FTC for Markovian
Jump Systems with Actuator and Sensor Faults

Shen Yin and Hongyan Yang and Okyay Kaynak

Abstract—This work addresses the stabilization problem for
nonlinear Markovian jump systems (MJS) with output distur-
bances, actuator and sensor faults simultaneously. This kind
of plants are common in practical systems, such as mobile
manipulators with switching joints. In this work, a sliding
mode observer design scheme is proposed for a new descriptor
augmented plant. By employing the developed observer, the
effects of actuator and sensor faults can be eliminated. It is
shown that the stabilization of the overall closed-loop plant can
be guaranteed by the proposed fault tolerant control (FTC)
scheme. Finally, an example concerning mobile manipulators with
Markovian switching joints is presented to show the effectiveness
and applicability of the theoretical results.

Index Terms— Sliding mode observer, Fault tolerant control,
Markovian jump systems, Actuator faults, Sensor faults.

I. INTRODUCTION

In recent years, mobile manipulators have been extensively
employed in practice, especially in some hazardous environ-
ments, such as space operations and manufacturing sectors.
Moreover, mobile manipulators with hybrid joints exhibit
better performance than ordinary ones in practical applications.
Recognizing that the robots with hybrid joints can be better
in energy saving than the ones without hybrid joints, a lot of
researchers focused on the issue of joint switching. A second-
order nonholonomic constraint is obtained by considering the
zero torque at the hybrid joints in [1]. Furthermore, in [2],
the Markovian jump linear system (MJLS) method is applied
to analyze the joint switching. During the past few years,
Markovian jump systems (MJS) have played an important
role as they can be employed to model amounts of physical
systems, such as networked systems and power systems [3],
[4]. There has been a tremendous progress made in the field of
MIJS. In [5], an asynchronous switching controller is proposed
for stochastic hybrid retarded systems. Then, the authors of [6]
pay attention to the output feedback controller design problem
for discrete-time MJS. Furthermore, the stabilization can be
guaranteed by the method proposed in [7] for MJS with partly
unknown transition probabilities. Recently, the authors in [8]
propose a novel adaptive FTC method for MJS.

In practice, faults such as actuator faults and sensor faults
usually occur inevitably. Markovian jump systems are no ex-
ception. These faults may cause discontented system behaviors
and even lead to instability or catastrophic accidents. Due to
this reason, considerable research efforts have been devoted to
the subject of fault tolerant control [9]-[11] (passive FTC and
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active FTC) and fault detection and isolation in both theory
and practice [8], [12]-[15]. It is worth noting that the fault
diagnosis techniques in [13] and [14] are mainly data-driven.

On the other hand, control strategies concerning the problem
of observer design have been studied for years. Several supe-
rior observer schemes have been proposed for various kinds
of plants, such as stochastic systems [16], nonlinear plants
[17], Markovian jump systems [18], [19] and so on. Among
the aforementioned works, [18] provided the scheme of sliding
mode observer (SMO). In fact, the SMO [20] has been widely
employed due to its strong robustness in regard to uncertainties
and the possibility of uncertainty estimation. Furthermore, in
[17], the design of SMO was employed to nonlinear systems
with actuator faults. Besides, there has been a tremendous
progress made in sliding mode control (SMC). The problem
of SMC with soft computing has been addressed in the survey
[21]. In a follow-up work [22], the terminal SMC for multi-
input plants is discussed. However, in practical plants such as
mobile manipulators, disturbances, actuator and sensor faults
often occur in control systems simultaneously. The negative
effect they may cause requires us to take all of them into
consideration in designing the control systems. Although some
researchers have attempted on the control problem for mobile
manipulators, the existing results have been either focused on
only disturbances [2] or only actuator faults [8]. Until now,
little related works have fully investigated the problem of
the design of observers for mobile manipulator systems with
output disturbances and both actuator and sensor faults. In
other words, this problem is still open and challenging.

