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The issue of non-fragile observer-based adaptive integral sliding mode control for a class
of Takagi-Sugeno (T-S) fuzzy descriptor systems with uncertainties and unmeasurable
premise variables is investigated. General nonlinear systems are represented by nonlinear
T-S fuzzy descriptor models, because premise variables depend on unmeasurable
system states and fuzzy models have different derivative matrices. By introducing the
system state derivative as an auxiliary state vector, original fuzzy descriptor systems are
transformed into augmented systems for which system properties remain the same.
First, a novel integral sliding surface, which includes estimated states of the sliding
mode observer and controller gain matrices, is designed to obtain estimation error
dynamics and sliding mode dynamics. Then, some sufficient linear matrix inequality
(LMI) conditions for designing the observer and the controller gains are derived using
the appropriate fuzzy Lyapunov functions and Lyapunov theory. This approach yields
asymptotically stable sliding mode dynamics. Corresponding auxiliary variables are
introduced, and the Finsler’s lemma is employed to eliminate coupling of controller gain
matrices, observer gain matrices, Lyapunov function matrices, and/or observer gain
perturbations. An observer-based integral sliding mode control strategy is obtained to
assure that reachability conditions are satisfied. Moreover, a non-fragile observer and
a non-fragile adaptive controller are developed to compensate for system uncertainties
and perturbations in both the observer and the controller. Finally, example results are
presented to illustrate the effectiveness and merits of the proposed method.

Keywords: T-S fuzzy descriptor systems, non-fragile control, observer design, integral sliding mode control,
nonparallel distributed compensation control, unmeasurable premise variables

INTRODUCTION

In recent decades, control synthesis, stability analysis, and observer design for nonlinear systems
have received important consideration because of their wide application in practice, and demands
for reliability and performance have been increasingly enhanced. Nevertheless, it has become
challenging to systematically design and analyze such systems. The Takagi-Sugeno (T-S) fuzzy
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system, also known as the type III fuzzy model, proposed by
Japanese scholars in 1985 (Takagi and Sugeno, 1985) provides a
general approach to approximate any smooth nonlinear system
with an arbitrary degree of accuracy but without complex
mathematical equations. Through the use of the T-S fuzzy
model approach, systematic analysis and synthesis of nonlinear
systems can be performed based on classical control theory (Lv
et al, 2019), modern control theory (Zhang Z. et al.,, 2019),
and intelligent control theory (Sun et al., 2007; Cervantes et al.,
2016). Due to their strong approximation capabilities and good
tolerance to uncertainty and imprecision, T-S fuzzy control
techniques have been widely used in the area of intelligent
control of robotics, i.e., for robot manipulators (Fan et al., 2020),
nonlinear flexible link robots (Shams and Seyedtabaii, 2020), and
planar parallel robots (Vermeiren et al., 2012) among others.
Therefore, the T-S fuzzy model is an effective intelligent method
for modeling and analyzing robotic systems.

In practical systems, all state variables cannot always be
measured by sensors, and in other cases, the sensors used to
measure system states are expensive; however, the state variables
are indispensable to the design of system controllers and analyses
of system stability. Thus, observer design plays an important role
in stability analysis and control synthesis for nonlinear systems.
A fuzzy observer was first proposed by Tanaka and Sano in
1994 (Tanaka and Sano, 1994), and observers have since received
extensive research attention. Various problems involving fuzzy
observers have been studied in the literature. The researchers
in (Tong and Li, 2002; Asemani and Majd, 2013) studied an
observer-based controller design, and the observer and controller
were built simultaneously. The sliding mode fuzzy observers in
(Shen et al., 2011) were designed to address the problem of fault-
tolerant control for T-S fuzzy systems with actuator faults. Based
on the Lyapunov method, sufficient conditions for an unknown
input T-S observer (Chadli and Karimi, 2012) were given in
a linear matrix inequality (LMI) formulation. The novel fuzzy
learning observer in (You et al., 2019) was constructed to achieve
simultaneous reconstruction of system states and actuator faults
for T-S fuzzy systems with time-varying delays. However, the
above methods for T-S fuzzy systems are difficult to implement
in practice because of their high complexity. Compared with T-S
fuzzy systems, T-S fuzzy descriptor systems have the following
advantages: they effectively reduce the number of fuzzy rules
in a nonlinear system, and they can describe a wider variety
of nonlinear systems. Hence, the observer design problem for
the traditional nonlinear T-S descriptor system is considered in
this study.

In Li and Zhang (2018), Zhang et al. (2018), Zhang J. et al.
(2019), the authors designed a reduced-order robust observer,
a robust adaptive sliding mode observer, and a robust Hoo
sliding mode observer; additionally, an observer-based sliding
mode controller was proposed for T-S fuzzy descriptor systems
with time-varying delay. Observer-based integral sliding mode
control strategies were developed in (Li et al., 2018). An adaptive
fuzzy observer in (Kharrat et al., 2018), a novel fuzzy descriptor
learning observer in (Jia et al., 2015), a robust fuzzy descriptor
observer in (Brahim et al., 2017), and some T-S descriptor
observers in (Lopez-Estrada et al,, 2017; Haj Brahim et al,

2019) were constructed to achieve simultaneous reconstruction
of system states and actuator/sensor faults. A fault-tolerant
control scheme was derived based on Lyapunov asymptotic
stability. Robust observer-based output feedback control and
the robustness issue were addressed in (Liu et al., 2013) to
avoid control performance deterioration or instability due to
disturbances or approximation errors in the system. The design
process of a T-S fuzzy observer was extended to a class of T-
S descriptor systems with unmeasurable premise variables in
(Soulami et al., 2015). When designing a fuzzy observer, it is
important to have a clear understanding of the relationship
between premise variables and estimated system states. From the
literature (Liu et al., 2013; Jia et al., 2015; Soulami et al., 2015;
Brahim et al., 2017; Lopez-Estrada et al., 2017; Kharrat et al.,
2018; Li and Zhang, 2018; Li et al, 2018; Zhang et al., 2018;
Haj Brahim et al., 2019; Zhang J. et al., 2019), we can conclude
that two cases exist to describe this relationship. Case A: premise
variables are not dependent on system states estimated by the
fuzzy observer, and case B: premise variables depend on system
states estimated by the fuzzy observer. The design process of
the controller and the observer is relatively simple in case A
compared to the approach in case B; therefore, more studies
have focused on case A such as (Liu et al., 2013; Jia et al., 2015;
Kharrat et al., 2018; Li and Zhang, 2018; Li et al., 2018; Zhang
et al.,, 2018; Zhang J. et al., 2019). However, it should be noted
that premise variables usually depend on unmeasurable system
states in practical systems. Therefore, case A has more restrictive
conditions that limit its application to various systems. Some
researchers in (Soulami et al., 2015; Brahim et al., 2017; Lopez-
Estrada et al., 2017; Haj Brahim et al., 2019) studied the observer
design for T-S fuzzy descriptor systems with unmeasurable
premise variables.

Sliding mode control (SMC), as a type of variable
structure control method, can effectively control systems
with nonlinearities and uncertainties because of its beneficial
characteristics such as fast response, good transience, and strong
robustness. In recent decades, many significant results (Vu et al.,
2012; Van et al., 2013; Li and Zhang, 2018; Zhang et al., 2018; Wu
et al,, 2019; Zhang J. et al., 2019) based on fuzzy systems have
been reported in studies on sliding mode observer design and
observer-based SMC. A novel fuzzy second-order sliding mode
observer was designed to estimate robot velocity, and a new
fuzzy second-order sliding mode strategy based on T-S fuzzy
models was proposed to track the expected motion in (Van et al.,
2013). A T-S fuzzy-model-based sliding mode controller was
developed for surface-mounted permanent-magnet synchronous
motors in Vu et al. (2012) considering motor parameter
uncertainties and unknown external noise. In (Wu et al., 2019),
the disturbance in T-S fuzzy discrete time systems was monitored
by a disturbance observer. The core objective of a sliding mode
observer is to design an SMC strategy for an observer system
or a dynamic estimation error system. Hence, a sliding mode
observer designed with the SMC method has high robustness
to nonlinearities and uncertainties. From the above literature,
it is clear that the traditional SMC theory requires a reaching
phase to drive state trajectories to the desired sliding surface. The
integral sliding mode technique can eliminate this process by
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implementing sliding mode motion from the initial time of the
control action. Consequently, the matched uncertainties can be
compensated for throughout the integral sliding mode control
(ISMC) process. Therefore, the issue of applying an integral
sliding mode technique to design observers and controllers
for fuzzy systems has received significant attention, such as in
(Jiang et al., 2018; Li et al., 2018; Kuppusamy and Joo, 2019).
In (Jiang et al., 2018), a novel integral sliding surface function
was proposed for the observer space of T-S fuzzy systems with
semi-Markov switching and immeasurable premise variables. An
integral-type fuzzy switching surface function was defined that
simultaneously involved a state-dependent input matrix and a
memory parameter in Kuppusamy and Joo (2019).

