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Abstract. A modified fuzzy mechanical control of large-scale multiple time delayed dynamic systems in states is
considered in this paper. To do this, at the first level, a two-step strategy is proposed to divide a large system into
several interconnected subsystems. As a modified fuzzy control command, the next was received as feedback theory
based on the energetic function and the LMI optimal stability criteria which allow researchers to solve this problem
and have the whole system in asymptotically stability. Modeling the Fisher equation and the temperature gauge for
high-speed aircraft and spacecraft shows that the calculation method is efficient.
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1. Introduction

Mathematics seems to be a guide, appearing by the physicist at the right time, bringing light to
the gloomy world of physics. However, the mutual influence of mathematics and physics is far
more complicated than the story told. In most recorded history, physics and mathematics are not
even separate subjects. The mathematics of ancient Greece, Egypt, and Babylon believed that we
live in a world where distance, time, and gravity all operate in a certain way. The mathematical and
statistical models for many physical, nature and technical systems are generally large or contain
dynamic interaction phenomena and the cost for testing these models of control purposes are often
too high. Therefore, it is natural to find a technique that can reduce the calculation costs. The large
systems methodology provides this technique by manipulating the structure of the system in some
way. Therefore, research on modeling, math, analysis, collection, optimization and control of
large-scale systems has generated great interest. Recently, many of these methods have been
proposed to verify the stability of the literature and the stability of large systems (Yang and Chang
1996, Bedirhanoglu 2014, Eswaran and Reddy 2016 and references included).
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In a computer network, because different communication subnets and network architectures
adopt different transfer control methods, the transfer delay in the communication subnet is
determined by the network status. The delay time caused by the electrical signal response is fixed.
The smaller the response time, the smaller the delay, the larger the bandwidth, and the higher the
transmission rate. Therefore, the larger the channel bandwidth, the smaller the delay. Delay time is
the time it takes to get a packet from a specific point. Delay time is generally the sum of response
delay and transmission delay. Delays usually occur in other technological systems. Computer
control systems, for example, experience delays because computers take a long time to perform
digital tasks. Also, there are remote operations, radar, power grid, transportation, metal delay and
so on. The outputs of these systems do not respond to the input data until a certain amount of time
has passed. The introduction of a delay factor usually causes instability and often complicates the
analysis. Therefore, the analysis of the delay stability of the system on research (Mori 1985 and
Trine Aldeen 1995) have published and executed by demonstrations.

In recent years, there has much been on the topic of a growing interest in system controls.
There are already many successful applications. Despite that of its success, it is clear that a great of
basic problems remain to be solved and the main problem with control systems is system design to
ensure stability. Recently, there have been many studies on the stability (see Sugeno 1992, Wang et
al. 1996, Tanaka et al. 1996, Feng et al. 1997 and references). However, studies in the literature
have yet to solve the stability and non-stable problem of large systems with multiple delays.

Consequently, this study has a stability criterion based directly on the Lyapunov method to
provide asymptotic stability to large systems with multiple delays. In accordance with this
criterion and decentralized control schemes, fuzzy control groups are incorporated, stabilizing
large-scale systems in multiple delays consisting of multiple interconnected subsystems.
Furthermore, these subsystems are represented by a fuzzy Takagi-Sugeno model in multiple
delays. In these models, each rule is represented by a linear system model, so linear feedback
control can be used as feedback stability. Therefore, the kind of control design is based on the
fuzzy model that uses a parallel distributed compensation (PDC) scheme. The ideas are those all
linear local linear models control feedback share the same premises. The resulting controller is
typically nonlinear with blend of each linear fuzzy rule.

In summary, we briefly introduce Takagi Sugeno’s fuzzy model with some delays and describe
the system. The stability criterion is then derived and considered based on the Lyapunov method,
ensuring asymptotic stability of systems with multiple delays. Finally, the results explain and draw
conclusions for the numerical simulation examples they are referred to.

2. System description

The following we review a nonlinear parabolic PDE (Razavi and Sarkar 2018):
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() eS(h) 2, {tr k€Nl hy <hye>0.