Based on the observation above, in this paper, we study the
FTC problem for Markovian Jump Systems against actuator
and sensor faults simultaneously. Firstly, by introducing an
augmented vector consisting of the state, output disturbance,
actuator and sensor fault vectors, a SMO is proposed to obtain
the estimation of disturbances, actuator and sensor faults
simultaneously. Secondly, an observer-based FTC strategy is
proposed to stabilize the resulted fault plant. Then, an example
concerned with mobile manipulators with Markovian switch-
ing joints is provided to demonstrate the effectiveness of the
developed FTC approach. The main contributions of this paper
lie in: (i) designing a sliding mode observer(SMO)-based
FTC strategy for Markovian Jump Systems with Lipschitz
nonlinearities, output disturbances, actuator and sensor faults
simultaneously; (ii) considering actuator and sensor faults
simultaneously for mobile manipulators with hybrid joints in
the simulation part.

This paper is organized as follows. In Section 2, the
problem formulation is given. The main results are presented
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in Section 3. In Section 4, an example concerned with mobile
manipulators with Markovian switching joints is provided and
a conclusion in Section 5 ends this paper.

II. PROBLEM FORMULATION

Consider the following MJS with Lipschitz nonlinearities,
output disturbances, actuator and sensor faults defined in fixed
probability space (Q, F,P)

i(t) = A(re)z(t) + B(re)u(t) + Fo(re) fa(t)
+g(t,x,re)

y(t) = Cre)a(t) + Fs(re) fs(t) + D(re)u(t)

+G(re) fa(t) + Da(re)d(2),

where x(t) € R™ denotes the state variable, y(t) € RP
denotes the measurement output and u(t) € R™ is the control
input. f,(t) € R, fo(t) € R® and d(t) € R? represent
the actuator and sensor faults and the bounded disturbance,
respectively. ¢(¢,x,r;) denotes the nonlinear Lipschitz vector
function; {r¢,¢ > 0} denotes a Markov chain on (9, F,P)
with right continuous trajectories, which takes values in S £
{1,2,---, N}. The generator matrix II £ [r;;],4,j € S with
the transition probability is given by

(1

Pij:PY{Tt+A :j|7"t:7,}:{ ]_+7T1]1A+OEA; Z;ijj

where A > 0 and lima_,00(A)/A = 0; m;; > 0, ¢ # j and
T = _Zj;éiﬂ—ij < 0 for 7 € S. A(T’t) € Rmxm, B(’f’t) €
R™*™ Fo(r) € R*™%, C(ry) € RP*", Fy(ry) € RP*s,
D(ry) € RP*X™, Dy(ry) € RP*4, G(r;) € RPX® refer to
the system matrices. For notational simplicity, the matrices
A(ry), B(re), C(re), Fa(ri), Fs(re), D(r¢),G(r¢),Da(rs) will
be represented by A;, B;, C;, Fui, Fsi, D;, G;,Dg; when
Ty = Z,Z es.

The assumptions below are required for each r, =4 € S in
this paper.
(A1) (A;, C;) is observable. Besides, there exists a scalar §; >

0 such that the following holds

k ezIn + Az Fai
ran Oi Gi

(A2) The matrices F,;, F; and Dgy; are of full row rank.

(A3) The output disturbances, sensor faults and actuator faults
considered in this paper refer to small bounded ones and
satisty: [|d(1)|] < ra. [[f@)]] < re [1F@N] < res
fa@®ll < ra1s [|fa®)]] < Ta2, where rqg > 0, rgp >
0, 752 > 0, 71 > 0 and 742 > 0 represent known
constants.

]zn—}—a. )

(A4) ¢(t,z,r;) satisfies the constraint of Lipschitz:

g(t, &, 7)) = gt 2, r)ll < |[Ti(2(8) — =(8))]|
< ll2@) —z(@)l, )

for any x(t) and z(t) € R”, where n = max;cs ||T;||
and T; € R™*" denotes a known constant matrix.
(AS5) The system matrix dimensions satisfy:

a+s+d<p

Remark 1. In practice, most of faults often occur abruptly
and the real functions of them are often unknown. In order to
proceed the FTC procedure, we provide assumption (A3), in
which the condition is general in the existing FTC results.

In the following discussion, the following preliminaries will
be adopted.

Definition 1. [7] The MJS (1) is said to be stochastically
stable, if for any initial condition zo € R", 1y € S and u(t) =
0, the following holds:

E{ 020,70} < 0.