The above methods of controller and/or observer design for
T-S descriptor systems are based on an implicit assumption that
a desired controller and/or observer can be realized exactly.
However, in practical applications, it is impossible to implement
an ideal designed controller or observer because of round-off
errors in numerical computations, digital-to-analog conversion
errors, the finite word length used in digital computer systems,
and other factors. Therefore, a significant issue is determining
how to design a controller and an observer that are able to
tolerate some uncertainties in various processes, and is called
non-fragile control. The problem of non-fragile controller design
has been addressed, and a non-fragile guaranteed cost controller
(Chen and Li, 2013), a non-fragile fuzzy dissipative static output
feedback control (Guan and Liu, 2016), and a non-fragile robust
Hoo control (Zhang et al., 2007) have been investigated. The
researchers in (Li X. et al., 2017; Duan et al., 2019) focused on
the issue of non-fragile observer design.

Although a considerable effort has been devoted to fuzzy
observer analysis, ISMC design, and non-fragile control for fuzzy
systems and some effective solutions have been developed, there
are still some limitations in the existing research. First, the above
studies (Jia et al., 2015; Soulami et al., 2015; Brahim et al., 2017;
Lopez-Estrada et al,, 2017; Kharrat et al,, 2018; Li and Zhang,
2018; Zhang et al., 2018; Haj Brahim et al., 2019; Zhang J. et al.,
2019) mainly discussed T-S fuzzy descriptor systems with the
same derivative matrix E. Other studies (Taniguchi et al., 2000;
Chen et al., 2009) showed that T-S fuzzy descriptor systems with
different derivative matrices are more useful for modeling and
analyzing the complexity of nonlinear systems than T-S fuzzy
descriptor systems with the same derivative matrices. To the
best of the authors’ knowledge, to date, the problem of observer
design for T-S fuzzy descriptor systems with unmeasurable
premise variables and a different derivative matrix E has not
been previously studied. Second, from what we can ascertain, the
existing integral sliding mode observer and controller in (Jiang
et al, 2018; Li et al, 2018; Kuppusamy and Joo, 2019) were
designed only for T-S fuzzy systems or T-S descriptor systems
with measurable premise variables. The problem of observer-
based adaptive ISMC for T-S fuzzy descriptor systems with
unmeasurable premise variables and uncertainties has not been
previously studied. Finally, fruitful results have been obtained for
non-fragile controllers and/or observers for T-S fuzzy systems
such as those in (Zhang et al., 2007; Chen and Li, 2013; Guan
and Liu, 2016; Li X. et al., 2017; Duan et al., 2019), but these

results generally lack corresponding techniques for T-S fuzzy
descriptor systems.

Motivated by the abovementioned discussion, in this article,
we study non-fragile observer-based ISMC problems for T-S
fuzzy descriptor systems with unmeasurable premise variables
and uncertainties. The main contributions of the proposed
control method are as follows.

1) Inaccordance with the nonparallel distributed compensation
control (non-PDC) method and the ISMC theory, an observer-
based integral sliding mode controller is developed for T-S
fuzzy descriptor systems with unmeasurable premise variables.

2) A non-fragile integral sliding mode observer and a non-
fragile observer-based sliding mode controller are constructed.
In addition, system uncertainties and perturbations in both
the observer structure and the controller structure are
compensated for by an adaptive controller.

3) Auxiliary variables are introduced into the system with an
augmented method to eliminate the coupling of Lyapunov
function matrices, observer gain matrices, and/or observer
gain perturbations. Moreover, a fuzzy Lyapunov function
containing information for system state estimation and
system state estimation error is designed to guarantee
the asymptotic stability of the closed-loop system. The
auxiliary variables and the fuzzy Lyapunov function produce
unconservative results.

This article is organized as follows. Section Problem
Formulation and Preliminary Analysis describes the system,
clarifies the problem formulation, and gives relevant
preliminary information. Then, in Section Non-Fragile
Observer-Based ISMC for T-S Fuzzy Descriptor Systems,
a non-fragile observer and a non-fragile controller are
constructed. A simulation example is presented to validate
the accuracy and effectiveness of the proposed method
in Section Examples. Finally, conclusions are drawn in
Section Conclusions.

Notation: in this study, R™ and R™™ denote the n-
dimensional real Euclidean space and the set of n x m matrices
with real elements, respectively. I is the identity matrix with
appropriate dimensions. For clarity, the following definitions are

given: v, = Y kv vy = (T bW v =
Y X i v = Ly hi(E®)yi A+ = A+ AT,

_ T A x| _[ABT
He(A) =A+ A ,and[BC =5 cl

PROBLEM FORMULATION AND
PRELIMINARY ANALYSIS

In this study, T-S fuzzy descriptor systems are used to
approximate various complex nonlinear robotics, i.e., robot
manipulators (Fan et al., 2020), planar parallel robots (Vermeiren
et al., 2012), an overhead crane system (Chen et al., 2009), a
ball and beam system (Li H. et al., 2017), and a nonlinear active
vehicle suspension system (Li et al., 2012). Therefore, consider a
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class of uncertain robotic systems that can be represented by the
following T-S fuzzy descriptor systems with uncertainties:

> WEO)E+ AB)()

= 3 ) {(Ai+ ADKD + B}, ()

YO =Y hi(O)Cx),

where x(t) = [xl(t) e x,,(t)] € R'is the system state vector,
u(t) € R™ is the control input, y(t) € RPis the system
output vector, and £(t) = [&(t) -+ §(1)] € R andz(t) =
[zl(t) zq(t)] € Riare the unmeasurable premise vectors.
w(E®), k = 1,2,---,r, and hi(z(t)), i = 1,2,---,r are
fuzzy membership functions on the left and right-hand sides,
respectively. A; € R"™", Ex € R, B € R"™™ and C; € RP*" are
the system matrices. AE € R"*" and AA € R"*" are the system
uncertainties. In many practical cases, there are two main sources
of system uncertainties. On the one hand, mechanical devices
may carry various tools or goods for various operations; thus,
the system’s mass, center of mass, and other coefficients tend to
change with load. On the other hand, dynamic model and system
parameters are challenging to accurately obtain either through
theoretical methods or by experimental measurements. In many
practical cases, h;(z(t)) and v (&(¢)) are different, i.e., an inverted
pendulum on a cart (Li et al., 2018), an overhead crane system (Li
H. et al., 2017), a ball and beam system (Li X. et al., 2017), or a
nonlinear active vehicle suspension system (Li et al., 2012).

Without loss of generality, some assumptions are introduced
as follows:

Assumption 1. Y% | vk(§(1))(Ex + AE)is nonsingular.

Assumption 2. AEandAAare uncertainties satisfying AE =
MEgFE(t)Ng andAA = MaFa(t)Ns, where Mg, Ng, My, and
Nyare known real constant matrices and Fg(t)andF,(t) are
unknown time-varying matrices that satisfy Fg (t)Fg(t) < I and
F};(t)FA(t) < I, respectively.

By defining X*(t) = [xT(t) xT(t)]T, the T-S fuzzy descriptor
system (1) can be transformed into an augmented form
as follows:

EX0 =)0 3 wE@h(o) {(Af + AAOX© + B}, (2)

YO =Y h(O)CX(),

10 0 I 0 0
* * — * —
where E* = |:0 0i|,Akl. = |:Ai —Ek]’M = |:MA _ME:|,AA

I TN 1)

0 I
AA —AE 0 Fg( 0 NgJ
](;]’ and C} = [C,' 0].
Assumption 3. The output matrices C; of the ith rule of the T-S
fuzzy descriptor system are full row rank foralli = 1,--- ,r, and

B =

therefore nonsingular matrices T; exist such that

CT;=[I0].

Remark 1. For any given C;, the corresponding T; is not unique
in general. One solution for Tj, as discussed in Du and Yang
(2009), is:

T =[crech™ ¢t

where Ci- is called an orthogonal basis for the null space of
C; andC;C} = 0.

Some essential
stability analysis.

Lemma 1 (Boyd et al, 1994). (Schur Complement) The
appropriate dimensional matrices Sy 1, S1,2, S2,1, andS; satisfy
Si1 = SIT’I, Sip = SZT’I, and Sy, = SzT’zsuch that the following
conditions are equivalent:

S— S11 S12
$21 S22
1)S <0,

2) 81,1 < 0andSy, — SIT,ZSI_JISLZ < 0,and

3)32,2 < 0and 31,1 — 51)2827)218{2 < 0.
Lemma 2 (Petersen, 1987). Let P = PT, M, and N be real matrices
of appropriate dimensions. Then, P+MF(t)N+NTFT(t)M" < 0
for all variable matrix functions F(t) satisfying FTWE®) < I
if and only if there is a scalar ¢ > Osuch that the following
inequality holds:

lemmas are introduced to facilitate

P+eMMT + ¢ INTN < 0.

Lemma 3 (Gahinet and Apkarian, 1994). (Finsler’s lemma) The
following conditions are equivalent:

1) xTQx < 0, YWx = 0, and x # 0, where x is an augmented
state vector;

2) wiTowt < 0, where Wis any null space basis matrix
for W;

3) there is a scalar y that satisfies @ — uWTW < 0;and

4) there is a matrix X that satisfies Q@ + XW + WTxT < 0.
Remark 2. Z;e:l vi(&(t))Egis required to be nonsingular to
ensure that the augmented systems (2) maintain the impulse-free
and regularization properties of the original system.

