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Abstract: Applied in many fields, nonlinear systems involving delay and algebraic equations are
referred to as singular systems. These systems remain challenging due to saturation constraints that
affect actuators and cause harm to their operation. Furthermore, the complexity of the problem will
increase when uncertainty also simultaneously affects the system under consideration. To address
this issue, this paper investigated a feasible control strategy for nonlinear singular systems with
time-varying delay that are subject to uncertainty and actuator saturation. The IT-2 fuzzy model
was adopted to describe the dynamic of the non-linear delayed systems using lower and upper
membership functions to deal with the uncertainty. Moreover, the polyhedron model was applied
to characterize the saturation function. The goal of the control approach was to design a relevant
IT2 fuzzy state feedback controller with mismatched membership functions so that the closed-loop
system is admissible. On the basis of an appropriate Lyapunov—Krasovskii functional, sufficient
delay-dependent conditions were established and an optimization problem was formulated in terms
of linear matrix inequality constraints to optimize the attraction domain. Simulation examples are

provided to verify the effectiveness of the proposed method.

Keywords: singular system; IT-2 fuzzy model; time varying delay; actuator saturation

1. Introduction

This section includes the literature review, notations, and acronyms used in the docu-
ment, as well as an outline of the publication and its goals.

1.1. Literature Review

Singular systems that are described by a couple of algebraic and differential equations
are characterized by their different modes, namely finite dynamic modes, infinite nondy-
namic modes, and infinite dynamic modes, respectively. The infinite dynamic modes have
the feature to destroy the stability and performance of the system. Thus, the admissibility,
which includes stability, regularity, and non-impulsiveness/causality, should be verified
when dealing with this class of systems. As a consequence, the investigation of singular
systems is both theoretically and practically important [1,2]. It is worth noting that time
delays are common in many physical plants, and they can have a substantial negative
impact on the performance and even the stability of practical systems [3-7]. Singular
models and time-delay phenomena are general enough to enable some fundamental results
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from the theory of state-space systems to be extended to this class of systems (see, for
instance, [8-12]). Alternatively, it is widely known that all physical plants are affected by
the actuator and/or sensor saturation. The saturation constraint has a nonlinear impact on
the performance of the controlled system unless the controller is built to account for it. In
addition, ignorance of the consequences of actuator saturation may destroy system stability.
Control with input/output saturation has been subjected to a great deal of research and
development over the last decade [13-17].

In general, the research on nonlinear systems [18] is an extremely hard issue due
to their inherent complexity. Due to its rigorous mathematical structure, the T-S fuzzy
model has recently been applied to handle nonlinear complex systems, since this model
is known for its powerful approximation of smoothly nonlinear systems [19-21]. In the
research on nonlinear singular systems against input saturation, the T-S fuzzy method
has thus far proven useful, including the finite-time output feedback control for T-S fuzzy
singular system with actuator saturation [22], the fault-tolerant sliding mode control for T-S
fuzzy systems with time-varying delay and actuator saturation [23], the stabilization of the
T-S descriptor systems against input saturation [24], and the fuzzy dissipative controller
design for non-linear descriptor systems subject to time-delay and actuator saturation [25].

In many cases, uncertainty arises, such as partially unknown parameters, unpre-

dictable disturbances in the system, varying interpretations of linguistic variables of the
fuzzy models, etc. It is worth noting, however, that the membership functions of type-1
fuzzy sets are well-known, and the control problem cannot be handled directly for nonlin-
ear plants with parameter uncertainties. As type-1 fuzzy sets have limitations in dealing
with non-linear plants subject to parameter uncertainties, the IT-2 fuzzy model was pro-
posed and used in [26,27]. Research on IT-2 fuzzy systems has attracted attention due
to the advantages of IT-2 fuzzy sets over type-1 fuzzy sets in dealing with parameter
uncertainties, and many control design results have been developed [28-30]. To mention a
few, in [31], fuzzy decentralized output feedback control was investigated using the event-
triggered approach for interval type-2 fuzzy systems against input saturation. The study
in [32] discussed the issue of filter design for IT-2 fuzzy systems with D-stability constraints.
The authors in [33] investigated discrete-time interval-valued fuzzy systems with actuator
faults to study the reliable non-fragile control problem with H, performance. When the
system is subject to stochastic network delays and actuator saturation, a distributed-delay-
dependent method was proposed in [34] for stabilizing interval type-2 Takagi-Sugeno
fuzzy systems. Under saturated state feedback, robust stabilization was investigated in [35]
for uncertain linear systems with discrete and distributed delays.
Very recently, the IT-2 fuzzy approach was extended to non-linear singular systems with
uncertainties. To mention a few, admissibilization for IT-2 fuzzy singular systems was
studied in [36]. Based on the LMI approach, the dynamic output-feedback control design
issue was investigated in [37] for singular interval-valued fuzzy systems.

There is a need to emphasize that the previous papers discussed various fuzzy stabi-
lization problems for IT-2 fuzzy singular systems without simultaneously considering the
phenomenon of input saturation. In light of this, we undertook this study. Furthermore,
although some related results have recently been published for delayed nonlinear systems
characterized by IT-2 fuzzy models [38,39], they cannot be applied to nonlinear singular
systems. This paper attempts to overcome the deficiencies of the aforementioned studies
by dealing with the stabilization problem for input-saturated IT-2 fuzzy singular systems
while simultaneously taking into account that uncertainty and delay may affect the process.