Definition 2. [23] Let C5(R"™ x S; R ) represent the family
of nonnegative functions V (z(t),7) on R™ xS which are twice
differentiable continuously in z(¢). For V € Co(R™ x S;Ry),
define an infinitesimal operator in the following form:

LV (x(t),7) =lma_ o+ x[E{V(@(t+ A), repa)lz(t),
re =1} — V(z(t),1)].

4)

(&)

III. MAIN RESULTS

In this paper, the main goals are to obtain the estimations
of x(t), fo(t), fs(t) and d(t) and then to synthesize a FTC
strategy for the MJS (1). To achieve the goals, firstly, we define
some augmented matrices and variables:

t .
) ;‘E((t)) N LA AORSAG
g_j(t) = Fsiafs(t> ) f(t): eifs(t)+fs(t) )
| Da;d(t) d(t)
[ In 02‘_1Fai Onxp Onxp-
E‘ é Oaxn Ia Oa><p Oaxp
' OPXn OPXG P OPXP 7
_Opxn Opxa Opo OPXP_
_Ai Onxa 0n><;r) 0n><p_
A_ A Oaxn _ei-[a Oaxp Oaxp
‘ Opxn 0p><a _97,'[;0 Opxp ’
_Opxn 0p><a OPXP _IP_
0; ' Fai Onxs Onxa B;
= I 0 Oaxd 5 o |0
Bi ﬁ a axs aXx ; Bz: axm ,
! 0p><a Fsi Opxd 0p><m
L Opxa OPXS Ddi 0p><m
In
G 2 [ G I, I), Fa bl
Opxn
0p><n

where 0, > 0 is a parameter which stratifies Al.
Furthermore, the augmented plant can be constructed as
follows:
E;x(t) = AZ(t) + Biu(t) + By f(t) + Fy(t, x, )
y(t) = Cl"f(t) + Diu(t).

It can be seen that the plgnt (6) 1§ a singular system. Then,
we know that the matrices C; and E; have the property below

(6)

rank [E—‘l} =n-4+a+2p=n.

‘. )
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Define two matrices in the following form:

EDi = [Opxn Opxa Opo WLT}T

S; £ (E; + Lp,Cy), ®)

where W = diag{l1,l2,...,lp}andl; > 0fori=1,2,...,p
Following the proof of Lemma 1 in [18], it can be calculated
easily that

[ In Hi_lFai Onxp On><p
S = Oaxn I, O(L><p Oaxp
’ 0p><n Opxa Ip OPXP ’
(WiC; WG, W; W;
[ In _eleai 0n><p On><p
5«471 — Oaxn [a Oaxp Oaxp
‘ 0p><n Opxa Ip Op><p
| -Ci 07'CiF, -Gy —I, W!
Furthermore, one has
G5 Epi = 1, ©)
A;S7'Lp; = —N. (10)

Remark 2. Note that the estimation of the vector ZI;
in singular system (6) will lead to an estimation of the
unmeasured state vector z;, the actuator fault vector f,(t),
the sensor fault vector Fy;fs(t) and the disturbance vector
F4;d(t). If an effective state observer can be constructed for
the singular system, the asymptotic estimations of state, the
actuator fault, the sensor fault and disturbance will be achieved
simultaneously. Thus, based on such an idea, the original
problem of state and fault estimation is transferred into an
observer design issue for the descriptor system (6).

Based upon the above discussion, the descriptor SMO is
proposed for (6)

Sié(t) = Q/L — Epiéi),?(t) + Biu(t) B
+N(y(t) - Diu(t)) + Lgus(t) + Fy(t, &,4) (11)
Z(t) = 2(t) + 57 Lpi(y(t) — Diu(t)),
where z(t) = [22(t),2L(t),2T(¢), T(t)] denotes the in-

termediate variable and I T(t), fTt),d" ()7
denotes the estimation of Z(t); g ) is a known function,
Lp; € R™P, L,; € R*™P and L o € Rrx(atstd) gre the
observer gains to be designed. Based upon the discussion
above, S; 2 (E + ED,CZ:) is non-singular by selecting
appropriate Lp,.