Remark 3. In this study, a nonlinear mechanical system is
represented as a T-S fuzzy descriptor system instead of a T-S fuzzy
system to effectively avoid the artificial introduction of different
input matrices. By setting the system matrix E; = I, a T-S fuzzy
descriptor system can be transformed into a normal T-S fuzzy
system. Therefore, the proposed controller is also feasible for a
normal T-S fuzzy system.
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NON-FRAGILE OBSERVER-BASED ISMC
FOR T-S FUZZY DESCRIPTOR SYSTEMS

When uncertainties of robotic system are considered such
that AA* # 0, a robust observer is constructed to
estimate the system states. In contrast, a non-fragile observer-
based adaptive integral sliding mode controller for T-S fuzzy
descriptor systems, as shown in Figurel, is designed to
address robotic system uncertainties and perturbations for
both observer and controller structures. The control system
includes two parts: a non-fragile observer and a non-fragile
adaptive integral sliding mode controller. Moreover, the non-
fragile adaptive integral sliding mode controller has three parts,
namely, the equivalent control strategy, the switching control
strategy, and the adaptive control strategy. The equivalent
control strategy guarantees system convergence to the designed
sliding surface, and the switching control strategy makes
the closed-loop control system asymptotically stable. System
uncertainties and perturbations associated with controller
and observer gains are compensated for by the adaptive
control strategy.

Structure of the Non-Fragile Sliding Mode

Observer
To estimate the states of system (2), the following non-fragile
observer for estimating system states is considered:

*

EX () = >,

> nEOmEO) {ALE O + Bru + 1, + ALY -3} (3)

O =Y GO,

where X*(t) is the state estimate of X*(f), y(t) s
the estimated value of the system output vector (1),
and § (t)andz(t)denote the estimated values of the
premise variables&(t) and z(t), respectively. Using the
notation presented in Introduction, Equation (3) can be
represented as:

EX () = A7 X0+ Brult) + (L, + AL )(/(0) = 5(0), ()

56 = G ),
T 17 T 17
where L} = [0 L: ] and ALY = [0 AL; ] . L; . denotes
hy hv hv hy h,
the observer gain, which will be determined later. AL;, =

M S; N, LLi; 5 is the observer gain perturbation, where M;, and Ny,
are known real constant matrices.Sy, is an unknown time-varying

matrix that satisfies SLTSL < I.ALZA satisfies the following
sV

norm-bounded multiplicative relation:

ALZ’Q = MZ‘SLN;J‘LZ,&, (5)

where M} = [0 MLT]T and Nj = [0 N.].

The system state estimation error is defined as e(t) = X*(t) —
X*(t); by considering the T-S fuzzy descriptor system (2) and the
non-fragile observer system (4), the estimation error dynamic is
obtained as:

E'et) = (A}, — (LE + ALE )Che(t)
* * %
+HAR, — A2 )X
_(T* * Ok 3k
(L, + ALE )G — CDX (1)

FAA*X*(?). (6)

Remark 4. Since we consider unmeasurable premise variables
for T-S fuzzy descriptor systems, the membership functions of
the T-S fuzzy descriptor system (v (&(t)) and h;(z(t))) should be
allowed to depend on the estimated system state X;(t) rather than
the original system state x;(t). Furthermore, the system output
matrix C;(t) is allowed to be a function of the system state x;()
instead of a constant matrix.

Construction of the Integral Sliding Surface
Based on the non-fragile observer (4) and ISMC theory, the
integral sliding surface function is designed as

sgo () = S'E*X*(t) — STE*X*(0) 7)
t
_— /(A’f _+ BY(F' _+ AF )K-HX*(1)dr,
hy hy hv' hpy
0

Ky Ky
Ksi K
R™M Ky € R, Ky; € R™" and K, € R™" are the
system controller gains, which will be determined later. S* is a
constant matrix that satisfies det(S*B*) # 0. AFZ@ = [AF,;)f, 0]

is the controller gain perturbation and satisfies the following
norm-bounded multiplicative relation:

where FZ){/ = I:Fiz,f/ 0]’Kfl,17 = |: i|’F}A1,17 € Rmxn, Kl,f/ c

AF; = MpSpNiF; (8)

where Mp and Np are known matrices with appropriate
dimensions, and Sr is an unknown time-varying matrix that
satisfies S};SF <1
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Solving LMI inequality by MATLAB
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FIGURE 1 | Non-fragile observer-based ISMC for T-S fuzzy descriptor systems.
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Combining (4) with (7), the derivative of the integral sliding
mode surface (7) can be obtained as:

S*(AZ’{}}A(*(t) +Bu(t) + (L7 | + ALT )(/() — CZX*(t)))

—S*(A + BY(F; + AF; )K DX (1), ©)
> > > L,V

When system trajectories reach the ideal sliding surface, the

following conditions must be satisfied: s..(f) = 0 and 53. () = 0.

Therefore, the equivalent control can be designed as follows:
Case 1:.C, = C; = C*

_ * % —1 %
ueg(t) = (F}  + AF DK IXH(0)

—(S*B*)—ls*(L;;a + AL )Ce(t). (10)

Case 2:Cy, # C;l

_(p* % —1 %
ueg(t) = (Ff + AFf K IX*(1)

—($*B*) 'S (LE  + ALY )Che(t)
hv h,v

—(S*BY)TISH(LE . + ALY )G — CHX* (). (11)
hv h,v h

By substituting the equivalent controller (10-11) into
the sliding mode observer system (4), the sliding mode
dynamics are established as (12) and (14). Meanwhile, the
dynamic estimation error Equation (6) is redescribed as (13)
and (15).

Case 1:C, = C; = C*

Ak A
E*X (1) = (AT .+ B*(F'_ + AF )K-HX* (1)
hyv hyv hv' hy

+BB(LY  + AL¥ )C*e(t), (12)
h,v hyv
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FIGURE 2 | Feasible area for theorem 3 (*) compared with the other methods. (A) Feasible area for Theorem 3 (*) and Theorem 2(+) [Ichalal et al., 2011]. (B) Feasible
area for Theorem 3 (*) and Theorem 1(0) [Asemani and Majd, 2013].
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FIGURE 3 | Time responses of the system. (A) State x; (t) and the estimated X1 (¢). (B) State x»(t) and the estimated X»(t). (C) Control input. (D) Sliding surface.
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FIGURE 4 | Time responses of the control input and the sliding surface. (A) Control input. (B) Sliding surface.
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FIGURE 5 | Nonlinear state x+(t) and the estimatedX- (¢). (A) Initial simulation case 1. (B) Initial simulation case 2. (C) Initial simulation case 3. (D) Initial simulation case
4.
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E*e(t) = (A;)v — (LZa + ALZ @)C* + AA%)e(t) + (A;’V — AZ9 + AAHXA(1). (13)
Case 2:Cy # C;,
Ak PR ~ —
E*X (t) = (AY_+ B*(Ff. + AF: )K=} + BB(LY . + AL? )(Cp — C)X*(t) + BB(L: . + ALZ )Cje(t), (14)
h,v h,v hv' hpy hyv hyv h hyv h,v
E*e(r) = (A}, — (LZ ot ALZa)CZ + AAe(t) + (A, — Aza - (Li,;a + ALZ 0)(C;; - CZ) + AAHX(1), (15)

where BB = I — B*(S*B*)~'$*. In this study, the control goal is to obtain the observer gains and controller gains such that X*(t) — 0
and e(t) — 0 for t — oo.

Equations (12) and (14) can be rearranged as follows:

Case 1.C, = G = C*

X*(1)
* * (T s -1 _ 1 RR(T* * * Ak o
[Am +BY(F: + AFf )KL —I BB(LY | + ALf )C ] X v | =0 (16)
e(t)
Case 2:C, # C;,
X*(1)
* * (T sk —1 RR(T* * k __ (%Y _ T RR(T* * ok Ak _
[A,;’a +BH(F; 4+ AFf K1+ BB(LY + ALY )(Ch — CF) —1 BB + ALM)ch] eie | =o. (17)
e(t)

Admissibility Analysis of the Dynamic Sliding Mode System
Based on the LMI theory and the Lyapunov stability theory, the controller gains and observer gains are determined in this section such
that sliding mode dynamics are asymptotically stable.

