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Abstract: This study investigates the robust fault detection filter design problem for a class of discrete-time conic-type non-
linear Markov jump systems with jump fault signals. The conic-type non-linearities satisfy a restrictive condition that lies in an n-
dimensional hyper-sphere with an uncertain centre. A crucial idea is to formulate the robust fault detection filter design problem
of non-linear Markov jump systems as H, filtering problem. The authors aim to design a fault detection filter such that the
augmented Markov jump systems with conic-type non-linearities are stochastically stable and satisfy the given H,, performance
against the external disturbances. By means of the appropriate mode-dependent Lyapunov functional method, sufficient
conditions for the existence of the designed fault detection filter are presented in terms of linear matrix inequalities. Finally, a

practical circuit model example is employed to demonstrate the availability of the main results.

Nomenclature

¥ Y+v"
1 unit matrix
0 Zero matrix
! matrix inverse
AT matrix transpose
* symmetric matrix
E{A} expectation of 4
R<P n X p real matrix
[| I Euclidean vector norm
R" n-dimensional Euclidean space
diag{A B} block-diagonal matrix of 4 and B

P> (<, >, positive (negative, semi-positive, semi-negative)
<) -definite matrix

1 Introduction

Markov jump systems (MJSs) were firstly proposed by Krasovskii
and Lidskii [1] in 1960s. As a special kind of hybrid systems, MJSs
consist of a finite number of subsystems converted by a Markov
chain. In fact, MJSs can be used to describe some dynamic systems
in which the structures are subjected to randomly sudden variables
due to abrupt external disturbance, shifts of the action spots of non-
linear systems and repairs of components. During the past several
decades, MJSs have received considerable attention and many
results are available such as stability analysis [2, 3], sliding mode
control [4], robust filtering [5] etc.

In fact, some environmental factors (such as modelling errors,
external disturbances and uncertainties) usually bring many
problems to the dynamic system (poor behaviour and unstable
performance) in controlling. Therefore, the non-linearities always
should be considered when we model an actual engineering
system. As a kind of complex non-linearities, conic-type non-linear
dynamic has attracted increasing attention in theoretical analysis
and practical application. Aiming at a class of time-delay conic
non-linear systems, Song and co-authors [6] presented the finite-
time bounded controller design by using the sliding mode control
strategy. Moreover, the conic-type non-linear MJSs have become a
hot spot recently. In [7], Cheng and He investigated the observer-
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based finite-time asynchronous control problem for a class of
hidden MJSs with conic-type non-linearities. The challenge is how
to deal with the conic-type non-linearities, which prompts us to
study this topic. For more details about this topic, please see [8§-10]
and the references therein.

On another research forefront, the research on fault detection
(FD) for dynamic systems has attracted increasing attention during
the past three decades owing to the rising demand of product
quality [11], effectiveness [12] and safety [13] in modern
industries. Many results related to FD have been shown in the
literature, see for example [14-19] and the references therein.
Among these methods, the model-based method is the most
common scheme, that is the state observers or filters are usually
constructed as a residual generator. By comparing the value of
residual evaluation function with the prescribed threshold, one
could make a judgment whether a fault occurs or not. With the
development of these theories and techniques for various FD
system designs, one of the commonly adopted ways is to introduce
an H, performance index and to formulate an H, filtering [20] to
solve the issue of robustness.

In the past few decades, there exist extensive researches on FD
related to MJSs and their applications in a wide range of industrial
processes [21-26]. For a class of non-linear MJSs, Dong et al. [22]
solved the problem of dissipativity-based asynchronous FD for
Takagi—Sugeno (T-S) fuzzy MJSs with network data dropouts. In
[24], the finite-frequency FD filter (FDF) design problem based on
derandomisation for MJSs is proposed. In [26], the research was
concerned with the problem of partially mode-dependent [, — [,
filtering for discrete-time non-homogeneous MJSs with repeated
scalar non-linearities. However, to the best of our knowledge, the
problem of H,, descriptor FDF design for conic-type non-linear
MJSs with jump fault signals has not yet been fully investigated in
the open literature and the research remains significant and
challenging, which further motivates the present work.