1.2. Objective and Outline
This study has the following main objectives:

(i) Instead of existing control schemes developed for type-1 fuzzy singular systems with
delay and actuator saturation [40], this study explored state feedback controllers based
on IT-2 fuzzy rules in order to handle uncertain non-linear singular systems.
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(ii) The delay property and actuator saturation for the IT-2 fuzzy singular system under
consideration were simultaneously considered in this study. Moreover, compared
with the results suggested in [36,41], a more realistic problem was investigated in this
paper that cannot be solved by the methods in the previous references.

(iii) A new Lyapunov-Krasovskii functional candidate was constructed, and the delay-
range-dependent approach was adopted to derive an admissibilization criterion via
LMI formulation. Furthermore, the domain of attraction of the origin can be estimated
for the underlying system.

After outlining the introduction and the objectives of our study, the paper is organized
as follows: Section 2 presents the model and assumptions, as well as a description of the
problem under study. In Section 3, we present and discuss the main findings of the paper.
Specifically, this section is dedicated to developing a new delay-dependent admissibility
criterion using the IT-2 fuzzy model from (3) and selecting a suitable Lyapunov-Krasovskii
functional. To further ensure the usage of this scheme, we developed an LMI criterion to
establish that the closed-loop system is admissible and to optimize the attraction domain.
To demonstrate the potential applications of the proposed scheme and validate its effective-
ness, numerical simulations on mass-spring-damper and inverted pendulum systems are
presented in Section 4. Lastly, we conclude with some conclusions regarding the obtained
results, as well as some suggestions for future research in Section 5.

1.3. Notations
Table 1 lists the notations and acronyms that should be used in this study.

Table 1. List of notations and acronyms used in the paper.

Symbol Acronym/Notation
R set of the real numbers
X eR” n-dimensional Euclidean space
X e Rmxm n X m real matrix
X>0 real symmetric positive definite matrix X
1X| norm of the matrix X
x' transpose of the matrix X
sym(X) X+X'
A) eigenvalue of a matrix
e max,c (g, o 19
11l MaXye(—gs, o] (4|
* term that is induced by symmetry
4 number of if-then rules
LMI linear matrix inequalities
IT-2 Interval type-2 fuzzy model
TS Takagi-Sugeno

2. Preliminaries and Problem Statement

The aim of this section is to introduce some preliminaries that facilitate the under-
standing of our proposal and state the problem that we are investigating.

2.1. IT-2 TS Fuzzy Model

Consider a class of non-linear singular systems that can be described by the following
IT-2 TS fuzzy model:

R;: If 0;(x(t)) is M} and If 65 (x(t)) is M? - - - If 65(x(t)) is M, Then
{Ey'c(t) = Aix(t) + Agix(t —d(t)) + Bio(u(t))

x(t) = ¢(t),Vt € [~dy 0], M)
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where MF is an IT-2 fuzzy set of rule i corresponding to the premise variable 6;(x(t)),
k=1,2,--- s, kis the number of premise variables, and i € S £ {1,2,...,r} is the number
of rules. x(t) € R" and o (u(t)) € R™ define, respectively, the state and saturated input
vectors. Matrices A;, Aj; and B; in model (1) are known with appropriate dimensions. d(t)
stands for the time-varying delay, and ¢ (t) defines the initial state for all t € [—d; 0].

2.2. Assumptions and Resulting Model

Al d(t)is a continuous function such that
0<dy <d(t)<dy, 0<d(t)<d, @

where d; represents the lower delay bound, d; stands for the upper delay bound, and
d, is the delay variation rate.

A2 Singular matrix E satisfies rank(E) = g < n.

A3 o (u(t)) is the saturation that affects the actuator according to the following model:

c(u(t) = [o(u(t) o(ua(t)) - olun(t)]

U if ul( ) > 1
ou(t) =qut) if —a<u (f) <1
—ia; it () < —

where u;(t) is the Ith value of u(t), and i is the Ith saturated level, I = 1,-- -, m.

Based on the IT-2 fuzzy approach, the following interval defines the firing strength of
the ith rule:

M; = [Hizl Wagkp(x(ry)) k=1 wM?(B(x(t)))} = {E‘(x(t)) ﬁi(x(t))}

1

where 1, (x(t)) > 0and ji;(x(t)) > 0 are, respectively, the the lower and upper membership
functions, and w WAtk (0(x(1)) > 0,and @, 4« (O(x()) > 0 stand, respectively, for the lower and

upper grades of membershlp. Therefore, the non-linear singular system can be described as

Ex(t) = ) pi(x(t)) (Aix(t) + Agix(t = d (1) + Bio(ut)))

x(t) = ¢(t), t € [=da, 0]

ui(x(t)) denotes the grade of the membership of the ith local system defined as

IM-

®)

—1

pi(x(8)) = e (e (8) ), (x(8)) + & (x (1) i (x(1)), Y pi(x(1)) =1

0 < a(x(), wi(x(1) <1, a;(x(t)) +&i(x(t) = 1 )

Note that, by introducing weighting coefficient functions, we can represent any time-
variant or time-invariant unmeasured parameters of the general non-linear system. More-
over, these functions are not necessarily known but exist and satisfy (4).