Theorem 1: Suppose that the T-S fuzzy descriptor system matrices in (2) satisfy AA" # 0 and C;, = C;, = C*. Given constants & > 0

and &; > 0, the closed-loop systems (12,13) are asymptotically stable if positive definite matrices P; and Q, scalars &; ;, sf e S?i ©

and €4, and a set of matrices P3 ; i, Pa i k> Fix» K1 o Kok> K3, Kai» Li k> R1, Ri,li,k’ R},Zi,k’ Rii,k’ Rii,k’ and Rii,k exist, wherek € {1,--- , 7.}
andi € {1, - ,r}, such that the following LMIs hold:
Ql Xk
|:Qz 93] <0, (18)
(A1 * * * * * % * 7
Anq AVY) * * * * * *
A3z A3z —eHe(Py) * * * * *
A4,1 A4,2 —8P3 ;l b A4’4 * * * k
= T w = T
Q = 0 (BY;},{,) 0 E(BY;MA}) . He(Q3jz) * * * >
As1  Aep 0 —eMie, ;M| B A¢s  Agg * *
— T = T 1
0 81(BY;’{}) 0 81€(BYA17) Q] — TR%JAI,?/ A7,6 A7,7 * )
L 0 0 0 0 Q3JA: _lel,f/ Ag,s A3,7 —81H€(R1j1)f/)_
NpF, 0 00 0 0 0 0
Q — NaK; 5 NaKy; 00 NaQ 0 0 0
2= NEK3le NEKAL,fz 00 NEQ3J’ NEQ4JA’ 0 0]’
0 0 00NY;. 0 &N.Y;.0
hv h,v
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— 2,;‘,{/1 * * %
0 8?;1 I % s
% = 0 0 —€£. 1 o« ’
3,hv
0 0 0 —g,l
where A1 = He(K; ;), Mgy = AjKy 5 — +BFhV+K - Ay = He(A; K, 1,)+BMF82MMEBT—H€(EAK i)+ BMie, AMLTET,
Asy = Ky + eKyj — Pi Asp = K2V+8K4h, Auy = Ky, — Py ote(AjKyg — EK,j + BF,), Ayp = eBMe,; AMI?BTJF
eBMig, AMLTB + K i+ eA Ky — Py —eEiK, j, Ay = e’BMge, AMI,TBT + eZBML AMLTB — eHe(P, ;). A61 = (A, —
Ai,)Kl,fz_E Kyj + E; K3 i Dep = (A — A;,)Kz,a — (B, — E)K, oML B', Ags = QTA— Vi, + AnQu—EQy; Ass =

T — . T _ _
—He(E,Q,;) + ML<94);1);,ML + MAE?’MMA + Mngj;,aME’ A7g = —81( h,ﬁ) Tlel,@’ A7y = 81H6(TR P ) Ags = Q

Rl

1
_ Ry O _ 0
T _ ) 1 Opx(n—p) x
Mgy =—aiR = el(TR; )" B =BS;B) 'S5 Y, =| LR, O | R, = [ 1L pﬁiﬁ; K ],andRzA = [ 5 }
V NN

Proof: The Lyapunov function candidate is constructed as:

V(&(1),e1()) = 3T (OPT'&(D) + ] (HQ; ter(t) = )A(*T(t)E*TP}{;)A(*(t) + eT(t)E*TQi:;e(t), (19)

Py 0 1 Py 0 Q 0
where P; . = [ :| P = —1 1 p1 [P =PL Q. = ,Q = Qf, P e R™,
hv stl,{/ P4jl,v hy |: P VP3hVP1 P4hv IR% QS’;”A, Q‘”AHA/
p

io € R, P, € R™" Q € R™", Q3 W € R™*1, Qs € R™" and e;(t) = x(t) — x(t).The matrix and its derivative

. *«Tp—1 __ 7T*_P10 «T~—1 _ ~A~Tpx _ Q0 «T p—1 T 1y
satisfy E Piz,f/ = sz,?/E = [0 0],E Qfm? = Qﬂ,f/E = |:0 ol (E PA ) =0,and 4 (E Q ) 0. Therefore, the derivative

of the Lyapunov function (19) is calculated as:

VG, el(t) = )‘(*T(t)E*TPE;X*(t) + )A(*T(t)Pi}/TE*)A(*(t) +eTOETQe(t) + T (0Q; TE i) (20)
X ' 0 * * ()
=X P 0 * FX ] <0,
e(t) Q (45, ~ A* J+HAAY) 0 He((A), — (L1 + AL )C + AANTQ D | | e(t)

If (20) holds, then the following inequality can be obtained by Finsler’s lemma (lemma 3) under the constraint in the sliding mode
dynamics Equation (16):

0 * *
—1
. sz,f/ 0 * . + &1 <0,
— ¥ A% * ko * * % * —
Q1 (A}, — AT+ AA) 0 He(4], — (L} + ALT )C* + A4M1Q; )
21
E.=H g“ A* + B*(F* + AF* )K-! —1 BB(L*_+ AL* )C*
S1=He(| Vi, ho ho ho i i <
Wis
where U, Vi and Wi, are matrix variables with appropriate dimensions. By pre- and post-multiplying (21) by
K0 0 K, 0 0
0 Pis OT and | O ng/ 0 |, respectively, the following inequality is obtained
0 0 Qf 0 0 Q
0 * *
K;, 0 s« + 8, <0, (22)

(A¥ — A* + AAMK; , 0 He(Q (A — (Lf + ALY )C* + AA")T)
hy s hy h,v hv
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@ﬂm
v * * (% * T RR(T* * * ().
Ea=He( | PiVi, | [A7Kis + B'(Fy, + AFL) —PL BB(L 4+ ALY )C'Q;5])
QT w-.
h hyv
where Ui, = K}{T, Vi = sPilA1 and W , = 0are defined for ¢ > 0. Then, inequality (22) can be represented as:
> v v
0 0 0
B3 + He( 0 0 0 )y <0, (23)

RR(T * * . VL L (RB(T* * . VL 7% * *n,. \I
(BB(L}AMA/ + ALI;,T/)C th}) E(BB(L;MA/ + AL@,T/)C Qh,f/) ((Lim? + AL;AMA/)C Qh,?/)

He(A’f +B*(F* + AF* )) * *
g = |Kp;— +£(A*A hV+B*(F* + AF; ) —eHe(PT ) * ,
(A*)V AZ,O)K o T AA*K:V 0 He(AA*Q;; + Af Q;;)

The corresponding auxiliary variables are introduced into the system, and the dimension of the system is increased with the augmented
method to eliminate the coupling of the Lyapunov function matrix Q; ,, the observer gain matrix LZ” and the observer gain
> v

perturbation ALZ _ in inequality (23). The following equations are defined:
sV

xa(t) = (BB(L  + ALF )C) xi(0) + e(BB(LE | + ALY )C) xa(t) — (1], + ALE )CH) xa(0). (24)

Thus, inequality (23) can be expressed as:

x1(8) x1(t)
)| o | x®
= <0, 25
(0 | = 60 29
x4(t) x4(2)
* R * (T *
He(A* AKh ,+B (Fm + AFM)) * * *
_ :}1 —eHe(P}{A) * *
gy = v
(AZ)V — Az){,)Kiz,f/ + AA*K;AMA/ 0 He(AA*Q;mA/ + AZ)VQ;MA/) *
0 0 Qiz 5 0

where B u4 =K, + e(A* K + B*(F* + AF* )) —
If (25) holds, then the followmg 1nequa11ty can be obtalned by Finsler’s lemma (lemma 3) under the constraint in Equation (24).

By +85 <0, (26)

0
0 — fpp— T
= * * % * * * _ * * Y
&5 = He( (T*RLﬁ,Q)T I:(BB(LPAI,? + AL;@)C ) E(BB(L;I’{, + ALI;,T/)C ) ((sz,?/ + AL;@)C ) I] )
81(T*R1’]A1’{,)T
hereR ~. — Ri,fl,?/ R?,I;,f/ R! _ Ry Opx(n—p) R2 _ Op>xn T — TO R, € RP*P, RIL ¢ RO=p)xp
where Lhiy = R3 - R4 - 5 1,];,\7 = R“A . R12A . 5 1’;‘,17 = RZIA R 5 = 01 >IX] Ly 5
Lhy  Lhy Lhyv 1,hy 1Lhv
Rizﬁ _ e Rim=p)x(n=p), Rilh € R(n=p)xn R3 5 € R RY. € R™", and T satisfies assumption 3
SV >V
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Inequality (26) can be rewritten as follows:

g + &g < 0, @7)
* 1 * Tk
He(AmKh’{}1 + B Fﬁ,f/) * . * *
- g; —eHe(Pﬁ)%) * *
3 ¢(BBw) He(A} Q;W —w) *
— T — T
¢1(BBay) £16(BBm1) Q;, —eremy — TR, —eHe(T*R ;)"
B*AF* 0 0 0
SB*AF* 0 0 0
Eg = He( T R T " T
AA*KM + (Bsz) e(BBw;,) AA Q,—m, 0
sl(ﬁwz)T sls(ﬁwz)T —e1m ) 0
where &) = Kj ; + (A7 [Kj o+ B*F! ) = P o, 87 = (A}, — AT )K; ; + (BBw) ', oy = LE C*T*R ., andem, = ALY C*T*R, ;5

Because AL* = MLSLNLL* » AF* = MFSFNFF@ 5 and AA* = MF(t)N, inequality (27j can be rewritten as:
sV

Z7 + He(MSEN1 +M,F(t)N>,+M3S.N3) < 0, (28)
where M; = [B*Mg eB*Mg 00", Ny = IZNFFZ{, 00 0], My, = [oomo], N, = [NKM 0 NQ;, 0], Ny =
[0 0 N7L? C'T*Ryj; SleLzﬁc*T*le], and M; =[BBM; ¢BBM; —M; 0]'.