It is noticed that Dy and F§; denote full column rank
matrices. Thus (DI Dg)~! and (FLZF,)~! exist. Then,
we know that the real estimation of d(¢) and fs(t) are
(DY, Dg;)'DLd(t) and (FLFy) ' FL fi(t).

For further analysis in the remaining work, two crucial
lemmas are introduced as follows:

Lemma 1. [24] Given a pair (A,C) with A € R™*™,
C € RP*" | the following are equivalent:(1) A is stable. (2)
If the pair (A C’) is observable, then the Lyapunov equation
ATP+PA = —C"(C has a unique positive definite symmetric
solution.

—~
&#

Lemma 2. [18] For each i € S, under (Al), there exists
a gain matrlx Lm with appropriate dimension such that the
matrix S; ' (A; — L,;C;) is Hurwitz.

3.1 Derlvation of the error dynamics

In this part, we construct the error plant. From observer
(11), we have

SiL(t) + EDZC’Z.T(t)
= (Al — EpLéz)i‘(t) + Eméif(t) + Blu(t)
+Esiu3(t) + I_/ch_'li‘(t) + Fg(t, QAT, ’L)
Furthermore, to obtain the error plant, we should get S;Z(t)

firstly. Thus, by adding Lp;C;Z(t) to both sides of (6), one
can obtain

Si(t)

(12)

Sia(t) = Azlt) + Fg(t,z,i) + Biu(t)
+Byif(t) + L C‘af() (13)
Define
e(t) £ &(t) — z(t) = [ef (t), el (t),ex (), el (D], (14)

and subtract (13) from (12), the following error plant can be
obtained:

gzé(t) = (/L - Lpiéi)é(t) + Fge(t, e, Z) + Esius(t)
—Byif (1), (15)
where el (t) £ &(t) — x(t), ge(t, e,i) = g(t,2,1) — g(t,x,1),
ca(t) £ fa(t) = fa(®).

In order to design us(t), for each i € S we firstly define
the sliding mode surface as s(t,1) = B}F,L-S[ TP,e(t) with the
positive-definite Lyapunov matrix P; [25], [26] satisfying:

B},S;TP, = H,C;, P, > 0, (16)

where H; € RP will be determined later. Then, us(t) is
designed in the following form:

us(t) = —(0i(rar +7s1) +7a2 + 752 +7a + €)sgn(s(t,i))
N
-0 5Z7rzj(Bfi5'2_TP75'le1) Ls(t,i)sgn(\i),
j=1

a7

where 741,742,751, 7s2 and rg are defined as in Assumption
A3. N\, = S(t, i)T Z;V:1 Wij(BfingPjSiBﬁ)_lS(t, Z) and
€ > 0 denotes a parameter to be designed. Finally, the overall
closed-loop plant can be formulated as follows:

#(1) = Aw(t) + Buu(t) + Fufu(t) + g(t. 1)
ét) =S57(A; - LypiCi)e(t) + Fge(t, e, i)
+Lszu8(t) — Byif (t)].
3.2 Stability analysis of the overall closed-loop system

We are in a position to establish the observer-based con-
troller for the plant (18). Firstly, we construct

u(t)

with K; = [K;, —BJFai,OmXp,Omxd]. For each i € S, B,L.T is
the generalized inverse of B;. The gain K; will be designed in

(18)

= K;(t) = K;2(t), (19)
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the discussion such that A; + B;K; is Hurwitz. By applying
(19) to the plant (1), we obtain

l‘(t) = A,l’(t) + B,u(f) + Faifa(t) + g(t, Z, ’L)
= Az(t) + BiKi2(t) — B; Bl Fy fu(t)

+Fa1fa(t) +g(t,x,z) (20)

Suppose that rankB; = rank([B;, F,;]), we have the
following property

Fy; = B;B|Fui, @1
then the following closed-loop plant is obtained
é(t) =5 [(Ai — LpiCi)e(t) + Fyelt,e,i) (22)

+Lgius(t) — B f (1)),

where F1 = [B’LK’M *Fai; 0n><57 On><d]-

We now present our first main result for establishing the
stability condition of the plant (22).