As a matter of convenience, u;(x(t)) will be referred to as y; in the sequel.
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2.3. IT-2 Fuzzy State Feedback Controller Design

Here, the subsequent IT-2 fuzzy state-feedback controller structure was adopted to
admissibilize the system under consideration:

Controller Rule ; : If ¢ (x(t)) is ./\/‘]1 and If 9, (x(t)) is J\/'Jz < If s (x()) is N?, Then
u(t) = Kjx(t)
where K is the gain matrix to be designed. Similarly, ¢(x(t)) = [01(x(t)), O2(x(t)), ..., O
(x(t))] defines the premise vector, and N’ ;‘C, (ke =1,2,---,s) represents the type-2 fuzzy

sets of the j-th controller rule.
The following is the firing interval for the jth rule:

Ny = [y(x(t) 7(x(1)], j €S

where
S S
vj(x()) = kl_:[1 Ot (a(x(t))) = O 7j(x(t)) = kl—zll Dpte oty = O

vi(x(t)) and 7;(x(t)) define, respectively, the lower and upper membership func-
tions. QN;.‘C(ﬂ(x(t))) > 0 and ‘DN;.‘C(ﬂ(x(t))) > 0 stand for the lower and upper grades of

the membership of ¢(x(t)) in N ;‘, respectively. The global fuzzy model can be inferred
as follows:

u(t) = évj(x(ﬂ)(Kjx(t)) 5)
]:
B.(x(1)); (x(6)) + B (x(£)) 53 (x(1)) :
vj(x() = —— — () >0, Yyx() =1 (©)
£ (B, () (x(0)) + B (1) 7 (x(1)) =

Remark 1. Over the past several decades, type-1 T-S fuzzy systems have been extensively investi-
gated. It is interesting to note that all of these studies are founded on the PDC approach, in which the
controller and the plant both have the same membership functions. Nevertheless, this assumption is
not always valid since membership functions may be uncertain in practice. As proposed in [36,41],
we aim to address this issue using the interval-valued type-2 fuzzy controller (5).

From (5), the fuzzy-model-based actuator saturation control input is expressed as:
T
o(u(t)) = o (1 vi(x())Kx(t)) )
j=1

To deal with the saturation function, the following lemmas should be provided for
further development.

Definition 1.
»  For a positive scalar p, an ellipsoid set is defined as

e(E"PE,p) = {x € R";x"E"PEx < p},

where E " PE defines a positive definite matrix.
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*  Fora given matrix H € R™*", a polyhedral set is given by
L(H,q)={x e R";|Hx|<a,l=1,...,m},
where Hj represents the Ith row of H, and i is a positive given scalar.
Lemma 1 ([40]). For given matrices K, H € R™*", ifx € L(H, i), then
o(Kx, i) = co{ M;K+M; H,s € [1,¢]}; ¢ =2"

where x € R" is a vector and co stands for the convex hull. In addition, we have
S
o(Kx,i) = Y 6 (MSK + M;H)x(t)
s=1

where M is an appropriate dimensional diagonal matrix with either elements 1 or 0, and 61, ..., 6,

¢
are positives scalars such that Y _ 6 = 1.
s=1

By combining (3) and (7), the following closed-loop system is obtained according to
the above lemma:

ii_i 1/]‘55( 1]sx )+Adix(t_d(t))) (8)

1i=1j]
where Ajjs = A; + Bi(M;K; + My H;), s € [1,¢].

2.4. Problem Statement

The main objective of this paper is to develop an IT-2 fuzzy controller that maintains
the closed-loop system admissible in the presence of actuator saturation for non-linear
singular systems expressed by an IT-2 fuzzy model as defined in (3).

3. Main Results
3.1. Admissibility Analysis

In this section, the admissibility of the closed-loop system (8) will be addressed using
the following lemmas.

Lemma 2 ([42]). For a given vector x(t) : [u,v] — R™ where the derivative %(t) is a piecewise
continuous function on the interval [u ,v], the following inequality holds for any given matrix
R > 0:

/uvx(s)TRx(s)ds > 1

o—u

(YI (x)RY:(x) +3YJ (x)RY»(x) +5Y7 (x)RYg(x))

where

¥1(x) = x(0)  x(u), Ya(x) = x(0) + x(u) - vfu IRCLE

Yg,(x):x(v)—x(u)—i—vfu/uvx(s)ds— =) / / w)dwds

Lemma 3 ([43]). For any singular matrix E with rank(E) = q, and decomposed as E = ELE},
a full row rank matrix U and a full column rank matrix V can be found such that UE = 0
and EV = 0.
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For any symmetric matrix P € R"™" and non-singular matrix X € RU'—0*(1=0) e define
a non-singular matrix PE+ U "XV so that

(PE+Uu'xv") "' =PE" + VXU
where P=E] PE; > 0and X = (V' X)"'v-Y(uu")-.
Theorem 1. Let 1 be a positive scalar, and dq, dy, d, be scalars satisfying assumption Al if
matrices P > 0, X, Q1 >0,Q >0, Q3 >0, W; >0, W, >0,V; >0, V, >0,R >0,

and Z > 0 exist and verify the following conditions:

Yiijs Yioijs R Y1sijsZ

Y(A,Ay) = | = —-R 0 <0, ,jES,s=12---,¢ 9)
* * —Z
E'IT (H);

[* (11]1)2[ >0,l=1,...,m (10)
e~

Then, the controller in (5) exists, and for any compatible initial condition satisfying (11), the
closed-loop system (8) is admissible within the set e(ET PE, p).