To simplify the construction of the equation Eq. (1), we consider a nonlinear J as
interconnected in subsystems Fj, j=1,2,....J. The jth as isolated subsystems (without any
interconnection) of F are represented by the technique of IF-THEN delay control model of Takagi-
Sugeno. The main feature of the Takagi-Sugeno fuzzy model with multiple delays is the
expression of each of rule by means of a linear equation of state, and the model is as follows (Chen
2014, Chen et al. 2019, 2020):

Rulei: IFany X;(t)is My; and---and x ;(t) is M,
Nj
THEN Xj(t): Ainj(t)+kZ:1Aiij(t _Tkj) +Bijuj(t)

where X-J!- (t) = [le (t)1 ij (t)""’ ng (t)] 5 ujT (t) = [ulj (t), Uyj (t)"“’umj (t)]

r; is the jth subsystem’s IF-THEN rule umber. 4;, Ay and Bj are system matrices, state x;(¢),
input ui(t), delay =, fuzzy set My, (p=1,2,..,2), and premise xi,(f)~xz(f) are used to infer the fuzzy
dynamic model:

iwij (t){Ainj )+ % Aikj x(t _Tkj) +Bijuj (t)}
).(j (t) _ i=1 k=1

éwi,- (®) 2)

~>h, (t){ij O+ Agx(t-r,) +Byu, (t)}
with

hij (t):w

g i (3)
Wi (t)zl_]l:Mipj(ij 1) Zwij t)
p= i=1
in which Mi(x,(?)) is in the grade of any membership of x,(¢) in M,y if

w; (1) =0, i=12-r and éwij(t)>0, h;(t)>=0, 1=12.--r éhii(t)zl.

According to the above mentioned analysis, these jth Fjcould be

Xj (t) = Z:hij (t){AﬂXj (t) + ZJ: Aﬁij(t _Tkj) +Bijuj (t)} + Z_:anxn (t) (4)

where C,; is the interconnection.

3. Parallel distributed compensation (PDC)
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The fuzzy control, according to a distributed control system using PDC technology, is used to
stabilize a large number of synthetic design. The concept of the PDC scheme is to provide a way to
handle each distribution rule for the relevant rules of the Takagi Sugenno model with multiple
delays. Each rule in the model is described linear, so you can use linear control theory to develop
controllers.

The fuzzy controller of the jth subsystem of rule 7 is derived as follows.

IF any of x1,(f) is Mj1; and...xg(¢) is Mig;; THEN one

uj(t)=-Kixi(t), (%)

in which i =1, 2,..., r;. Hence, these final outputs of the fuzzy controllers are

iwij (t)Kinj ) N

uj (t)=—"= " =_Zhij (t)Kinj ®). (6)
2w 1)
Combine Egs. (6) and (4), the subsystem becomes
o N
X; (t)= Zzhij (t)hfj (t){(A” - B;Ky; )Xj (t)+ Z Aiij(t _Tkj)} + ¢j ) _ (7)
i=1 -1 k=1

Theorem 1: These multiple time-delay fuzzy large-scale systems F are asymptotically
regarded as stable condition, if the feedback gain (Kj) is chosen in satisfying at least one of the
following conditions, j=1,2,...,/:

2; =max A, Q) <0 for k=12,---,N; (82)
i” Eﬁ“m(QIJ)>O fOI’ |:1|21“$r] (Sb)
Aig = Aq (Qig) >0 for i< f < (8c)
or
-2, 0 0 - 0 |
0 Ay U2k, - 124,
Aj=| 0 124, Ay o U24,,|>0 9)
0 124 Y24, - A
where

ijEI_ij, k=12,---,N (10)
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and /u(.) is the maximum eigenvalues; A,(.) is minimal eigenvalues.

Proof: See Appendix.

Remark 1: Both conditions are met by default. The stability of systems /' with delays can be
verified using the equations in (8) and (9). Therefore, it is advisable to check for asymptotic
stability under certain conditions. If this fails, another condition is required.

An evolutionary bat algorithm (EBA) based on a complex system of bats in the wild is
proposed. Unlike other cluster reconnaissance algorithms, the strength of EBA lies in the fact that
only one of the parameter (called the environment) is determined. Therefore, it is necessary to use
an algorithm to solve the problem (Yan et al. 1998, Tsai et al. 2015, Zandi et al. 2018). During the
evolution, the choice of support determines the different phases of the study. In this study, we
chose air because it is the original natural habitat in which bats live. The capabilities of the EBA
could be summarized by four steps:

Initialization: random assignment of artificial reagents, diffusion in the solution area.