Based on lemma 2, (28) holds if there are positive real scalars ¢, ; ., ?iz sf = and ¢, ; - that satisfy the following relation:

E7 + Mis,j ;M| +N1Te—} N1+ Maey WM +Nje ‘1 N2+ Mae AM3T+NT ‘1 Ns <0, (29)

A
et I 0
wheree, ;. = |: 3”6"’ E Ii|. Using the Schur complement in lemma 1, (29) holds if and only if the following relation set is satisfied:
3,

E7 A
h,p
[ &l * * * * * * ]
Eg Eg * * * * *
O g; Eg * * * *
el(ﬁwl)T sle(ﬁwl)T B —eHe(T*R ;.) = * * <o, (30)
NFFZ,& 0 0 0 _82}:,@[ * *
* ~ ~
NK 0 NQ;; 0 0 e3il %
i 0 0 N cw 0 0 —84);1)01_
where B} = He(A? Kj, + B'F} ) + B*Mp, j.oMEB*T + BBMje, AMzTﬁT, 2 = AT Kjy = PiptKy, + eB° Y+
,V
eB*Mje, AMI_TB*T + eBBMje, ; AMfTBB = &’B*Mze,; ,M}B*T — eHe <PT )—i—azBBML AMzTBB , 8 = (BBm)' —
,V
TRR @ _ TRR . N
Mz‘e4jl,§Mf BB' + 47 K;. — A% K., &5 _sf 1) —eMe, ;M BB 5 = He (47,Q; wl) + My M7+ Mie, ; M,

— O~ — T__mx * kTR
= Qh,f/ eiw; =T Rl,h,f/’ and o = LhﬁC TR,
It is assumed that $* = [ S ]; thus, the matrix BBcan be obtained as:

__ I 0
BB = .
[ —B(S$B)"'St I — B(S;B)'S3 }
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Then, the matrices in inequality (31) can be formulated as follows:

1 1 2
¥ =|0LTf ! o [ TO| g R s Tlez,f/
hy vl > T oI Lho — | R3. RA. |
- 1,h,y Lhv
L* C*T*R 0 0_ OVan Onxn_
Wy Lhi T | L, CTRY, 0| = [(Lle)nxp Onxwp)] O |”

DRT* k ik n _ _
BBL TR iy = [[((1— BOEB)SPLGR, Ot | O

Therefore, inequality (18) is easily obtained from the above
equalities and inequality (30).

Remark 5. To avoid introducing the derivative of the
membership function in the derivative of the Lyapunov function,

P; is chosen as a constant matrix. The P and P, in

Pm are related to the membership functions vk(é‘ (t)) and
hi(z(t)). Consequently, the conservativeness of this approach is
significantly reduced. Moreover, the Lyapunov matrices and the
observer gain matrices are decoupled by Finsler’s lemma.

T-S fuzzy descriptor systems may occasionally have different
output matrices, so the following theorem gives the relaxed

Ql *
Q Qs

Onxn Onxn

sufficient LMI conditions for T-S fuzzy descriptor systems with
different output matrices to expand the application scope of the
design theory given in this study.

Theorem 2: Suppose that the T-S fuzzy descriptor system
matrices in (2) satisfy AA" # 0 and C;, # C;- Given constants
e > 0,& > Oand &, > 0, the closed-loop systems (14, 15)
are asymptotically stable if positive definite matrices P; and Q,
scalars €3k, aii)k, Szf,i,k’ and &5 ; , and a set of matrices P3 j x, Py j

) T 11 12 11 12 p2
Fi,k) Kl,k) K2,k: K3,la K4,l: Ll,k: Rl: Rl,i,k’ Rl,i,k’ RZ,i,k’ RZ,i,k’Rl,i,k’
Rii,k’ Rii’k, R%)i)k, Rg,i,k’ and Rg’i’ke).(ist, where k € {1,---,r.} and
i€ {1,---,r}, such that the following LMIs hold:
<0, (31)

M A * * * ok ok ok * *
Ax1 Ajp * * * * * * * *
A3zl Azp  Azgz * * ok kX * *
A4’1 A4)2 A4,3 A4)4 * * * * * k
0 A5)2 0 A5)4 A5)5 X * * X *
Q1 = A6,1 A6)2 —Yi“? A6,4 A6)5 A6,6 ES ES * *k 5
Ky Azp 0 A7a Azs Aze A7z % % *
K3f1 K4,ﬁ 0 0 Ag,s A3,6 A8,7 Ag,g * *
_Kl,f/ A92 _T];R;iﬁ A9)4 0 A9)6 0 0 Ag,g *
K. . _p3 T _p4 _ D4
L K3,h K4,h RZ,fl,?/ RZ,;:,?/ 0 0 0 0 Aiopo 82He(ThR2jl,;/)_
NFF;”A, 0 0o 0 O 0 0 0 0 0
o _ | NaKig NaKyg 0 0 Na 0 0 0 0 0
2 = >
NEK3J”1 NEK4jz 0 0 NEQ3’[1 NEQ4j1 0 0 0 0
0 0 NLY}AMA/ 0 NLY;M; 0 EINLY};’?/ 0 82NLY2’0 0
—83’~,{/I * * *
0 €05 * *
j— NN
“=1 0 —£1 o« |
4,h,v
0 0 0 —85)}”1’171
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where A1 = He(K;;), A1 = 4K 5 — EiK +BFAA+KTA,A22 = BMpe, AMTBT—I—He(A K, V) He(E K h)—|—BMLe AM B,
Az = Ky +eKyj — P, Asp = Ky + ¢Kjj, Asz = —EHG(Pl) A41 = Kyj, +e(4;K5 — i+ BE;) — A,A42 =
K Bt 8(A~K2;, — E;,KM) + eBMrpe AMTB —P - h + sBMLs AMLB Ay3 = + SBYm, A44 = ¢ BMpe AMFBT +

3,7 Pyis
ZBMLS MLTB eHe(P,; ), Asy = (BY;W) » Asy = S(BY;I,;,) » Ass = HC(Q3,,;), Ag1 = ApKy; — AflKl,v_(Ev EpK
Agr = _(Ev — E)K,; — MLss)ﬁ,ﬁMLTET + (A — ApKap, Ass = —EMLSS);LQMLTET, Ass = AQ — E,Qy5 + QZ@ Yo
Aes = —He(E,Q, ;) + Miegj, . M[ + MAEAA AMT + MESEA AMg,Azz =Ky + 81(§Y*)@)T, A7y = e16(BY; A)T> A75=Q1 — TRim,
Azg = —er(Y} D= TR2 Gy A7 =—81H6(TR ) Bes = Qyp — R?hn Age = Quj — R‘:hn Ag7 = —€1R3;l - 81(TR2 A A)T,
Agg =—81H€(R o A92 = —Kyy + 62(BY;1’;,) ,A9,4 = _T’;Ri,ﬁ,a + SZS(EY,QJ;) s Aos = —e2(Y;)", Ag =—82H€(TAR1M)
Aoy = —eaR, — e, )T Voo = [(R),  Oncnp | B = —B(SIB)IS3+L RL, = [R?% : 0‘};{%;”} R =

Ry O _ 0 0
Rn1 p£1 2 JRE. = Rjz)i(n ,and R?. Rgim .
200 2k LA Ly 2hi

Proof: Under the conditions of C, # Cj, the constructed Lyapunov function candidate is the same as in Equation (19). However,
the sliding mode dynamics (Equations 14 and 15) under the condition of C; # C;are different from the sliding mode dynamics
(Equations 12 and 13) under the conditions of C;, = C; = C*. The derivative of the Lyapunov function is calculated based on the
sliding mode dynamics. Therefore, the derivative of the Lyapunov function candidate (19) under the condition of C, # C;can be
obtained as follows:

VG, er(1) = )*c*Tu)E*TP,g;X*(t) +XTOPTER () + T OETQ Lelt) + €T (0Q; TEe(t) (32)
ol [ o
=X @] Wit @| <0
e(t) e(t)
0 * *
W, = P 0 *

=T A% _ A% * _ (7% * Nk _ % —Ta%x _ (7% k) ok
Q (A, — AT+ AAT— (L7 + ALY )G — C) 0 He(Q) ] (4}, — (Lf + AL )C})

If (32) holds, then the following inequality can be obtained by Finsler’s lemma (lemma 3) under the constraint in Equation (17).

U; .
h,y
. * * (% sk —1 * * * k) * * *
Wy +He(| Vi, [Aiz,f/ +B (Fil,f/ + AF}L{})KM + BB(LM + AL;,,;,)(Ch C;l) I BB(LM + AL;W)Ch ] ) <0, (33)
Wi,
,V
where U;., V;,, and W;. are matrix variables with appropriate dimensions. By pre- and post-multiplying (33) by

KA 0 0 Ky, 00

0 P, 0 Jand| O Pga 0 |, respectively, the following inequality is obtained:
T :
0 O Qﬁ,a 0 0 @
U, + V3 <0, (34)
0 * *
v, = Kis 0 * ,

(A}, = A7+ AA™ — (L3 + ALY (G = CO)K;5 0 He((A, — (L7 + ALF )CQ; 5 + AA")

Frontiers in Neurorobotics | www.frontiersin.org 14 July 2022 | Volume 16 | Article 820389


https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

Huang et al. Non-Fragile Observer-Based Sliding Mode Controller

1 _pT TRR(T1* * K ()«
Vio | [¥3 —P1, BB +ALE)GIQ;]),

where Wj=A% K;, + B*(Ff_+ AF; )+ BB(LY  + ALY )(C} — CHK ;.