2 1412
O(61,62) = {<Pr 1 |(£1HC + ”Z;'C < 1} (11)

R
X1'g2 X2’

X1 = /\mux(ETH) + dl/\mux<Ql) + d2</\mux<Q2) + )\max(Q?))) + %d%)\mﬂx(wl)

G1

(12)
1 d> 1
+ Ed%z(dz + d1) Amax(Wa) + é)\max(vl) + ﬁd%z(d% - d%)Amax(Vﬂ

1 1
X2 = Edf'{)\,,mx(ETRE) + Ed%z(dz +d1)Amax(ET ZE)

[Yi1ijs Y12 T Ay 0 Y15 0 Y17 0
x Yo 0 3E'ZE Y,s —24E'ZE Y., 30E'ZE
* * ‘F33 0 0 0 0 0
- * s - Yy 0 36E'ZE 0 —30E'ZE
Y11ijs = ’
* * * * Y¥ss5 0 Y57 0
* * * < Yoo 0 180E'ZE
* * * * * Yy 0
| * * * * * * Ygs |
~ _ T
¥ 1015 = col {d1AT, 0, d1AF, 0,0, 0, 0, 0}, Yo7 = —30E RE
_ _ _ _ T
F13js = col {dpAL, 0, 41241, 0, 0,0, 0, 0} Yo = —~(1-d)Q: ~9E ZE,
> > # qb Yu=-Qs-9E'ZE
Fruijs = QA Qut Wi +dp,Wo + Vit 5V g 10ETRE - 2wy
—9E' RE + sym(IT" Ay) ¥5; = 180E ' RE
¥, = 3E' RE, Yoo = —192E' ZE — d3,W,
Y15 = —24E'RE d4
1 ¥,, — —180E' RE — -1,
¥,; = 30E' RE :
d
¥ = Q3 —Q; —9E' RE—9E' ZE Ygs = —180E' ZE — %Vz

.
¥y5 =36E RE O=((PE+U'XV")



Actuators 2023, 12, 30 8 of 20

Matrices U € RU'=D*" qnd V € R ("=9) gre as defined in Lemma 3.

Proof. First, we choose the following Lyapunov-Krasovsky functional to address the
stability of system (8):

V(x(t)) = Va(x(t)) + Va(x(t)) + Va(x(t)) + Va(x(t))
where

Vi(x(t)) = x(t) "E PEx(t)

t t—d 1
Vz(x(f)):/t 30T Quaes [ (6T Qax(o)ds+ [ x(s)T Quxlo)ds
1 - 2
)= dy / / s)TET RE(s)dsd6 + ds / / (s)TET ZEx(s)dsd6
4y Jive
_d/ / (s) T Wix(s) dsd9+d12/ / (s) T Wax(s)dsd6
dy Jt40

d2
/ / / )TV, x(s)dsddu + 12 / / / (s) T Vax(s)dsd6ddu
di Ju +9 dy +9

In evaluating the derivative of V(x(t)) along the trajectories of system (8), and noting
that UE = 0, we obtain

Vi(x(t)) = x(t) TET PEx(t) = TnTzzzyl s (Agex(t) + Ag(t —d(1))

s=1i=1j=1
Va(x(t)) < x(£) " (Qu + Qa)x(t) +x(t —d1) " (Qs — Qu)x(t — dy)
— (1 —dy)x(t —d(t)) " Qox(t —d(t) + x(t — d2) " Qax(t — dy)
V3(x(t)) = %(t) " (3E" RE + d2,E" ZE)x(t) — d; /tid %(s) " E"REx(s)ds
—dip /tt;jl i(s) ' ET ZEx(s)ds (13)

Va((t)) = ()" (W; + a3 Wa)x(t) —d [ t x(s) Wax(s)ds —diz | :‘“ x(s) " Wax(s)ds

4
is(a) = x0T (5 + v - G L [ ) Vi

d2 t
1 / / x(s) T Vox(s)dsd6
t+6

According to Lemma 2, we know that:

—d; /t id #(s) TETREx(s)ds < () TA(R)1 (1)
0 (14)
iy [ ) TETZER () < G0 T A (1)

,dz

where {1 (t) = [x(if)T x(t—d)" g L 4, X(s) " ds dzf ft+9 Tdsd@]
0o(t) = [x(t_‘h)T x(t—da) " d12 ftt ddzl 5) ' ds d2 f ft+9 TdeG] and

—9E"XE 3E'XE —24E'XE 30E'XE
* —9E"XE 36E'XE  —30E'XE
* * —192ETXE 180E' XE
* * * —180ET XE
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Jensen’s inequality leads to

—dp /tid x(s) " Wyx(s)ds < 7(/i x(s)ds) Wl(/t x(s)ds)

t—dy t—d,
t—dy t—dy - t—dy
—dlz/ x(s) T Wax(s)ds < —(/ x(s)ds) Wz(/ x(s)ds)
t—d t—d; t—dp

z N (15)
/ / (s)T Vax(s)dsdd < — / / s)dsd) " Vy / (s)dsdo)
dq t+9 dq +9 dy - t+9

d2 dy gt
i / / (s) T Vax(s)dsd < — / / s)dsdf) | Vi / 1 / x(s)dsd6)
+9 d2 +9 dz t+6

Let

() = [xT(t) xT(t—dl) xT(t—d(t)) xT(t—dz) dilftt d xT(s)ds
dlz fl‘t " x a7 f—d1 ft+9x s)dsdf dz f " fzf+0x )dsd@],

Combining (13)—(15) yields
G T 14
S Z Z Z ‘ulU/ ( (Yllzjs + lelst‘YlZz]s + T131]SZT131]5)€( ))

Performing the Schur complement lemma to (9) yields ‘?nijs + ‘?IZist‘?UijS + ‘?EUSZ
¥13ijs < 0, which implies that V(x(t)) < 0 and the closed-loop system in (8) is stable.