Movement: An artificial example is movement. Generate a random number and make sure it
doesn’t exceed a fixed heart rate intensity. If positive, a random walking process is used to move

the artificial specimen. Xit = XiH + D, in which these x'; indicate the coordinate in these i-th

artificial agents in thees t-th iteration, then x'"/; is the last iteration i-th artificial agents, and D
moving distance as follows.

D=y-AT
where y=0.17, ATE [-1,1] random number when the chosen mediums are air.
X" = (% =X ), pef0,1]

where random f; Xpest 18 almost best solution are found so long throughout all of the artificial
agents; and x’%; new coordinates in these artificial mean upon each walking movement.

Then we use the custom fitness function to calculate the artificial treatment fit and update it
using the best stored solution.
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4. Example

In this section, we will examine Fisher’s equations and temperature control of high-speed
aircraft cooling coils to demonstrate about this effectiveness of these proposed method in design.
Fisher’s equations have been used as the basis for various models of spatial gene spread of
populations, chemical wave propagation, flame propagation, branched brown motion processes,
and reactor theory. A full description of the Fisher equation is provided in (Zhang 2015, Zhou et al.
2015).

a7 Pz
ot~ Y2

+ Z_’u (:)“(U Ll Eu—' (:)“‘H)

4+ AT — BoT2

7

y(t) = _foﬁ O¢ (: — 5) T(z, t)dz,t = tg
subject to the Dirichlet boundary conditions
7(0,8) = 0, T(m,t) =0

The purpose of this example is to create the fuzzy controller based on the system stabilization
model (4.1).

J=1, then

Rule No. 1: If x11(?) is about 4; Rule No. 2: If the x11(¢) is about -4

Then we say

X (1) = Ay (1) +k§2 Ay X(t =7, ) + Byyu, () : X (t) = A% (1) +i A X(t—-7,) + B,,u, ®

-9 1 -35 —4] -6 -3 -5 -4
A11: 3 92 A21: 5 _34_ A111: 2 2 A121: 05 3

1 ) 1 l

in

5 _[055] 5 _[o3
HU1-21] P |11] 7, =12 (sec) 7, =1.8 (seC) T3 =2.5 (sec)

1
and membership functions for 2 rules are  1+exp[— 2x,,(t)] and 1—M,;; (X, (t)).

J=2, then
Rule 1: If x12(¥) is about 0; Rule 2: If x12(¢) is about 4

3 3
Then X,(t) = A,x,(t)+ kZ:; AaX=7ie) + B, (1) 5 %, (1) = AyX, (1) + kz:;‘ Ao X(t=7i0) + B,,U, (t)
With
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A_—lO 1 A_—34 —4 A [-2 -3 A [-15 -2 A [-4 -1
21 o3 "3 -33] "1 2 27 08 13| ¥ |35 5

4 -1 3 3 25 2 5 1 05
A5 5| At g ) P gg 03] MeT|3s 4] P2 (4)

0.36
B. —
2 [ 1 } 7, =15 (seC) 7,, =2.2 (sec) 7z =3.1 (sec)

and membership functions for 2 rules are exp[-x*12(£)] and 1-M;12(x12(7)).
J=3, then
Rule No. 1: If x3(¢) is about 3; Rule No. 2: If x13(?) is about -3

Then X, (t) = AX; (1) + kZ:; AusX(t=743) + By Uy (1) 3 %3 (t) = AgXs (t) + kZ:; A X(t=73) + Basus(t) -
With

[-125 1 A -33 -4 A 63 -3 A 9 —45
Atk 32 2| "2 |67 -32 w3 2 =05 7

)

-18 -04 73 3 10 45 19 04 0.5 1
A133: 3 15 A213: 3 _ A223: _05 -6 A233: _3 _14 B13: _292 (5)

0.3
B,; :|:]_,4:| Ti3 =13 (SeC) Tys =19 (Sec) Tas =34 (SeC)

1
and membership functions for 2 rules are 1, exp[—4x,,(t)] and 1—My5;5(X;5(1)).
In addition, the interconnection are described as
. = 2 01 C_1.5 0.1 . = 2 =24
271-02 4 14 18 ¥ 116 3