Inspired by above research motivations, this paper focuses on
the FDF design problem for a class of discrete-time conic-type
non-linear MJSs with jump fault signals. Firstly, to linearise the
non-linear model. In [27], a T-S fuzzy model is adopted to
reconstruct the non-linear systems. Different from the general non-
linearities, the conic-type non-linearities satisfy a restrictive
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condition that lies in an n-dimensional hyper-sphere with an
uncertain centre. In order to deal with the predefined conic-type
non-linear term, we introduce additional inequality. Based on the
relevant matrix inequality transformations, the conic-type non-
linear term can be expressed as a linear representation. Secondly,
FDF working as the residual generator will be proposed, and
further, its design will be cast into a stochastic H,, filtering
problem. Fourthly, the proposed FDF gains are obtained by solving
a set of linear matrix inequalities (LMIs). Finally, to demonstrate
the feasibility and effectiveness of the proposed method, a
simulation example is included.

Throughout this paper, all matrices are assumed to have
compatible dimensions and all notations are quite standard. The
implication of the symbols are given in the Nomenclature section.

2 System description and preliminaries

Consider the following discrete-time conic-type non-linear MJSs
with jump fault signals:

X1 = [ dis f1) + B0y i
Yk = C(O)x, + D(O)dy + H(O) f i (D
X = X, O = Op, k = 0,

where x; € R" is the state, d, € R” is the external disturbance,
u, € R? is the controlled input and y, € R? is the measurement
output. i, and dj belong to L,[0, o). x, and 6, are, respectively, the
initial state and mode. B(6,), C(6y), D(0,) and H(6y) are the known
real matrices with proper dimensions. The stochastic variable 6,
stands for a discrete Markov chain which takes value in the finite
set U={1,2,3,...,U} with transition probability matrix
= {m;}e RY*Y given by

Pr {0, =jlb =i} =m; (2

where 0 < 7;; < 1,Vi, j € Uand Y;_,zij = 1,Vi € U.
fy is a random jump fault signal described by

fi = afi (3)

where q; is a random jump signal which composes of two values,
i.e. 0 and 1, and f; is a deterministic fault signal.

Remark 1: By investigating the existing references about FD as
many as possible, it is found that the fault signal f, is
deterministic. In fact, its fault is always added in a system. When
the underlying system is not deterministic but with jump processes,
the problem of FD [28] for the jump fault signal f, was considered.

Remark 2: f; is a fixed fault signal in a specific interval.
Combining with the deterministic fault signal f;, and the jump
value @, a jump fault signal is designed in (3). Particularly, f
exists in system (1) when ¢ = 1. On the contrary, there is no fault
in system (1) with a; = 0. Equation (3) represents that £, is a jump
fault signal in a specific interval. In order to describe such random
jump fault signal, a discrete Markov chain with two modes is
considered in this paper. Then, the transition probability matrix is
assumed to be

1-
y 1-7

T T
= 11 12 — (4)

Ty T

where & and % are independent conditional probabilities which
satisfy £ = Pr {6y, =2|0, =1} and ¥ = Pr {6r,, = 1|0, =2}.
The allowed range for these two parameters are [0, 1].

f(x, di, fr) 1s an unknown non-linear function with the
following conic-type sector description:
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I £ (% die 1) = (A@)xc + E@di + FO)f) |l

- (5)
< Gxy + Gudy + L ||

where A(6)), E(6), F(6y), G, G, and L are the known matrices with
appropriate dimensions.

Letting & = || f(x di f1) — (Al@)x + E@)di + FO)f) |,
we have

& & < (Gxp + Gudy + L) (Gx + Gudy + L)) (6)

Remark 3: In general, many non-linearities fall within the scope
of the conic-type function f(x,dy, fi) in (1). Without d,, f}, the
centre of hyper-sphere is set as the origin of n-dimensional space.
Then the inequality in (5) will reduce to || f(x) || < || G(@)x |-
In this case, the non-linear function f(x;) satisfies the global
Lipschitz conditions.