Next, we prove the regularity and impulse-free properties of system (8). From (9), we
know that ¥1y;js < 0, which implies that

sym(IT" A;;;) —9E'RE < 0 (16)
For matrix E, there exist two non-singular matrices M and N, such that
E = MEN = |:Iq O:|/ Aijs = MAijsN = |:4ij511 A11512:|

00 Aiszl A1]522 (17)

. My I 4 Ry R
InN=MTnN= |« 11 12] R=MTRM ! = { 11 Alz]
|:1—I21 sz R21 Ry

Based on Lemma 3, we know that E'II = IT"E. Pre- and post-multiplying IT" E
and (16) by N and N, respectively, using (17), we know that IT;; = 0 and

sym (M} A ) < 0

Thus, this would mean that AiszZ is non-singular; then, it can be concluded, given the
definition suggested in [1], that system (8) is regular and impulse-free.

Pre and post-multiplying (10) by diag( \/l;;, \/uzz ), we obtain

a pT AT
[PE L a8
* up
Using (18) yields:
SE'IL (H)]
i
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Equivalently, we obtain
1
2[Hyx(t)| < i (1+ ;)x(t)TETPEx(t)) <2a, Vj=1,---,r

Thus, it can be verified that e(E' PE,p) C Nj=1 £(Hj, @), and using the fact that
V(x(t)) <0, it is easy to verify that V(x(t)) < V(x(0)); this results in

x(1) TETPEx(t) < V(x()) < V(x(0)) < ||¢||%{Amax<ETn> T A (Q1)
+ dz()\mux(QZ) + /\mux(Qf%)) + %d?)\mux(wl) + %d%z(dz + dl)Amux(wﬂ

1 1
+ gt nan (V) + J5a] = ) hma(V2) |

. 1 1
+ II¢IIE{2d‘{’Am(ETRE) + 5y (da + dl)AW(ETZE)}
< xllllZ + xallpll < p

Thus, the constraint in (11) is verified for any compatible initial condition, and this
completes the proof.
a

3.2. Fuzzy Controller Design

Our task here is to translate the conditions in Theorem 1 into LMI terms that can be
solved with the existing solvers.

Theorem 2. For positive scalars dq, dy, dr, and i1; > 0, if there exist scalars v > 0, Ay, and Ay,
and matrices P > 0, X, Q1 >0,Q> >0,Q3 >0 W; >0, W, >0, V; >0,V >0,

R>0,Z>0 H;, F;, and l"l-T = T; such that, under the condition y; — xjv; > 0, (0< Kj < 1),
the following LMIs hold:

Ti]'s—ri<0
Ki(Fiis —T;) —T; <0 (19)
1 (Fijs — Ti) + 1 (¥jis —T;) +T; +T; <0
STrT  (FaT 1
[H E (H]_)zl} >0, vy==, ijeSs=12---g,1=1,...,m (20)
* ’)/Ml Y

then the closed-loop singular system (8) is admissible within the set e(ET PE, p) for any compatible
initial condition satisfying (11). Moreover, the gains H; and K; are computed by H; = I—_I]-I_I’1 ,
K; = lfjfl’l, and the parameters in (12) are defined as
X1 = )\max(ETf[_l) + dlAmux(ﬂ_Tglﬁ_l)
+ d2</\mux<ﬁ7TQ2I—I71) + /\mux(ﬁiTQSﬁil»
1 T = 1 e
+ Ed?/\max(n TWln 1) + Ed%z(d2 + dl)/\max(n TWZH 1)

d3 o 1 o
+é2\max(n i 1)+Ed%2(d§—d§))\m(n LA 1 )

1 L 1 -
X2 = Ed?/\max(EH_lRH_TET) + Ed%2(d2 + dl)/\max(EH_lZH_TET)
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where
[F11ijs F12ijs Yisijs
Yijs=| * —Arsym(IT)+ AR 0
B * —Apsym(IT) + A3Z
Yi1ijs Yo Ayl 0 ¥1si 0 Y17 U
x % 0 3EZE' Y¥; —24EZE'" Y,; 30EZE'
* * ¥a3 0 0 0 0 0
g | * x —Q3—9EZE'" 0 36EZE'" 0 —30EZE'
llz]s B * * * * ‘?55 0 ¢ 57 0
* * * * * Yo 0 180EZE'
* * * * * ‘1’77 0
* * * * * ‘?881'

F12ijs = col { Ayjs, 0, TT" A}, 0,0, 0,0, 0},

Y15 = col {45, 0, TT AL, 0,0, 0, 0, 0} T33i =—(1- d_r)Qz, ]
o ) g g ¥ssi=—192ERE" —diW,

FRET AT 8 > 1
—9ERE' +sym (4;) Yeoi = —192EZE" — B2W;
¥15; = 3ERE",

. _ a4 _
X - Y., = —180ERE" — Zlvl,
¥,5; = —24ERE

R _ R ] di,

Y17 = 30ERE", ¥gegi = —180EZE ' — %Vz

% o A P T ST _ -
Yy = Q3 — Q] —9ERE' —9EZE Aijs — AlH + Bz(MsP] + M;H])
¥,5; = 36ERE" M=PE' +VXU