) i i

(16)
o 13 02 e = 2 01 C. o 22 04
717 -38)  * |03 3 |14 16
Therefore, the multiple time-delay fuzzy large-scale system can be summarized as
. 2 3 (17a)
X (t) = ; hiy O[ALX (1) + Byu, (1) + |<Z—:1 AiXy (t=7)]+ ¢, (1)
. 2 3 (17b)
X (8) = 20 hip (LA X, (1) + B, (1) + X Ao X, (t—7)] + 4, (1)
i=1 k=1
F: (17c)

) =2h (O[AX, (1) + Bisua(t)é ArsXs (t= 7,0 )]+ 64 1)
4,(t) = gcnjxn (v, (17d)

n#j
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where X[ () =[x, (t) X, (], % (=[x, (1) X, (D], X3 (£) =[X5(t) X,5(t)] are in and the
matrices 4;;, Bj and ; are shown in Egs. (17a)-(17c).

The pairs (4;, By), i=1,2; then j=1,2,3 are all locally controllable. Then we need to control (4.5)
where three designed fuzzy controllers by these PDC schemes are described as the following.

Fuzzy controller j=1:

Rule No. 1: If x11(?) is about 4; Rule No. 2: If x11(?) is about -4

Then one of

u, (t) :_Kllxl (t) ; or U, (t) :_K21X1 (t) (18)

Choosing these closed-loop eigenvalues (-27.8, -8) for an 4;1—B11K11 and these closed-loop
eigenvalues at (-17, -28) are A11—B11Ki1, we would get K;1=[-0.8848 -13.946] and then K> =[-
27.153 -14.4128].

Fuzzy controller j=2:

Rule No. 1: If x12(?) is considered about 0; Rule No. 2: If x»(¢) is considered about 4

Then we get

U, (1) =—K X, (t), and we get U, (t)=—K,X, (t) , (19)

In another way, we choose these closed-loop eigenvalues (-27.5, -8.5) in A1,-B12K» and these
closed-loop eigenvalues (-16.5, -29) in A2—B»nK», we have K»=[2.1493 -13.9627] and Kx=[-
20.7884 -14.0162].

Fuzzy controller j=3:

Rule No. 1: If x13(¢) is about 3; Rule No. 2: If x;3(¢) is about -3

Then the

Uy (1) =—Ky3X, (1) ; and Then Uy (t)=—K X, (t) (20)

Choosing one of the closed-loop eigenvalues saying (-28, -10) for 413-B13Ki3 and one of these
closed-loop eigenvalues (-20, -23) for A»3—BxK», then some get Ki3=[-1.7114 -12.1111] and
K23=[-21.2908 -11.152].

The choice and dominance of an appropriate matrix to satisfy Theorem 1 will be key issues to
address. In this article, we will use EBA to find the right solution. The solution obtained in this
case can be divided into two categories: possible and impossible. That said, developing an
adaptive function with binary arithmetic is an easier way to meet the needs of this application. In
this article, we use the Lyapunov function method to construct a fitness function according to
stability criteria derived from the LMI state. The logical AND operation is used in the fit function
to validate a solution and generate a binary classification result for the solution found. The formula
for the training function is:

E 1, f®<0andP=P" >0.
0, otherwise.

in which F'is one of these fitness values and ® is regarded as follows

©=(A -BK) P+P(A -BK)
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Fig. 1 The states of the nonlinear systems
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Fig. 3 The states of the nonlinear systems
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If the elements of the array must always be symmetric, EBA is modified using the array. Also,
the matrix and boundary conditions are used in the initialization process. Using the LMI
optimization algorithm when the matrix is affected by the constraints of the same region, a

workable solution is provided in Eq. (21).
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o _[078 022] _ [07 022] , _[086 022
*“lo22 025] *7|o22 03] ° |022 027] (1)