Then, the discrete-time conic-type non-linear MJSs (1) can be
rewritten as:
X1 = AO)x; + BOJux + EOdy + F(O) fr + &
Ve = CODx; + DOy + H(O)) f« N
X = xo,Gk = 60,k =0.
In order to detect the fault for system (1), we propose the
following FDF:
xp(k + 1) = Ap(O)xpi + B (O)yx

8
Frxe = CrlO0x s ®

where xp € R is the filter state and rp; € R is the filter output.
A0, B(6) and Cs(6y) are the filter parameters to be determined.
According to the references in [29, 30], we introduce the residual
error ry = y, — 'y to enhance the sensitivity of faults. Therefore,

we can get the following augmented system:

Fro1 = A@Fi + BO)ay + &
[k k)Vk k)Lk k (9)

n. = C(OF; + D@y

where X; =col[xc  xp], =col[uk dy fk]

AG) =

A(6y) 0 ]
B(0)C(Or)  Ap(Or) ’

B(6) E(6)) F(6)) ]
0 ByOD©O) BHOIH(O)|

é<9k>=[
CO) = [CO) —CHoY),
D@)=[0 D@ H®Y
a-lo

Considering inequality (6), we have
Tr LT e s ral -
&8 = & < (GXy + Lan) (Gxy + Loy (10)

where G=[G 0],L=[0 G, LJ.

For convenience, we denote the matrices associated with
0, =i€eUas:

AB) =4, BO)=B, CO)=C, DO)=D;, EOG)=E,
F(O) =F;, HO) =H,;, Af(O) = Ay, Bi(O) =By, Cr(0) = Cyi
A@B)=A, B@O)=B, C@O)=C, DWO)=D, PO)=2,
PO s1) = P

1913



The next step for FD is to determine the residual evaluation
function and the detection threshold. In this paper, we select the
residual evaluation function J;(r) and the threshold Jy, as:

k=ko+L
L=y Y rAdn (n
k=ko
Jn = sup E{JL (N} (12)

dy € Ly, € Ly g1 =0

where k, is the initial evaluation time instant. L denotes the
evaluation time step. Then, the random fault f, can be detected by
comparing J;(r) and Jy, according to the following test:

Ji(r) > Jy — alarm of fault (13)
Ji(r) < Jy — no fault (14)

To proceed with the study, we give the following lemmas and
definitions which can be seen in [31, 32, 33].

Lemma 1: For given appropriate dimension matrices 4 and B,
there exist a positive-definite matrix & such that the following
matrix inequality is satisfied:

A"™B+BTA < AT2A + B9 'B (15)

Definition 1: The augmented system (9) is stochastically stable
if for w, = 0,k > 0, we have

<o (16)

%[ D0 P16
k=0

where X, € R", 6, € S.

Definition 2: Given a positive scalar y, the augmented system
(9) is stochastically stable and satisfies the given H, performance
index if it is stochastically stable and the following condition under
zero initial condition holds for all non-zero wy, € L,[0, o0):

Dl 1o, 90] - ﬁ%[ ol

& <0 (17)

3 Main results

In this section, the stability analysis and the H,, performance index
against external disturbance are given.

Theorem 1: Given positive scalars y, @ and b with a — b < 0, the
augmented system (9) is stochastically stable and satisfies the
given H, performance index, if there exist a positive-definite
matrix ; such that

~P;, 0 34; 0o & bG"
210 38 D bL"
* 3% 0 0 0
L <0 (18
* 0k « 3% 0 0
* * * * _I 0
b
* sk ES ES * _
51
—p; 247 2G"
#2970 |<0 (19)
* * 29

1914

I
. —%1 <0 (20)

where ‘@i = ZjeUﬂij@j'

Proof: First, we prove the stochastic stability of the augmented
system (9) with o, = 0. Selecting a stochastic Lyapunov functional
as

V(i 6) = Tk P05 @1
For every 6, = i,i € S, we obtain the difference of (21) as
AV (5 0) = E{V Xk 1,000} — Vi, O)
= H P — I Pik
. ANT e g~ =
= (A% + &) P(Af+ &)
—~F Piy (22)
= EZATi‘O})iAiEk + )?ZATBO}Diék
e o~ e -
+& PiAX+ E Pk
—FFPF, <0
Considering Lemma 1, we have

T - ~

sz?@iék + 5 PiAKy < fZA,‘Tg’iAifk + EPE, (23)

Then, we can get
AV 0) < 280A; PAT+ 26 PE ~ TP
= A PA+26" PG - P)7 O
<0

That is
QAT PA 426" ,G - P <0 25)

which is implied by condition (19). Based on condition (22), we
have

E{V (ki1 O )P O} < V(E 0 = 8l F I (26)

where 9= min; e 5 {An(—%)} and
;= 2/&?9,-/5,- + 2G_T9,-G_ — P;. Taking the expectation on both
sides of (26) and continuing the iterative procedure as k — oo, we
can get