¥,,; = —30ERE"

Proof. Consider )}, er-zl wi(p i — v]-)l"l- =0, whereT; = l"l-T is any arbitrary matrix with
suitable dimensions. Then, we have

i&(tiﬂiw‘i’us)_g‘%(ii Hivj 1]S+ZEV1 )

s=1 i=1j=1 =1j=1 i=1j=1
r r
= 0 (X X vy wjp — i i+ 33wy — vy + 5 — )T )
o e | i1/
r r _ r r
=) 6 ( Yo N wipi(¥ijs — T+ 1) + Y Y pi(vy — wip) (Figs — Fi)) (21)
s=1  Vi=1j=1 i=1j=1
8 r r=1 r B
=)0 ( Yo (ki — i+ T) + Y Y wipj (¥ — 1T + T+ ¥ jis — 15T+ T)
o R | i21j=
r T
+ZZV1( K]V])( ijs ri))
i1/

It can be concluded from (19) that

T T

2 Os ( XD VIV]‘YUS) (22)

i=1j=1

The theorem implies that —A, sym(II) + A3Z < 0 and that IT is non-singular.
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Since P > 0, it is easy to verify that E] PE; > 0. Thus, according to Lemma 3, we have
N !'=PE+U'Xv’) =11

Using the fact that, for any A; > 0 and A, > 0, the following condition holds:

IN
o

(M )TR(MIT—R™) = R™1 — Ay sym(IT) + A2I1 " RIT

0 R!
0< (A —Z H)TR(AT—Z7Y) = R — Ay sym(IT) 4+ A3IT' Z1T

IN

Equivalently, we obtain
—R7! < —Aysym(IT) + A2R, —Z7 1< —Apsym(ID) + A3Z (23)

Let F; = K;IT1 and H; = H;II. Using (23), and performing the congruence transforma-
tion to (22) by diag (1L IL IL I, IL IL IL II, I, I), its transpose

¥ (Aijs, Agi) <0

holds using the following expressions:

Q =mnTQmn, (i=1,2,3), 147

n "W, W, = T TWoIT 7}, v, =0 Twt,
Vo = TWI17Y, R “IRM T,

I1 z=1n'zio T

Then, by convexity and using the fact that s > 0, and 2521 0s = 1, it can be deduced
that system (8) is admissible according to Theorem 1. Pre and post-multiplying (20) by
diag (1T, I), (10) holds. [

Remark 2. For the purpose of maximizing the the set of initial conditions on (11), the following
optimization problem can be solved:

op: ) ) ~ min ) o ®
I, Q;>0,0,>0,05>0,W; >0,W, >0,V; >0,V,>0,R>0,Z>0,9>0

subject to
a) (19)-(20)

ZU1I ER (24)
b) { * E,ZPER] >0

c) w21—Q1>O,ZU3I—Q2>0,ZU4I—Q3>0,
ZU5I—W1>O, w6I—Wz>0, ZU7I—V1>0, w8I—V2>O, ng—Z>0, w1QI—R>O
d) @1 = Ak (E)wy > wi, k=2,3,---10

where

1 1
0= 71{w1 + wody + (w3 + wy)dy + §w5d? + §w6d%2(d2 +dq)

5

d 1 1 1
+ éw7 + Edﬁ(di — d:{’)wg} + Tz{zd:{’u@ + Ed%z(dz + d])wlo} + T3y

where variables w;, (i =1,2,...10) are introduced for the optimization procedure, and ., (c =
1,2,3) represents the weighting relative to the objective function.

From LMI b), we have

ER(ERPER) 'Ef = ER(E[ PEL)Eg =E'MI =E'IT"! < w1
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The satisfaction of LMI b) implies that
)\max(ETﬂil) < wj, and )\mux(nil) <

Additionally, the satisfaction of the LMIs in c) implies that

1 1 d3 1
x < wi + (w2d1 + (w3 + wq)do + EwSaﬁ’ + Ew6d%2(dz +dy) + ém + ﬁd%z(dg — d?)wg)w%
1 1
x2 < (Ed:{’% + Ed%z(dz + d1)w10)Amax(ETE> @]
We know that ¢; = ﬁ If we minimize the criterion as defined in (24), then the bounds

Xi
on ||¢|| and ||¢|| tend to be greater.

4. Numerical Applications

As part of this section, we present two examples illustrating the proposed control strategy.

4.1. Mass-Spring-Damper System

With the help of the example of a mass—spring—-damper system shown in Figure 1 and
borrowed from [44], the efficiency and correctness of the proposed control scheme can be
demonstrated. Define x1(t), x2(t), and x3(t) as the displacement, velocity, and acceleration
of the system, respectively, and u(t) is the applied force. Newton’s law can be used to
describe the mechanical system as follows:

%(t) = x3(t) (25)
0= —mxs3(t) — xo(t) — f(x1(t)) + h(x2(t))u(t)

where m is the mass, and the non-linear functions in the model are defined as follows:

Flxa(D) = 11832, (£) + 0.13x1 () (F — d(8)),  h(xa(t)) = 1+ 0.13(xa(t) + Axa(£))?

x1(t)

—

|_

Figure 1. Mass—spring—damper system.