Combining Egs. (13)-(15), (21), (18)-(20) and (10)-(12) yields

[ 18532 -1.9714 B 15.6251 -1.8688 ~ 442194 15.9673
11,9714 26466 21-1.8688 1.7487 2171159673 5.0908

1.6302 —2.2738 3 15.1128 -0.8759 B 425249 16.8178
_|-22738 33238 | *® |-08759 28105 | ' |16.8178 6.2273
12 =

5.5364 -3.3978 15.3401 -3.6436 49,3992 13.7099 | — -0.1 0
13:|: :| 23:{ :| 123:{ } 11:|: :| (22)
-3.3978 2.9264 -3.6436 1.8599 13.7099 3.0063 0 -0.1
— -01 O — -01 O — -0.1 0 _ -01 O
Q“{ 0 —0.1} Q“{ 0 —O.J Q“{ 0 —O.J QZZ{ 0 —0.1}
_ -01 0 — -01 O _ -01 0 |— -01 O
Q”{ 0 —0.1} Q“{ 0 —0.1} QZS{ 0 —O.JQ“{ 0 —0.1}
From Eq. (9), we have
0.1 0 0 0.1 0 0
A= 0 0239 -05979| A,=| 0 0.0506 -0.3669
0 -0.5979 1.5014 0 -0.3669 2.7485
’ (23)
0.1 0 0
A,=| 0 05916 -0.7423
0 -0.7423 0.9381
and the eigenvalues of them are given below:
ﬂ,(Al) =0.1, 0.0008, 1.7396 >0, (24)
l(AZ) =0.1 0.0016,2.7975>0, (25)
ﬁ,(A3) =0.1, 0.0026, 1.5272 >0 (26)

These math matrices in A; (j=1,2,3) are considered with positive definite, which means
Theorem 1 then let these fuzzy controllers (4.6-4.8) asymptotically in stabilization of the system
(4.5). Simulation in results are all illustrated in the Figs. 1-3 with random initial conditions.

5. Conclusions

In this article, we propose a criterion for ensuring the asymptotic stability of large multiple
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delays, based on the direct Lyapunov method. Based on this criterion and distributed control
scheme, the controllers are synthesized by the PDC to stabilize these large-scale systems with
multiple delays. Finally, the numerical simulations confirmed the effectiveness of the method.
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Appendix: Proof of Theorem 1

(I): Let these Lyapunov function in these multiple time-delay fuzzy large-scale systems F are
defined as

V= Zv (t)—Z{ .(t) J(t)+2jr“x (t—7)B;X;(t- r)dr} (A1)

J_

where P ZP,-T >0 and R = Pij >0, k=12,---,N; We therefore evaluate these time
derivatives of V' in the trajectories of Eq. (3.3), so we have

v':ivj(t)

:i&[)’(}(t)PJ-xJ-(t)joJT(t)Pj (t)+Z(x (P X; ©) = X] (t=74)PX; (t—7; )]

r r

é{[ hu (t)hf] (t)((A” Bij Kfj)xj (t)+ kz;Aikj X(t - Ty ) +¢j (t))]T Pj X; (t)

] OP I3 2y O (A, - ByK )%, 0+ 3 AgxE-7,.) 9, O)

Z(X (t) kj j(t) X (t z-kj) Kj j(t Tkj))}

+ k=1

r

5 3 0] O0(A, ~B,K, )PPy (A, ~B,K,)+ P, 0 2

+i ihij (Hhy (t)xjT (OIA; - Binfj)T P, + Py (A —B;Ky) + |3j]Xj (t)

ST OPx, )+ X QP4 O] 3 SIK (-1 )Py, (t - 73]

+ 0=t j=1 k=1
J N
+ Zl 1kzlhij (t)[XI (t- Ty )AL Pj X; (t)+ X}- t) Pj Aiijj (t- % )l
j=li=lk=

j

<3 % REXT OIA, - ByK,)TP, +Py(A, —B,K,,)+ P, Ix, (0

j=li=f=1

+ZZh.,(t)th(t)X (OI(A; = B;K ;)" Py + Py (A; = ByK ;) +Pylx; (1)

j=lizf
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SI47 O, (0 + X! ()P, (O] - ZZ[X (t—1)Py X, (t—7,)]

4+
J I T NJ
+ Zl - lhf] (t)kzlhi,- (t)[XI (t)P; Ay AuTkJ Pix;(t)+ XJT (t—74)x;(t—74)]
j=Li= =

Iy

=3 Y ROX OUA -BiK,) P +P.(A - B,K, )+ PIx, (1)

j=li=f=1

£33 h, Oy (X A, ~B,K )P, + P (A, ~B,K,)+P,Ix, ()

j=lizf

+ S08] O X, 0+ X] OP 8,01 X 3¢, €5, )Ryx; (€3]

j=1k=1

) Z h., O0X; (OPAPx; (1]

j=li=

£33 R (O, LK OPAPX (t)]+22x (t—r,)Ix,(t ~ 7,)