%{ V(ioo’ 900)|x(h 90}

- < S 27
<V 0) -9 E{l F I 00) @7
k=0

which implies

%[ D E P Of < Y &L Ee Mo 60}
k=0

=0 28)
< V(. 0) < o0

Thus, the augmented system (9) is stochastically stable.
Then, we introduce the following auxiliary function to prove
the augment system (9) with an H,, performance index:
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T-1
=&Y (in-rolo) <0 (29)
k=0

where 7T is an arbitrary positive integer. For any non-zero
wy € 1,0, 00) and under zero initial condition X, = 0, we have

T-1
J=8Y {rfn—volo.+ AV(E)} - V(T)
k=0

_— (30)
< Z %{rgrk —Volwg + AV()?k)}
£=0

Then, we obtain
AV(xy, 0)
= E(V(Xkr1: 040} — V(i 1)
= WP — TP
~T+T 5T T\ (v~ o n :
= (XkA itwB i+ & )Q‘i(Aixk + Bjw, + fk)
T 31
—xZ@ixk S
~T7T ~ = ~ ~T7T ~ = ~T7T = Z
= XA ig’iA,-xk + XkA ,\@,’B,ﬂ)k + XkA i@,’f/{
+Q/I§T9iA~iik + wEBT@iéiwk + wEEiT,@igk
cT v~  zTo = cTr 2 ~Ton ~
+& PAT,+ & PBian+ & Py — TP,

Recalling to Lemma 1, it yields:

T o
—2b. 0 T,
Eli < 0 3&P (38)
* —9a_19°,~2 * 0
Recalling the inequality (36), we have J < 0, that is
N 0 T .
< 0 3&9P (39)
=32 20
which is guaranteed by
X0 —2béE 0
< kek ] (40)
* _3'@i * —90_19,‘2
Then we have
> 0
T
J< (41)
%
z
It derives from J < O that
> =R+2EE <0 (42)
nd —1 2
Y = -3P+9%a P <0 (43)

~T7T - = ~T -~ ~
XZA i‘@iBiwk + CU/;[Bl (@l’Aixk

< iZANTigiAN,’ik + a)kTET@,vl}ia)k
s S L T, ' S g
TA P+ EPAT < TA PAT +EPE

. . ST - .
ot B; Py + E P By < o B PiBiwoy + E Piey

(32)

(33)

(34

Applying the Schur complement, we can obtain inequality (20)
from inequality (43). According to inequality (42), we have

hywhy <0 (44)

where 7, = col[X @]

Then it derives

T-1

1< Y [R(CICi+ 34 A - 2
k=0

+)?ZC~',~TD~,»a)k + w]ID;[CN',ik + 35}:@,&,} .

Using the Schur complement, inequality (35) can be rewritten as

(36)

where

TT 2 o TAT A~ AT oy ~
N = 3XZA1' PAX+ XEC,' Cixy — x{@ixk
AT ~ AT = ~
+wfD; Dy, + 3w{B; PBiwy, — yza)ga)k

T~T =~ ~T ~
+xZCi Diwy + ofD; Ci5y

For positive constants @ and b with a — b < 0, the following
formula is established:
- -
—2b&i 8+ abik <0 (37

Applying the Schur complement, we can get
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o [— P+ 3A PA+ Cl Ci+ 260G G

*

CiD;+2bG'L

—]/21 + 357(0/1615, + 5’3‘5, + 2bl:T£

Then we have

-2 0
0 -y
~T ~T1T
_ 3Al (_ 3@;1)_[ 3Al
0 0
P! °F
3 45)
NT NT T
_ Nl (_ I) Nl
b} ,-T‘
bG'| b [pG"
bL bL

which is equivalent to condition (18) by utilising the Schur
complement. Letting 7 — oo, we know that condition (29) is still
satisfied. This completes the proof. O

Remark 4: In the proof, the Schur complement and the relevant
matrix inequality transformations are employed to solve the conic-
type linearisation problem in inequality (35). Based on inequality
(37), J <0 can be guaranteed by inequality (40). Combing with
inequalities (10) and (42), the conic-type non-linear term &, can be
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expressed as a linear representation. In addition, the stochastic
stability of the augmented system (9) and the H, attenuation
performance from r; to wy, are derived by the LMI method.