Assume that m = 1, x1(t) € [-1.51.5], xp(t) € [-1.51.5], and 0 < Axy(t) < 0.1.
Given the uncertainty associated with the parameter Ax,(t), it is evident that the IT-2
T-S fuzzy system should be adopted to model the non-linear system (25). The lower and
upper bounds of membership functions of the corresponding IT-2 TS fuzzy model are listed
in Table 2.

Table 2. Lower and upper membership functions of the plant.

Lower Membership Functions Upper Membership Functions
33754 x(t)° 33754 (x(t) +0.1)°
b= 7N M= 7471
4096 — (xa(t) +0.1)3 _ 4096 — xp(t)°

=3 7.471 2=
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The weighting functions are chosen as a; = sin®(x,(t)) and &; = 1 — a? fori = 1,2.
The interval-valued fuzzy system (1) is defined by the following matrices:

100 0 1 0 0 00
E=[0 1 0/,Ai=4,=| 0 0 1|,Au=A4Ap=| 0 0 0f,
0 0 0 113 -1 -1 013 0 0
[0 0
sl o ],32: ; ]
1.43875 0.56125

This example aims to design a fuzzy controller (5) that guarantees the admissibility of
closed-loop systems. To accomplish this goal, Table 3 lists the lower and upper bounds of
membership functions to characterize the interval-valued fuzzy controller.

Table 3. Lower and upper membership functions of the controller.

Lower Membership Functions Upper Membership Functions
vy (xz) = 0.3¢~(33/035) 7(x2) = v1(x2)
vy (x2) = —0.3 + 0.3¢~ (13/039) 72(x2) = vp(x2)

To well-determine the membership functions, the non-linear weight functions are
selected as é],(xz(t)) = cos?(x2(t)) and B;(x2(t)) =1 — é],(xz(t)). Define d; = 0.1, d; =
0.25,d, = 0.6, k1 = 0.9, and x, = 0.8.

Then, by solving the problem formulated in (24), a feasible solution can be obtained
with minimum values of A; = 0.35 and A; = 0.4, and the design parameters are given by

H; = [-1.1115 -0.033098 0], H, = [-1.0735 —0.26308 0],
Ky = [-14242 —0.14551 0.83455], K, =[-1.7949 —0.27625 0.77306],

6.4385  —0.11536 0
P = [-011536 5.9703 0
2.7418 47886  8.0895

The simulation results are presented in Figure 2 using the above-mentioned fuzzy
control gains. In particular, Figure 2a depicts the state responses of the saturated closed-
loop for the initial condition ¢(t) = [1.25, 1, —0.7] 7, t € [~0.25 0]. Based on Figure 2c,
it is evident that the closed system is well-controlled. Figure 2b illustrates the estimated
domain of attraction for various initial conditions when actuator saturation is present and
time-varying delay exists.

J— - -u
—- =1 n —o(u)
—-——z3| | gL

4 05F

Figure 2. Cont.
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Figure 2. Simulation plots for mass—spring—damper system. (a) Trajectories of x1(t), x2(t), and x3(¢).
(b) Ideal and saturated control input signals. (c) Estimated domains of attraction and state trajectories
under various initial conditions.

4.2. Inverted Pendulum System

Our goal in this section is to illustrate the effectiveness of the proposed control scheme
by comparing it with the relevant work proposed in [45] for an inverted pendulum system
described by the interval type-2 fuzzy model without delay and saturation. The following
is a system that describes the process:

x1(t) = x2(t)
() = fx(t))xr(t) + h(x(t))u(t) (26)
0 = Lsin(x1(t)) — x3(t)

Non-linear functions f(x(t)) and h(x(t)) are defined as

(g — ampLx3(t) cos(x1(t))) sin(x1(t))) hx(t)) = —acos(xq(t))
(4L/3 — amyLx3(t) cos?(x1(t)))x1 (t) ~ 4L/3 — amyLcos?(xq(t))

flx(1) =

x1(t) represents the angle between the pendulum and vertical, x; () represents the
angular velocity, and x3(t) is the relative horizontal distance between the pendulum center
and cart. The force applied to the cart is given by u(#). The numerical values of the model
are: 2L = 1 m is the length of the pendulum, ¢ = 9.8 m/s? is the gravity acceleration,
me € [2 3] kg is the mass of the cart, m, € [8 16] kg is the mass of the pendulum, and
a = 1/(mc 4 m,). For the sake of this study, the inverted pendulum was taken to operate
in a domain fixed by x1(t) € [—51—7; 51—7;], and x,(t) € [-5 5.

Next, we describe the inverted pendulum system (26) as follows:

Ex(t) = ) pi(x(t)) (1 = B)Aix(t)(t) + BAix(t)(t — d(t)) + Biu(t)) (27)

I

where § = 0.1, and

1 00 0 1 0 0 1 0
E=1|01 0|, Ay =A= 0 0 0|, Az=Ay 0 0 0
0 00 10.0078 0 -1 18.4800 0 -1

0 0
B, =B; = 0 B, =B, = 0
—0.1765 —0.0206

Table 4 defines the lower and upper membership functions used for this example.
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Table 4. Lower and upper membership functions of the inverted pendulum.