Define U}, , = KT, V.. =eP-, W; . = 0,and & > 0. Then, inequality (34) can be represented as:
RY o hv hy h,v

Wy 4+ W5 <0, (35)
* * (% *
He(AMKh)@ +B (Fm + AF@,@)) * *
* * (T *
W, = Ki:,f/ + E(A];)f,Kil,fl + B (Fi“? + AFﬁlﬁ')) - sz,f/ _SHe(Pfl,fz) * ,
(AZ,V — AZ){/)K;I’G + AA*KA)f’ 0 He(AA*QimA/ + AZ)VQ;MA/)
BR(T* * * K\ .
He(EB(LM + AL;,);,)(Ch C;,)Kh,f/) * *
* * * *
Uy = SBB(L;AMA, + AL}A:,T/)(Ch — C}A,)Kﬁlﬁ/ 0 * ,

1 RBR(T* * €. VL _ * * ). T

L5 8(BB(LE© + AL;,’{,)Ch Qh,?/) He((L]}){, + AL;’{,)Ch Qh,f/)

1 BR(T* * * T * * * ok
= . X r.) — (L% AL — CHK; ..
whereW; (BB(Lh,f/ + ALM)C}: Qh,v) ( 5o + h’f})(Ch Ch) i
The corresponding auxiliary variables are introduced into the system, and the dimension of the system is increased with the
augmented method to eliminate the coupling between the Lyapunov function matrix Q; ; and the observer gain matrix LZ _in

SV

inequality (35). The following equations are defined:

_ (mR(T* * sy T D/ T * * sy T _ * * s\ T
x4(t) = (BB(LimA} + AL;},;,)Ch) x1(t) + S(BB(L}AI"A/ + ALIAUA/)Ch) x2(t) ((Lil,f/ + ALiI,{/)Ch) x3(1), (36)

_ (mDT* * N TR T * * N _ * * s\ T
x5(t) = (BB(LM + ALE,O)CiI) x1(t) + S(BB(LM + AL@,;,)Ci,) x (1) ((Lm + ALm)C;,) x3(1). (37)

Thus, inequality (35) can be expressed as:

]’ [xae)

x2(t) x2(t)
x3(t) | W | x3(t) | <O, (38)

x4(t) x4(t)

xs5(t) x5(t)
He(A* Ko+ B*(F* + AFF)) * * * %

*h’v v k. *h)v *h’v
KM + 8(Ait,f/K;'>f’ + B (Fﬁ,ﬁ + AFﬁ,f/)) — me? —8He(Pm) * * ok
Ug = (A}, — AT K, + ALK 0 He(AA*Q;, + A} ,Q;5) * *
Kil,f/ 0 Qiz,f/ 0 *
-K; 0 0 00
v

If (38) holds, then the following inequality can be obtained by Finsler’s lemma (lemma 3) under the constraints in Equations (36, 37).
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W7 + He(Ws) < 0, (39)
He(A*A Wt B*(F* + AF* )) * * % %
K. =P, + 8(AZA + B*(F* + AF* )) —eHe(Pf1 f/) * * ok
W, = (Af, — AZ)Q)K:V L AAK - 0 He(Af Q;, + AA*Q;,) * * |,
Kil,f/ 0 sz,f/ 0 *
—K;IA 0 0 00
SV
_ 0 0 _
0 (T;:R:EA)T L .
51,V _ * * sk _
o | GRLT 0 [‘I’g ey ~((L, + ALLIG) 10 }
o, _((T* * * 7’
(TR )T 0 Wy oWy —((L, +ALG) 0 T
N(N4
sk Tk T
i 0 SZ(TﬁRZ,ft,f/) )
1 RR(T* * w1 2 RR(T* * sy Rlit” Riﬁt R;EARilAW 1
— — P i N = hy v —
where Vg = (BB(LE,€/+ALﬁ,17)Ch) Wi = (BB(Lﬁ,O—i_ALﬁ,fz)Cﬁ) R Rl,h,f/ R3ilA Rlll;, ’Rz,h,v RZ;IA R;;A R1 W
>,V NN NN

Ri Opx(n—p) 1 Ri Opx(n—p) * Th O I-0
= — h pxp RIL (n—p)xp RI12 (n—p)x(n—p)
|:R11 RI2 , th R Rl RI2 s Th 1 o1l R, € RP*P| Rl,h,f/ € R s Rl,h,(/ € R s

lilv I;lv 2;!1/ ZPAH/ 0 1]
Rll € R n—p)xp R12 c R n—p)x(n—p) R2 c Rnxn,RS G Rnxn R4 G Rnxn R2 = RnX”,R3A = R"X”,R4A c Rnxn,and Th
hv hv 2,h,v 2,h,v
and T satisfy assumpt10n3
Inequality (39) can be rewritten as follows:
B*AF} 0 0 00]
v T == T
¢B*AF! + (BBws)  e(BBwy) —ay ! 00
WV
Wy + He(| AA*K; . + (BBws)' e(BBws)' AA*Q, —w3” 00]) <0 (40)
81(@0)’3)T 818(@ZZT3)T —812I73T 00
82(@@'4)T 828(@@4)T —82(,U4T 0 0_
11191 * * * *
v W * * *
Wo = v Wy He(A}; ,Q;, — @1) * . * X
W Wy —TrR o+ Q; — 1] —e1He(ThR, ;) *
S Wy —er ] 0 —e2He(TIR, ;)"

J— T PR
where W = He(A7 Kj; + B'F; ), V2 = (BBw,) + sAT Kiy = Piy + Ky + eB°F} Wy = —eHe(P;, — BBm),
v = (BBo) + A7 K; AZAK,;A, W = e(BBw) — L¥ CIT!Ry, W = Kj, + &1(BBo)', wg = ¢6(BBoy)
vy = —K;, + gz(ﬁwz)T, \pg = &,6(BBw)’ — TiRyjp o1 = L GITHR o 2 = LE CITER, = ALY GITR s
and wy = AL* C*T*

h 2hv

Because ALE = MLSLNLLZ 5 AFZ = MFSFNFF;: ,and AA* = MF(t)N, inequality (40) can be rewritten as:
L,V sV sV ,V

Yy + He(M;SgN; +M,F(t)N,+M3S.N3) < 0, (41)
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= [B*Mp eB"M; 0 0 0]",Ny = [NeFf, 0.0 00], a5 =[0 0 M 0 0],

N; = [NK;,; 0 NQ;; 0 0], M; = [BBM] eBEM; —M; 0 0],

Rk kTR * CST*R » B CRTHR . KTk kTHRD
N; = [o NfL: CITIR o NiLt CiTiR,j, eiNJLE GiTiR, ;o e2NfLE C*T RW] ,
Based on lemma 2, (41) holds if there are positive real scalars ¢, ; ., sf}; - sf e and ¢, ; . that satisfy the following relation:
ofEs y "/ N )V ik
Wy + Mie,; AMI +NT —1 N+ Mg, AMZ + Nle —1 oo+ Mg AM3 + Ne —1 N5 <0, (42)
4. I 0
wheree, ;. = 4 8 v Tl Using the Schur complement in lemma 1, (42) holds if and only if the following relation set is satisfied
4hp
r v, * * * * * * *
\Ilio \Illzo *6 * * * * *
Wl EO . Wiy * * * * *
\IJ170 818(BBZD'1) \Ilfo lIJ?O * * * *
wlo vl —em] 0 —62He(T2R2 P @)T * * * <0 (43)
NFFZ,@ 0 0 0 0 —83’}}"71 * *
* A~ J— ~
NKfz,fx 0 NQh,\? 0 0 0 54)h,{,I *
12 13 14
o w2 Wil W eNfLE TR, 0 0 —e,0 ]

where Wl = He(A’fAKm + B*F’fA) + B*Mge, AAMTB*T + BBMje, AAM*TET, w2 = (BBw)' + K, ,+eAr — P+
10 F L L 10 h h hy

eB'F} . + eB*Mgs, AMEB*T + eBBMje, AMITBB Wiy = e?B*Mgs, j M B +e?BBMj, ; AMfTBB — eHe (PTA - (Bsz)T),

vl = fwl) — Mje,, M;TBB' + Ay Koy AT Ky Yip = ¢(BBw) — eMjey M*TBB - L} G Ry
w6, = He (AZ,VQM—ZUI) +Me, MY+ My MT, W], = K, + ei(BBw), \pfo = Q- elwlT -
TiR ;Wi =—eiHe(TiR ;) W) = —K; , + &(BBwy) Lwll = 6)6(BBwy)’ — TIRyj 5 vz = NiL: CITER, SVl =
NiLE CiTiR j o Wi = eINFLE CITHR, j o
It is assumed that $* = [S* S*], thus, the matrix BB can be formulated as:
BB = [—B(S;‘g)_ls*f - B(sgB)—ls;} ' (44)

Then, the matrices in inequality (43) can be obtained as follows:

1 2
L = [0 Lr ]T o= [T O o TR O p Tth,i:,fz Tthjz,a «
o Ryl > h o 1[>"h |0 I|” hLhd | R3. R412 >

I* C*T*R 0 0 Onxn Onxcn
hy hThTLhy T Lit,{/ChThRi,}},f/ 0| — I:(L;l,f’Rl)nxp Onx(n_p):l Onxn |’
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EL* C*T*R _ OnX?’l Of’lXVl
noCnThRyjs = [((I—B(SjB)’lsj)Lﬁ’aRl)nXP onx(,,,l,)] Ot

T;R!. T;R>..
2,00 h42,h,v i

R, -
2,07 2,h,v

I* C'T*R 0 0 Onxn Onxn
2 T | L GTRY 0 T [TaR), O | O |

EL* C*T*R _ Onxn Oi’lXH
o h T2 | [(0 = BT TSDL R, O (1p) | O |

Therefore, inequality (27) is easily obtained from the above equalities and inequality (43), which completes the proof.