J r] i=f (Az)
) Z=:1 =Z::1h§(t)ij(t)[(Aj 1 'J) Pi+P (AJ Bj IJ)+ P + PAJP]Xj(t)

r:

#3020 O 0 OIA, - BK )Py + Py (A, ~BK,)

+ (P + PAR I 1)+ SI] 0P, 0+ X] ()P, 0]

_Zi[x (t- Tkj)ij j(t Tkj)]+i%X}-(t_rkj)lxj(t_rkj)

r;

=i > h2(O)x O[(A, —B,K,) P, +P, (A, ~B,K,)+P, +P,AP, I, (t)

ij ]
j=1 i=f=1

T

+i_ h; Oh; OX] O[2(Gy; P, + P,Gy; + P, + P, A P)IX; (t)

=l ifj’ ] jif ij’ ]
=1 i<

#3007 P, 0+ 0P, 01+ 2 2 €701 =Py D, t-7,)]

=1 k=1

=D, +D,+D,+D,,
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where

D]_E i rzl hj(t)x]- (t)[(Au _Binij)T Pj +Pj(Aij )+P +P] ij J]X (t) (A3)

1

j=1 i=f

i

D, = i 2.0y (t)h”(t)x (t)[Z(GT.f,P +P,Gy; + P + P, AJ OI%; (1) (A4)

o, J18 0P, 0+ OP,g, 0]

M‘~ &M‘*

i X OCTP, X, () + X ()P,C.yx, (O]
i X (0, (1) + x| ())P,C,.CLP.x, ()]

)X ()X, (t)+ZZX (OP,CiCaiPx; (1) (A5)
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(
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n=1

—

D, = Z_ﬁlkZ_ll{X (t- Tkj)[l ij]xj (t _Tkj i_g w (= ij )ij (t _Tkj)Hz _ (AB)

Substituting Egs. (A3)-(A6) into Eq. (A2) yields

i

S 3 W)X LA, - BKi) P + P (A —B,Ky) + P + PAPIX (1)

V < jmisra
J N
+§ Z; h; ®Ohy; (0] O[2(Gy;P; +P;Gy; +P, +P, AIJ P,)1x; (t) (A7)
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j=li=
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n=1
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AU coa-1
+lef zlhij (Ohy; (O, (t)[(—)l +P,C,Cy; Pj}xj (1)
J=11#1T n=
+ ZZAM (I ij )HX (t Tkj )H
j=1k=1
J T — —
=Y > himx] (t){(Aij —ByKy)" Py + P (A; —B;Ky) +P; + P AP,
j=1 i=f=1
L J-1
+Z‘[(T)I P.C,Cy; J}}x ®)
. (A7)
+> 3 h, ®h,, ©X] OGP, +P,G, +P, +P,A,P,)
j=1 i<f
-1 o
+ 22{(T)| P,C,CL J}}x ) +ZZ/1 (1= Py)|x; t -7 )H
Z{ ' h., OX] ()Q;X ,(t>+2hij Ohg (OX] ©QiX; (1) — ZzM (1=Py)|x; (t—7)| }
J i T _ N
< —zl{[; h} 2, Q)+ Xhy (Ohy; ©2, Qi )x, o[ -7 3w 7 )HZ}
j= i= i< =
According to these Eq. (8), we therefore get V<0 as well as the proof in condition (I) is then
satisfied.

(II): Based in Eq. (A7), we then get
< —i;{[z’ hi (©)4, (Qi,-)+2h” Ohy; 04, QI ®] -7, g\\xj (t-7y )2}

Z{{ S LT O hmj(t)xi(t)}

40 0 e o ]| She-sf
0 Ay U2k, - 124 hy, ()], )]
0 1/21121 Ay 1/2%1 h; ©]; O
0 1/211” Y2y = Ay || h,00] |

J
T
z_jZ:;HiAiHJ'
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in which H,T{ sz_"lx,-(t—rk,-)z h; O] O ®] - h©)x®)]|. The Lyapunov math

derivatives are negative if one of these matrices A;(j=1,2..,J) is positive digit, which accomplish
one of the proof in condition (II).