Theorem 2: Given a positive scalar y, the augmented system (9)
is stochastically stable and satisfies the given H, performance
index if there exist positive-definite symmetric matrices P;;, P,
Pis, Xir, Xin, Y, matrices A Fis Bﬂ and C i such that the following
LMIs hold:

-P 0 3¢, 0 I bG
¥y 0 3¢, I, bL
* * =3I 0 0 0
* * * -3l 0 0 <0 (46)
* * * * -1 0
* * * * * —%I

=7y Pn — 1Py~ P — 1P
* — 7 Pis — 1P
* *
* *
T Pu+ 1Py 7 Po+ 1Py
ﬂilgsrz + ”izg)gz i Pis + 1P
_q, 0 <0 (A7)
3
a
* _=
3I
where
Py Pi b Pi
‘@i = " P s @i = T -1 |
i3 Af,' Afi
B'Xi B'X T
B} ) ) G
Pi=| @a on | L= .|
Pis Pis
0
_ i, T2
Hi = D;T 5 i= l ' 5
. * o T

=T =T
9y = AT X0 + Cl Bgi, i = A X0+ CBy,
_ =T _ =T
@i = E; X + DBy, ¢, = E/ X5 + D} By,
_ Ty T TsT - TvT TpT
@i =F; Xiy+ H; Bfi, ¢;y = F; Xpp + H; By,

Iy = Xa)* = Z i P,

JES

Fiz = (Yz + X;g) - 2 ﬂ[j(@st
JES

iy = (Yp)* — Z ﬂijg)ja-
JES

Moreover, the FDF parameters are given by

Afi = YilAﬁ, Bft = Yﬁléﬂ, Cft = Cfl . (48)

1916

Proof: On the basic of Theorem 1, pre- and post-multiplying
inequality (18) with matrix

I 0 0 0 O
* 0 0 0 0
* Y. 0 0O
% % % * % I
and its its transpose, respectively, we get
-P 0 34,97
oy 0
* 3w, !
* *k *
* *k *
% %k *
0 ¢l bG" (50)
3B¥] D bl
0 0 0
- <0
3¢ Y 0 0
* -1 0
b
* ® D2
5 1

where ¥, is non-singular.
Noting (P; — ‘P,-)g’,-_](@i - )T > 0, we have

—1¥;

—‘Pi(@i ‘P;TS —\Pi—lPiT'i'@i: _(qli)*'l"@i (51)

Since inequality (51) holds, inequality (50) is guaranteed by

-P 0 34 9T
* - 0
# o _3(W)F + 39
%k %k *
%k %k *
k k 3k
0 o Yo (52)
3B, wT D bL"
0 0 0
3wy 432 o o |<°
* -1 0
b
* k —_
51

where ¥; and &; are assumed to have the following forms:

v Xa Y P P Pa 53
L= Xi Y > L= * g,g . ( )
Substituting (53) into (52) and defining

Ay =YA;,B;i=YB;;,Csi=Cp;, we can get LMI (46) with
relation (48). It is concluded that ¥; is non-singular according to
LMI (46). Combining equality (4) with condition (20), we obtain
LMI (47). This completes the proof. O

IET Control Theory Appl., 2020, Vol. 14 Iss. 14, pp. 1912-1919
© The Institution of Engineering and Technology 2020



By =1 L1 o) =1
I
e(ot)TzrmPF_ o) =2
R1
R2§ Ca Cy
U(t)T ~

Fig. 1 Switching R-L-C circuit

Remark 5: The main results indicate that the stochastic stability
of the corresponding augmented system (9) with a desired H,
disturbance attenuation level. In the derivation of LMI (46), some
complex mathematical transformations are employed to simplify
condition (18). At last, the FDF parameters are obtained by using
the Matlab LMI tool.