In some special cases, T-S fuzzy descriptor systems may not contain uncertainties, so the following theorem gives sufficient LMI
conditions for the stability of the closed-loop system in this case.

Theorem 3: Suppose that the T-S fuzzy descriptor system matrices in (2) satisfy AA"=0 andC), = C; = C*. Given the constants
e > 0and &; > 0, the closed-loop systems are asymptotically stable if positive definite matrices P; and Qq, scalars € and &1, and a set of
matrices P3; k, Pajk> Fik» K1 Kok K3,i» Kaji> Li» R1, R1 e R}zl © R%zk’ R1 ik and R1 exist, where k € {1,--- ,r.}andi € {1,--- ,7},
such that the following LMIs hold:

[He(K h) * * * * x kx|
Aa1 Aap * * * * ook 0k
A3)1 A3’2 —sHe(Pl) * * * * *
A4,1 A4’2 —8P3 WP eHe(P4h ) * * * *

w T <0, (45)

0 As, 0 g(BYM) He(Q;;) =+ = =
A6)1 A6’2 0 0 A6’5 A6,6 k *
0 Az 0 ee@®BY;)  Ars Arg Ay

| 0 0 0 0 Ass  Ase As7 Nsgs |

where Ay = AflKl,f/ — E‘A’KSJQ + BFE,?/ + Kzﬁl, Ny = He(Aile,@ — E;K iz) A3 = Kl v —P1+ 8K3 h’A32 = K217 + eK e Ay =
Ky e (43K — By +BF ) =Py Aa = 6(A3Ksy— BoK, 1) +K =P, Asa = (BY; )", Ae = (A= ApKy s — (By—Ep)K,
Nep = (Ap—A}Kyy— (Ey —EK, 1, N5 = ApQ1 — EvQ3h+QT Y 5o Mo = He(EvQ4,,;),A7,2 =ei(B ,;)f,) A75 = Q1 —TRI P

— T _ _ . — 0 . _p4 _ _ 2 _ 3
A7g = —81(Yh,1~,) TR Ao = 81H€(TR o ss = Qg R G Bes = Qup — R Mgy = 81(TR1JA1){,) 81R1hu
A He(R!; ). B=1 B(S5B)™'S: R K OPX("*P) R = | % dy-. = [@: .R) o0
8,8 = —&1rle =1- 5 RIL R1Z R21 and Yj o = o™ sp nx(n—p) |.
Lhy Lhv Lhy

Theorem 4: Suppose that the T-S fuzzy descriptor system matrices in (2) satisfy AA"=0 and C;, # C;- Given constants ¢ > 0,
g1 > 0and &; > 0, the closed-loop systems are asymptotically stable if positive definite matrices P; and Q; and a set of matrices P ; ¢,
Pyij F,k, Ky Koo Kajis Kais Ligeo Ris Ry, (0 RE2 RO RO2 GRE R G RY 0 RS0 Ry o and R exist, where i € {1,---,7) and
k € {1,---,re}, such that the following LMIs hold:
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_He(K3j1) * * * * % x % * *
Az1 Aap * * %k ok % * %
As1 A3y —eHe(P)) = * ok ok % * *
A4,1 A4,2 A4,3 A4,4 * * * * * *
0 A5)2 0 A5)4 A5’5 * * * * *
Ae1r Nex  —Yj, 0 Ags Ags * % % * <0, (46)
Ky A7 0 A74 A7s A7s A7z * % *
Ky K 0 0 Ass Age Ag7 Agg  * *
Kl,{/ A9,2 A9,3 A9,4 0 A9,6 0 0 A9,9 *
| K Ky —R;)m Awg 000 0 Ay Ao |

= T
where Ay = A;’Kl)f, — E{’K3j1 + BFit,fz + Kzﬁ,Az,z = He(A]%KZ’f, - E;,K4j’),1\3,1 =Ky3+ 8K3,f1 — P, A3 =Ky + 8K4jz + (BYit,f/) s
Ay = K3’;1+8(A£K1)@—E17K3j!+BF]”1’17)—P3JA1’17,A4)2 = K4jl—P4jl’17+£AilK2,;/—8Ef,K ,IA1’A4’3 = —8P3j1’17+SBYi!’17,A4,4 = _SHe(P4,fl,f/)’

4
— T — T

Asy = (BY};) , Asy = e(BYj ;) JAss = He(Qgj), Ay = (Ap — Aj)Kyy — (Ey — EaT)K3j,,A6,z = (Ap —fg)Kz,a — (By — E))K, 5
Aes =ApQ1 — E,Qyj + szl = Yj. Aee = —He(E,Q,j), Arp = Ky + e1(BYj ;) A7q = 16(BY} ;) , Ars = Q1 — ThRi,fq,f/’
T

_ NT _ o2 _ 1 — 0 ._p3 —0 . _nt S S 2
Arg = —e1(Y3)" — ThR|; o, Ary = £1He(ThR1ij), Ass = Qyj, — R o Bs6 =Qy 5 Rl,iz,f/;ASJ =—akR;. 81<ThR1jﬁ) ,
- _ 4 — R BRY- — _T7.R1 — BY. _ T2 - _ T
Agg = nge(lel"?), Aoy = Kpp + 82(BBYh’f,) , No3 = ThRth,f/’ Aoy = 828(BYh’{}) ThRth,f/’ Ao = EZ(Yh,f’) >

1 4 2 T 3 4 B -1
Ag)g = _nge(T@Rz,ﬁ,f,)’ A10’4 = _RZ,PAl,?/)AIO’g = _EZ(T’;RZJA:,@) — 82R2,i1,17’ AlO,lO = _82He(T;lR2JA1,17)’ B =1-— B(S;B) S;,
Ri Opx(np) Ri Opx(np) Opxn Opxn
R =l o VLR =1 2 LR =|pa [\RP. =| a1 |andY;. = I:(ij;Rl) Onx(nfp):l.
Lh? |:R1j1,17 Rl,iz,f/ 2h Rz,iz,a szz,f/ Lh? Rl,f;,?/ Zhi¥ Rz,fq,a n e

The corresponding proof can be obtained according to the proofs given for theorems 1 and 2, because theorems 3 and 4 are special
cases of theorems 1 and 2, respectively. Therefore, the specific process is omitted here.

Non-Fragile Observer-Based Adaptive Integral Sliding Mode Controller Design
In practical applications, it is difficult to accurately obtain the bounds of unknown uncertainties and perturbations in controller and
observer gains. Hence, an adaptive integral sliding mode controller is designed for T-S fuzzy descriptor systems with uncertainties
and perturbations.

Theorem 5: Suppose that the T-S fuzzy descriptor system matrices in (2) satisfy AA* # 0,and C, = C;, = C*. Assume that matrices
Fix> K1 oo Koo K3,i» Kaj, and L, where k € {1,--- ,r.}andi € {1, - - -, r}, satisfy theorem 1 and ¢ > 0. System (2) can be driven to the
sliding surface (7) and maintain sliding motion based on the following ISMC equation:

u(t) = F* KIR() — (S*B*)_l(‘
hyv hy

§*L; (D) — C*X*(t))H + |s*M]| HNX*(t) H +

5% PY0)

Js*au] [ Nun o) — CoRo @) + 0 — gl [N TR0 47)
0] ’ o
Proof: Consider the following Lyapunov function candidate:
_lr

Vi(sg (1)) = 555(*0)55(*0). (48)

The derivative of the Lyapunov function candidate (48) can be obtained as:

V(sg(8) = s, (D35 (£)

= s;. (1) [ S*(B*u(t) + (LY + ALT )((1) = C*X*(1)) — S*B*(F; + AFZO)K;:}X*(t)} : (49)
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By substituting (47) to (49), Equation (49) can be rewritten as

Vi(sg () = sL.(1) [s*((L;:’9 + ALT )((1) — C*X*(t)) — S*B*AFZ&K;:;X*(t)—i—

~ S4 (F ~ So (F
S*B* || M| HNFFMKT}X*(t)H S ® e o0 — C*X*(t))H ()
™ Ol ool ~ 17 0]
* A S " n S
s m |nxr | 22 — | $m| [Nz, 0 — o) | 0 (50)
Hsff*m H HSfmz)
Then, from AA* = MF(t)N, FT(t)F(t) < I, ALY = M;SINFL% , SISy < I, AF: =MgSpNfpF: , and SESp < I, it follows that:
hyv hy hy hv
. (S*B*)'sq.(t)
Visg(®) = g0 ) =¢8"B*—— =1 = =¢ [ls. (0] - (51)
sz ®]

From the above analysis, T-S fuzzy descriptor systems can reach the desired sliding mode surface in finite time even in the presence of
uncertainties and external disturbances.