Lower Membership Functions Upper Membership Functions
f"m(IY - - max
ai(01(1) = wpp(n(t) = ged ~ Oagalt)) = @pp (b)) = o
st( 1)) = wM4(x1( ) =1—wypu(x(t) D pp(x1() = @ pa(x1(8) = 1= @ p 0 (x1(F))
with x 2(t) = 0, my = Mpmay and m; = Memin with x5 (t) = Xomax, Mp = Mpmax and}ﬂC = Memin
@ (22) = @) = O () = @) =
QM;(xz(t)) =wpp(a(t) =1-wprn(x(t) @ pq3(x2(8)) = @ pga(02(8)) = 1= @ p 1 (x2(8))
with my = Mpmin and m: = Memax My = Mpmin and m. = Memax

We choose the controller membership functions as v (x1(t)) = 71(x1(t)) = 0.3¢(~-¥1(1)/035),
vy(x1(t) = Ba(xn(t) = 03 —r(0 (), va(x1(t) = Ta(x(t) = 07e(~11/0%), and
vg(x1(t)) = va(x1(t)) = 0.7 —w3(x1 (t)).

Letd; = 0,d, = 0.05, 7 = 300, x; = 0.9, and x, = 0.8, k3 = 0.9, and x4 = 0.8.
Problem (24) produces a feasible solution for A1 = 122 and A, = 122. The controller gains
are listed below.

H; = [485.99 15097 0],

K; = [7949.1 24723 338.89], Kp = [11109 3457.4 469.51], (28)
= [7965.8 2469.4 338.69], Ky= [11170 3457.7 469.7],

To perform some simulations, based on the parameters mentioned above and the
controller in [45] with the following gains:

K; = [~11744396 —189.5425 —96.3306], Ky = [~256.0090 24789 —61.9688] (29)

different cases are considered:

Case 1: Delay does not affect system. Here, we set § = 0, and both controllers are ap-
plied to the system under ¢ (t) = [— %, 3, 0.5] . The evolution of the state signals is
plotted in Figure 3.

Case 2: A delay affects the system. By using the gains in (28) and (29), respectively, for § =
0.1 and the above delay parameters, the simulation results are shown in

Figures 3 and 4 for the initial condition ¢ (t) = [— % 0.5, 05], t € [~0.050].
Case 3: A delay and saturation affect the system For this case, Figure 5 shows the states

and saturated input signals of the pendulum system when the control law calculated
using (28) is implemented for different delays and different initial conditions.

4 : 4
N l'\‘ N
) 2K\
2V 1 N
Vg , ~
H Tl
0 \ U4 ‘: "X‘ = /-
77\ 7 T 2 /
Moo Y
2 .| 4 ,I
! !
Wb o/
i !
s 1 1
'.JI - -z 10y’ - -z
—— 3 ———13
8 12
0 1 2 3 4 5 6 7 8 9 10 0 0.5 1 15 2 25 3
t t
(a) Using the gains (29) (b) Using the gains (28)

Figure 3. State trajectories of the system without delay.
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Figure 4. State trajectories of the system with delay.
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t

1.8

2

(d) Ford, = 0.03and ¢(t) = [~0.15 —0.450.5] '

Figure 5. State trajectories using the proposed controller for different delays and initial conditions.

Figure 3 indicates that the two implemented controllers are capable of guaranteeing a
convergence of the system’s states when the latter is not affected by delay and saturation.
However, in contrast, as can be seen from Figure 4, the controller proposed by [45] is not
able to stabilize the system when the delay occurs. Upon examination of the plotted figure
in Figure 5, it is evident that the presented control law stabilizes the system despite the
time-varying delay and saturation of inputs.

It should be noted that the simulation is conducted assuming measurement errors
in my, and m., which appear in membership functions such that m, = 2.5+ 0.5sin(t)
and my = 12 + 4sin(t). This means that the stability conditions based on the type-1 fuzzy
system cannot be applied. In light of these results, the synthesized control law is effective
in stabilizing the underlying system as well as remaining robust despite input saturation

and uncertainty.
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4.3. Comparative Explanations

The suggested strategy in this article can effectively solve the problem of admissibi-
lization for mass—-spring—-damper and inverted pendulum mechanical systems based on the
IT-2 fuzzy singular model subject to the time-varying delay and actuator saturation con-
straints. When compared to previous findings, the following are the primary advantages of
the suggested method:

(i) Compared to existing findings in [22,24,46], the outcome developed in this paper
is more realistic and general, since the IT-2 fuzzy model incorporates the system
uncertainties. In addition, the premise membership functions of fuzzy controllers and
fuzzy systems are not the same.

(ii) Though further results for interval-valued fuzzy singular systems have been pub-
lished, such as [36,45], none of these results will be applicable when the system under
examination exhibits actuator saturation.

(iii) For this class of systems, considering the effects of dynamic quantization, using a
dynamic/static output feedback controller or an observer-based controller [16] can be
a significant issue.

5. Conclusions

An attempt was made in this study to provide solutions to the main challenges
that come up when dealing with non-linear singular systems, such as uncertainty, time-
varying delay, and saturation. The proposed control scheme emphasizes the use of a
state feedback controller based on an IT-2 fuzzy model that exploits both the lower and
upper membership functions to adequately characterize uncertainties. By employing
an appropriate Lyapunov—Krasovskii functional with convex optimization techniques,
the controller existence was analyzed. The proposed control scheme was validated by
numerical simulations considering mass—spring-damper and inverted pendulum systems.
Research areas that need to be pursued in the near future include quantized output feedback
stabilization problems for Markovian jump singular IT-2 fuzzy systems with sensor and
actuator saturation.
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