4 Simulation experiments

Consider an R — L — C circuit model with two switches S1 and S2
from [34], as depicted in Fig. 1. The switch s(z) follows a Markov
chain and switches at most once in each period 7. L is the
inductance, C is the capacitance, R is the load resistance, u(?) is the
source voltage, V.(f) represents the capacitor voltage and i (f)
represents the current through the inductance. Then, we can
construct the following R — L — C circuit switching model:

VD — OO V0 + i)
dig (¢ 2 (54)
O — @) = Vi) = R0+ uto)
where
Cilife(t) =1
m(0(t)) = ]
cifon =2
Lilife(z) =1
n0(t)) = ]
Lifom =2
We can rewrite model (54) as
m(6(t))
_mAD) 0
=] R () x(l)+[n(60(l))]u(l) (55)
—n(0(n) —n@)R,
where x(¢) =col[V.(?) ir(¢)]
1 1 1 1
o= "GR, C/ o= "GRG
! Rl 77| 1 R
L L L L
0 0
Bi=|1|, %B=|1
L L,

Letting C; = 1.6 X 10’ uF, C, = 1.0 x 10’ 4F, L, = 0.1 H,
L=01HR =100Q, R, = 1x10°Q, we get
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[—0.625 625 ] [—1 1000]
= , A= s

-10  —1000 —-10 —-1000
0
e%] =@2=[ ].
10

Applying the discretisation method with the sampling period
T, = 0.1s, we have:

_[05038 031717 _[04508
"7 1-0.0051 -0.0032] ' [0.0055|
_[03326 03363] _[0.6065
*7-0.0034 —0.0034] 7 |0.0040|

The other parameters are selected as:
¢ =C=[02 01], D,=D,=[-0.1],
E,=E=[0.1 04], F =col[03 03],
Fy=col[0.1 02], G=[001 -0.01],
G,=[011, H,=2 H,=05 L=0.l1.

We select the non-linear function as

—0.00059(|xe + 1| — |x — 1))
gk = 0 9

where x; is the jth state variable, j = 1,2.

Since the switch s(f) is assumed to be driven by a Markov
chain, it is known that 6, € {1,2} is also a Markov chain. Without
loss of generality, the transition probability matrix is assumed to be

04 06
1025 05|

To show the simulation results, we sety =2.1,a =4, b = 5. By
solving LMIs (46) and (47), we can get the FDF parameters as:

0.4664 0.1522 —0.1606
Ap = , Bp= ,
0.0570 —-0.0659 —0.1405
Cpy = [=0.1731 = 0.1071];
0.3238 0.1606 —0.6247
Afz = > sz = >
0.0555 -0.0577 —-0.1325

Cp, =[-0.0048 —0.1113].

The unknown input u; is given by a step signal with amplitude
1. The external disturbance input d; shown in Fig. 2 is given by the
white noise with power 0.01. The general fault signal is given by

_ 1.5, 10<k<19
k= 0, otherwise

The fault signal and the jump mode are shown in Fig. 3, with
the general fault signal (a), the random value (b), the random fault
signal (c) and the jump mode (d). Fig. 4 presents the generated
residual signal r;, while Fig. 5 shows the evaluation function of
Ji(r) = &{ Zl,(: 0}’T(l)r(l)} for both the fault case and the fault-free
case. Based on the simulation result given in Fig. 5, we know that
Jn= sups, —o E{Y) 0T (Dr(D)) = 0.24, which shows
1) = &L or"(Or(D} = 0.25 > Jy,. Thus, the random fault
signal will be detected after one time step.
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Remark 6: In [16], Wang et al. focused on the FD problem for a
class of discrete-time linear delay MJSs. The utility and advantage
of the established results showed that the fault could be detected in
four time steps after its occurrence. Comparing with the existing
results, we construct a more complex discrete-time conic-type non-
linear MJSs with jump fault signals. From the simulation example
in Fig. 5, the random fault signals can be detected in one step after
its occurrence. Therefore, the residual can deliver fault alarms
quickly when the fault occurs. It indicates that the designed FDF
method of this paper can detect the jump fault for this system.

5 Conclusion

In this paper, the robust FDF design problem for a class of discrete-
time conic-type non-linear MJSs is investigated. Based on the
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appropriate mode-dependent Lyapunov functional method and LMI
techniques, sufficient conditions are established on the existence of
FDF such that the augmented MJSs are stochastically stable and
satisfy the given H, disturbance attenuation index. A practical
example is delivered to demonstrate the feasibility and validity of
the main results. It should be noted that this paper introduces a
linear inequality in the process of conic linearisation. We have
solved the non-linear terms &, by employing appropriate
mathematical transformations. However, the amount of calculation
for the corresponding LMI has increased significantly. In our future
work, we will improve the method of conic linearisation to make it
easier. Furthermore, some possible research topics will be extended
to the singular non-linear MJSs [35], fuzzy singular MJSs [36] and
network-based singular systems [37].
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