In some special cases, T-S fuzzy descriptor systems may not contain uncertainties, so the following theorem gives an observer-
designed ISMC strategy in this case.

Theorem 6: Suppose that the T-S fuzzy descriptor system matrices in (2) satisfy AA* = 0 and C;, = C; = C*. Additionally, assume
that matrices Fj, Ky x>, Ko k> K3,i» Kaj, and Lj i, where k € {1,--- ,r.} and i € {1,-- -, 1}, satisfy theorem 3 and that £ > 0. System (2)
can be driven to the sliding surface and maintain sliding motion based on the following ISMC equation:

S)A(*(t)
s

u(t) = FZ’QK]A;;X*(t) — (S*B")"Y( (52)

ST 00 - X +0)

The corresponding proof can be obtained according to the proofs given for theorem 5, because theorem 6 is a special case of theorem
5. Therefore, the specific process is omitted here.

EXAMPLES

In this section, a simple numerical example is simulated to verify the effectiveness and superiority of the proposed method. Consider
the following T-S fuzzy descriptor system:

S REOE A AR = Y hi(0)((Ai + AA)X(E) + Bu(t), (53)
L1 —0.1 0.9 0.1 —02 -1 1+a 06 0.7
where E; = [—o.z+b 1.5 }EZ - [0.2 0.2 ]’Al - [—0.1 —1.9]"42 - [ 1.7 —0.3]’3 - [0 } C=[10}aec (102,

b e [—0.6,1],x(t) = [x1(2) X2(t)]T,h1(Z(t)) =x3(t)/4, ha(2(t)) = 1 — i (2(D), v (E() = 1/(1 + x5(1)) , and v (£ (1)) = 1 — v1 (§(8)).

Case 1: AE = 0andAA =0

The state feedback controller in (Lin et al., 2006) and the sliding mode controller in (Kchaou et al., 2014) for a class of fuzzy
descriptor systems are designed under conditions for which the system states must be measured. Moreover, in (Guerra et al., 2015; Li
et al,, 2018), the premise variables were dependent on measurable vectors, e.g., the system states x; (t) andx,(t) based on the observer
strategy used. However, it is challenging to directly obtain the value of x(t) with sensors. Therefore, the methods in (Lin et al., 2006;
Kchaou et al., 2014; Guerra et al,, 2015; Li et al., 2018) cannot be directly applied to T-S fuzzy descriptor systems with unmeasurable
system states and premise variables. Several combinations of a and b are selected to compare the feasible solution region size of theorem
3 with those of theorems 2 (Ichalal et al., 2011) and 1 (Asemani and Majd, 2013), as shown in Figures 2A,B. These Figures show that
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the Hoo control method (Asemani and Majd, 2013) is less
conservative than the PDC control method based on the
traditional quadratic Lyapunov function (Ichalal et al, 2011)
for a T-S fuzzy system. The feasible area of the proposed
observer-based non-PDC ISMC method for a T-S fuzzy
descriptor system is larger than that of the previous two
methods. Therefore, in the non-PDC ISMC method, the fuzzy
Lyapunov function and descriptor redundancy lead to less
conservative results.

When AA* 0, the following values are set: a 1,
b = 05, and ¢ 0.0001. Based on theorem 3 and the
MATLAB LMI toolbox, the coefficient matrices of the observer-
based non-PDC integral sliding mode controller are obtained
as follows:

| = [34.8381 4.3355] i L1, = [34.4535 12693]

[
Ly = [31.8954 2.2550]"; Ly, = [31.3404 0.4542]";

1 = [—0.0306 0.0082]; F1; = [—0.0200 0.0024] ;
Fy; = [—0.0280 0.0039]; F5; = [—0.0175 0.0051];

E‘J

K. — | 00006 —0.00077 . [ 0.0006 —0.0007]

"7 00007 0.0022 |7 T | —0.0007 0.0022

Ko — | 71:3053e70 —1.9676 7

7| ~1.2372¢77 9.3139¢78

Ky — | 19118670 —2.4874e 7]

27| 1.4374e7%  2.4554e77

Ko — | —0-0031 0.0005 7 —0.0031 0.0004

17| 0.0008 —0.0033 0.0005 —0.0018

Ko — | 00181 —00007] . [ 0.0166 —0.0006

417 3.4515e75 0.0040 |°7* T | —0.0011 0.0021
The controller parameters are selected as ¢ = 0.003andS™ =
[1 10.7 O]. Assuming the initial states of x(0) =

T T A A A T

[x100) x2(0)]" = [0.1 0.2] and %(0) = [%(0) X2(0)]
[—0.5 —0.4]T, the state responses, control input, and sliding

surface for the closed-loop system are shown in Figure 3. The
simulation results show that the proposed sliding mode observer
can accurately estimate the system state after four s, and that the
closed-loop system is asymptotically stable.

Case 2: AE # 0andAA # 0.

Assume that the system uncertainties, observer gain
perturbation, and controller gain perturbation are expressed by

My = [0.06 0.02]", Mg = [0.04 001]", Ny = [0.02 0.1],
Ng = [0.03 0.05], F4 (£) = 0.5sin(x; (1)), Fg () = 0.2 cos(x1 (1)),

My = [0.0502]", Np =[0.01 0.12], My = 0.1, N = 02,
Sy = 0.5sin(x1(t), and Sg = 2sin(x;(¢)) cos(x;(¢)). In
this case, the parameters are selected as a = 1, b = 0.5,
¢ = 0.1, and &1 = 0.001. Moreover, using theorem 1 and

the MATLAB LMI toolbox, the following coeflicient matrices
are obtained:

Ly = [42.1615 4.6701]"; Ly, = [41.5437 1.4550]";
Ly = [39.0960 2. 5140] ; Ly, = [37.9514 0. 5004]
[- =[-
[- =[-

Fy = [—0.0349 0.0160]; F 0.0237 0.0075] ;
Fy; = [—0.0293 0.0070]; F 0.0126 0.0030] ;
K- [ 0.0018 —0.0015] K 0.0018 —0.0015
17 [ -0.0015 0.0046 |* 2T | ~0.0017 0.0039
Kor — [—0.0015 —0.0004 ] .
2171 0.0001 0.0002 |’
Koy — [—0.0022 —0.0004 ] .
7] 0.0012  0.0006 |’
K — [—0.0058 0.0022 K, — [ —0:0054 0.0015 7.
17 10,0010 —0.0059 [ T | 0.0007 —0.0031
Koo — 00227 —0.0006] [ 0.0186 —0.0005
17 10.0006 0.0073 | "* T | ~0.0012 0.0038

It is obvious that different initial system states will lead to
different simulation results. Therefore, if the proposed method
does not have a wide operating range, the system will not
be stable when changing the initial parameters. Therefore, the
following initial values of the systems are set to verify the
effectiveness of the proposed method for a wide operating
[0.1 0.2]", %(0)
[—0.5 —0.4]T; initial simulation case 2: x(0) = [—0.8 O.S]T,
x(0) [0.6 —0.7]T; initial simulation case 3: x(0)
[0.8 OS]T, x(0) [—0.6 0.7]T; initial simulation case 4:
x(0) = [-0.5 —0.7]", %(0) = [0.3 0.5]".

When the controller parameters are set as { = 0.003and $* =
[1 1 0.7 0], the time responses for nonlinear states, the control
input, and the sliding mode surface are as shown in Figures 4-
6, respectively. The simulation results demonstrate that the
system state models display good convergence performance;
even when the system has uncertain characteristics, the sliding
mode observer can accurately estimate the real states for
a nonlinear system with different initial state values, and
the designed controller has good robustness and is not
fragile to system uncertainties, observer perturbations, and
controller perturbations.

range: initial simulation case 1:x(0)

CONCLUSIONS

The problem of non-fragile observer-based adaptive ISMC for
a class of T-S fuzzy descriptor systems with unmeasurable
premise variables is considered in this study. For unmeasurable
states, a sliding mode observer is designed, and an integral
sliding mode surface is constructed considering the features of
the fuzzy sliding mode observer system. Using the Lyapunov
theory and designing a fuzzy Lyapunov function, sufficient
conditions in terms of LMIs are obtained; additionally,
asymptotically stable dynamic estimation error and sliding
mode dynamics are achieved. An observer-based ISMC strategy
is obtained to meet the reachability conditions. Moreover, a
non-fragile observer and a non-fragile adaptive controller are
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FIGURE 6 | Nonlinear state x»(t) and the estimatedX»(t). (A) Initial simulation case 1. (B) Initial simulation case 2. (C) Initial simulation case 3. (D) Initial simulation case
4,

developed such that system uncertainties and perturbations
associated with both the observer and the controller can be
mitigated. Simulation examples are presented to demonstrate
the excellent state estimation performance and effectiveness of
the controller.
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