Theorem 1 Applying u,(t) (17) to the error dynamics (22),
if for each i € S, there exist positive and definite matrices
pi c RﬁXﬁ,Ri € R™Xn, ?’Z € R™*™ and H; € R(a+s+d)xp
with appropriate dimensions, such that the following equality
and the LMI hold

T Do
L= [ * 1—‘221} <0,

BRSSP, = HC;, (23)
with Flli_: ]_%i(Ai+BiKi)j‘(_Ai"‘_BiKizTﬁi"‘z:_;‘V:l Wij{%j-i-
Iy + n?RIR;, Tayy = PS;'A; — YiC; + ATS;TP; —
cryr J[Zj'vq i Py 4 In + QQFTS{TPiPisle’ [igi =
[Ri —RiFai Onxapl, F = [F,0nx(at2p)]- Then the plant
(22) is stochastically stable. Furthermore, for each i € S, the

observer gains L,; and L, are given by
Ly = SiP 'Y, Ly=_S8P'C;"Hl =By;. (24)

Proof: Consider the error plant (22). We construct the
Lyapunov function as follows:

V(t) = Va(t) + Ve(t),

with V,.(t) = 27 (t)R;x(t), and V,.(t) = &7 (¢t) P;é(t). For each
i € S, by Definition 2, we get the infinitesimal operator along
the trajectories of (22)

(25)

LV, (t) = 227 (t)Ri[(A; + BiK;)z(t) + Fie(t) + g(t,z,1)]
+xT(t><§: mij ) (), (26)
LV.(t) = e'(t) [Pzg‘ll(ﬁl — LyiCi) + (A
—L,iC)TS; TP + i IR0
+2e" (1) P,S; 1[isiujs:t1) — Byif(t)
+Fge(t, e, )] @7

Recall that Ly; = (P;S;')"'CTH! and B};S_TPZ- =
H,C;, one gets
2eT ()OI HY
—2¢l[s(t,)](28)

IN

On the other hand, following A3, it is derived that

20T () Rig(t,z,i) < aT(t)x(t) + g7 (t,z,i)RT Rig(t, 1)
= 2T (t)x(t) + n*xT (t)RT Riz(t), (29)

2eT(t)P,S;  Fge(tye i) < &ET(t)e(t) + gX(t,e,i)
FTSZ-_TEPiSZ-_IFge(t,e,Z)
< el(ve(t) +n’e’ (t)
FTS TP,P,S; Fe(t), (30)

where F has been defined in Theorem 1.
Substituting (28), (29) and (30) into (25) yields

LV(t) = LV,(t)+ LV.(t)
< [«7@t) @ [2T) )] . 3

It is noticed that I'; < 0 from (23). Furthermore, we can derive
that LV () < 0. Therefore, we conclude that the closed-plant
(22) is stochastically stable.

In addition, the linear equality condition in (23) can be con-
verted into a minimization problem, i.e. finding the minimum
B under the following constrain:

—Biln (B};SZTR' - H:Cy)"
*k

<0.
*Ia-&-s—}—d

(32)

The details of dealing with the linear equality condition can
be found in [18]. The proof is completed.

3.3 Reachability condition of the sliding mode surface

The second result of this paper will be derived in this part.

Theorem 2 For each i € S, if there exist positive and
define matrices P;, R; and parameter matrix H, such that the
conditions in Theorem 1 hold, then u,(t) guarantees that the
sliding motion is driven on the sliding surfaces s(¢,7) = 0 in
finite time.

Proof. Construct the Lyapunov function as follows:

Vi(t) = 055" (t,i)(B};S; " PiS; Byy) ts(t,i).  (33)

BT.S7T, and the

For notational simplicity, we define G; = B3, S;

following holds

s(t,i) = B},S; T Pe(t) = G; Pe(t) = H;,Cie(t).  (34)
Following (22), we have
,C‘/S(tﬂ;) = ST(t,’i)(Gi 71GZW)_1G1}57,S;1
x[(A; — Epi C)E(t) + Fge(t,e,i)
+Lgius(t) — Bpif(t) 4+ 0.557 (t,49)
N
x Y i (BES; T PST Bri) T s(t,4)135)
j=1
Based on A3, it is derived that
Fyge(t,e,i) <nlle)]]. (36)
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On the other hand, recall that Ly; = By;, By;S; ' P, = H,C;,
and it can be derived that y
sT(t,4)(GiP,GT) G PiS; ! x [Lejus(t) — Bpif(1)] <
= sT(t,i) (G P,GT) ' GiP;S; " Byi[us(t) — f(1)]
= T (t,)(GiPG]) T GiPiGl u(t)
=51 (t,1)(G: PG )T G PG (1)

= s (t,0)(us(t) — f(t) — 0.55" (t,4)
N

j=1 .
! _ Driving rear wheel /* | ~5

x Z'/Tij (Bﬁ'gi_Tpigi_lei)ils(ta i). (37) Fig. 1. The wheeled mobile manipulator.

><

Steering rear wheel

Substituting (36) and (37) into (35), one has
LVi(ti) < —ells(t )|+ |ls(t,0)|[[(G: 6T G,p,5t  Then. the dynamic

(Ai = Ly Co)lllle®)l +nlls(t, )[[[(G:i PG~ - -

of (43) can be described as follows:

0 0 1 0
_
GBS el G 4 = 0.0%40 0.0%12 0.0%53 }6?8338 7
We define | -0.0047 —0.0010 —0.0717  0.0647 |
b T\—1~ B g1 B ~T\—1 [0 0 ! 0 ]
4 = n|(G:PG;) GRS ||[(Gi PGy ) Ay = 0 0 0 1.0000
T T - 0.0040  0.0012  0.0653 —0.0728] >
XGPS (Ai — LypiCi)l]. (39) | —0.0047 —0.0010 —0.0717  0.0647 |
From (38), we can obtain I 8 8 [1) 1 0%00 1
As = :
. . > 0.0057 0.0014 0.0725 —0.0764 | °
LVi(ti) < —llstille—alle®l). @0 00057 00014 00725 —0.076
Then, for each ¢ € S, define following domain [ o 0 1 0
o 0 0 0 1.0000
N s Ay = 0.0057 0.0014 0.0725 —0.0764 | >
Q= ﬂ Q;(6;), (41) | —0.0064 —0.0011 —0.0790  0.0676 |
i=1 [0 0 1 0
As = 0 0 0 1.0000
A _ - 0.0042 0.0016 0.0628  —0.0686 | °
Qi(6:) = {e—dil[e(t)]| > 0}. 42) —0.0048 —0.0013 —0.0691  0.0606
It is obvious that LV;(¢,7) < 0 in the domain ). Further- [ 8 8 [1) ) 00000 1
more, in Theorem 1, the stochastic stabilization of the error Ag = 0.0042 0.0016 0.0628 —0.0686 |
plant (22) has been proved. This implies that the trajectories | —0.0048 —0.0013 —0.0691  0.0606 |
of &(t) will enter ) in finite time and remains there. Until 0 0 1 0
now, we complete the proof. A7 = 0 0%55 0 0%10 0 0[;53 —1608589 ’
| —0.0062 —0.0008 —0.0819  0.0719 |
IV. SIMULATION RESULT ) 0 1 0
In this section, the theoretical results proposed in this paper 4, = 0 0%55 0 0% 0 o 0075 3 —160(()]3([))9 )
will be applied to mobile manipulators with hybrid joints —0.0062 —0.0008 —0.0819 0.0719
against actuator and sensor faults, simultaneously. Consider o 0 ro0 T 0T
a wheeled mobile manipulator model [2] shown in Fig.1. B, — 0 0 B, — 0 0
L= 0.0003  0.3354 | »~2 = | 0.0003  0.3354 | *
M(q)G +V(q,q)q + G(q) +d(t) = B(g)T, (43) | —0.0003 —0.0020 | —0.0003  —0.3333]
0 0 0 0
where M (q) represents the symmetric positive definite inertia B. — 0 0 B, — 0 0
matrix, G(q) is the gravitational torque vector, V (g, ¢) repre- 3 0.0035  0.3825 | »74 ™ | 0.0035  0.3825 |~
sents the Centripetal and Coriolis torques, B(q) is the input :_0‘0035 _0‘0249: :_0'0035 _0'33333
transformation matrix, d(¢) represents the bounded external 8 8 8 8
disturbance. 7 denotes the control inputs, ¢ = [¢1,¢7]" e R*  Bs = | go022 03175 | P6 = | 0.0022 03175 |
with g, = [z,9,v]T € R"™ represents the generalized | —0.0022  —0.0158 ] [ —0.0022  —0.3333
coordinates for the mobile platform, n = n, + n,, g, € R" [0 0 [ o 0
denotes the coordinates of the manipulator joints. The details B, = 0 0%68 0 3%08 Bs = | 0%68 0 3%08 ,
of this model can be found in [2]. | —0.0068 —0.0475 | | -0.0068 —0.3333]
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o, — [06541 —0.3565 1 0]
L= 05137 05698 0 1]°
C, — [06075 —0.2904 0.001 0
2 = |0.2039  0.5533 0  0.001]°
C. — [0-8858 —0.7980 1 0]
3 = |o.7751 08795 0 1]
C, — [14812 10992 1 0]
4 = |-09700 1.2748 0 1|’
C. — [~06003 08012 1 0
5 = |-08193 -05905 0 1]°
C. — [-06361 09155 1 0
6 — |-08544 —05695 0 1|’
C. — [-05967 12628 1 0
7 T |-1.1860 -06170 0 1]°
C. — [706096 05122 1 0
8 T |-04224 -0.6055 0 1|

The matrices Fy;, Fsi, Go; and Dg; (0 = 1,2,...,8) are
chosen in the following forms:
0.1

0.4 Fsi = [0.2} Cai = {0.2} Dai = [02} '
0

Fai =

The transition rate matrix II is given in the following form:

-0.72  0.15 0.22 0.21 0.14 0 0 0
0.2 -0.7 0.2 0.2 0 0.1 0 0
0.16 0.22 —0.68 0.2 0 0 0.1 0
0.22 0.3 0.2 —0.82 0 0 0 0.1

0 0 0 0 —-0.78  0.26 0.26 0.26
0 0 0 0 026 —-0.78 0.26 0.26
0 0 0 0 0.26 0.26 —-0.78 0.26
0 0 0 0 0.26 0.26 0.26 —0.78

Assume that the sensor faults fs(¢), actuator faults f,(t)
and disturbance d(t) are set as fs(t) = 0.2 + 0.4sin(10¢),
fa(t) = 0.1 4 0.5cos(10¢) and d(t) = sin(t) + cos(t).

The norm bounds of fs(t), fo(t) and d(t) are r; = 0.6,
ro, = 0.6 and r4y = 1.5. It should be noticed that the faults
are small and bounded. The parameter is chosen as 6; = 0.1,
respectively. According to the design procedure in Section 3,
the derivative gain Lp;, (i = 1,...,8) is selected as Lp; =
[O 00000005 0] The observer matrices

000 O0O0O0O0 0 O05]°
L,; and the design matrices K, (i =1, ..., 8) are respectively
designed in this section.

Furthermore, by solving (32), we have f5; = 6.2502 x
1076, = 1,...,8. Then, based on the parameter in SMO
chosen as ¢ = 0.1, the discontinuous input is designed as
us(t) = —2.92 x sgn(s(t)).

The initial condition is set as z(0) = [-2, 2, 1, —2]T.
By employing the controller (19), the simulation results are
reported in Figs. 2-7 below. It is obvious that a continuous
approximation of the sliding mode control has been utilized
and the stability performance of the closed-loop plant is ideal.

V. CONCLUSION

In this paper, the FTC problems have been studied for
Markovian jump systems with simultaneous Lipschitz non-
linearity and out disturbances subject to actuator and sensor
faults. To solve these problems, a novel SMO which can
eliminate the effects of simultaneous disturbances, actuator
and sensor faults has been developed. Based upon the state
estimation, a FTC strategy is designed to stabilize the overall

_100 . . . . .
0 5 10 15 20 25 30

Time (Sec.)

Fig. 2. Trajectories of x(t).
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Fig. 3. Trajectories of &(t).

closed-loop plant. An example related to mobile manipulators
with switching joints has been given to demonstrate the
effectiveness and applicability of the theoretical results.
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