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Non-Fragile Dissipative Fuzzy PID Control with
Mixed Fading Measurements

Yezheng Wang, Zidong Wang, Lei Zou and Hongli Dong

Abstract—This paper is concerned with the extended dissipa- system behaviors such as stability, passivity did, dis-
tive fuzzy proportional-integral-derivative (PID) control problem  turbance rejection/attenuation level. Because the dissipative
for nonlinear systems subject to controller parameter perturba- theory provides a unified and concise framework for studying

tions over a class of mixed fading channels. The sensors of plantth t f th t decades h it d
are divided into two groups according to engineering practice, € System periormance, the pasl decades have witnessed a

where the individual sensor group transmits the measurements to rapid development of dissipative controlffiltering theories and a
the controller via a respective communication channel undergoing  large number of representative results have been reported in the
specific fading effects. Considering the complicated nature of the |iterature [2]-[5]. Note that, to further extend the application
signal fading with the transmission channels, two stochastic mod- scope of the dissipative theory, a new index called extended

els (i.e. the independent and identically distributed fading model dissipativit first din 161 f i i
and the Markov fading model) are simultaneously employed issipativity was first proposed in [6] for continuous-time

to describe the mixed fading effects of the two communication Systems and, by adjusting its weight parameters, this modified
channels corresponding to the two sensor groups. The objective index indicates not only the standard dissipativity but also the
of this paper is to design a non-fragile PID controller such that 1,-7, . performance. Since then, the extended-dissipativity-
the closed-loop system is exponentially stable in mean squarey,,geq techniques have attracted considerable research attention

and extended stochastically dissipative. With the assistance of d plentv of Its h b ted f i i
the Lyapunov stability theory and stochastic analysis method, ana pienty or results have been reported for continuous-time

sufficient conditions are obtained to analyze the system per- Systems [7], [8] and discrete-time systems [9]-[12].
formance. Then, within the established theoretical framework, The Takagi-Sugeno (T-S) fuzzy technique is known to be

an iterative optimization algorithm is proposed to design the an effective means to deal with control problems for general
desired controller parameters by using the convex optimization yqnjinear systems. By establishing the T-S fuzzy model, many
technique. Finally, two simulation examples are given to verify . . .
the effectiveness of the proposed control schemes. c_omplex non“_near funCt'ons (?an be approxmatec_j by some
linear ones with nonlinear weight parameters subject to any
desired approximation accuracy. Such characteristics of local
linearity and global nonlinearity facilitate researchers to study
the nonlinear control systems by using the T-S fuzzy tech-
. INTRODUCTION nique. In the past decades, there has been a rich body of liter-
) o ] ] ) . ature concerning the T-S-fuzzy-model-based nonlinear control
Since its first introduction in [1], the theory of disSi-issyes, where multifarious parallel-distributed-compensation
pative systems has become a powerful tool to deal WilBpc) or non-PDC fuzzy controllers have been designed. To
the analysis/synthesis problems in system science. Fromnanion a few, those popular fuzzy controllers include fuzzy
systematic perspective of input-output energy, the dissipatiiging controllers [13], [14], fuzzy fault-tolerant controllers

ity performance is capable of reflecting many fundament[eil5], fuzzy piecewise controllers [16], [17], adaptive fuzzy

. . ) ) ccontrollers [18], [19] and modified repetitive fuzzy controllers
This work was supported in part by the National Natural Science Foundati

of China under Grants 61933007, 61873148, U21A2019, and 618730 0] o ]
the Hainan Province Science and Technology Special Fund of China undeMost existing fuzzy controllers are of the proportional

Germany.(Corresponding author: Zidong Wang.)

Yezheng Wang is with the College of Electrical Engineering and ALW't_h respect to the Cum:jnt sys_tem statgs/measurements, which
tomation, Shandong University of Science and Technology, Qingdao 2665&mjoy the convenience in design and implementation. On the

China. o , o __other hand, the proportional-integral-derivative (PID) control
Zidong Wang is with the College of Electrical Engineering and Automation

Shandong University of Science and Technology, Qingdao 266590, Chir%heme' which epr0|ts Fhe m” information about the p?.St, the
and is also with the Department of Computer Science, Brunel Univegurrent and the future situations of the system dynamics, can

sity London, Uxbridge, Middlesex, UB8 3PH, United Kingdom. (Emailfing its successful application in almost all industrial systems.
Zi dong. Wang@r unel . ac. uk) d d he PID | is k |
Lei Zou is with the College of Information Science and Technolog)},:or ecades, the control strategy Is known to possess clear

Donghua University, Shanghai 201620, China; and is also with the Engineeingineering background, enhanced robustness, inherent fault-

ing Research Center of Digitalized Textile and Fashion Technology, Ministgy|erant capability, reliable operation, and concise structure
of Education, Shanghai 201620, China. (Emaibul ei cup@nai | . com) dh id d' . ith cl ' id hievi !
Hongli Dong is with the Atrtificial Intelligence Energy Research Institutefan as provided engineers with clear guidance on achieving

Northeast Petroleum University, Daging 163318, China; is with the Sany@rious system performance [21]-[24]. Even with today’s

Offshore Oil & Gas Research Institute, Northeast Petroleum University, Sarg@pmamy of intelligent control, more thaf80% practical
572025, China; and is also with the Heilongjiang Provincial Key Laboratory of troll till desi dint ' fthe PID trol th
Networking and Intelligent Control, Northeast Petroleum University, Daqin(jOn roliers are stll designed in terms of the control theory

163318, China. (Emailshi ni ngdhl @i p. 126. com [25], which shows the irreplaceable vitality of the PID-type
Copyright © 2022 |IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future

media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution
to servers or lists, or reuse of any copyrighted component of this work in other works.

Index Terms—Fuzzy systems, non-fragile control, channel
fading, extended dissipativity, PID control.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final
publication. Citation information: DOI10.1109/TFUZZ.2022.3165691, IEEE Transactions on Fuzzy Systems
FINAL VERSION 2

controllers. mitted signals would undergo some distortions. Such a less-
Along with the rapid development of automation and modhan-ideal phenomenon, if not properly handled, would di-
ernization, most of industrial systems involve severe nonlineaectly affect the communication performance between system
ities, strong coupling, high level of integration and large scalepomponents and further degrade the system performance. Note
all of which bring in inevitable difficulties to the controllerthat, to reflect the time-varying feature of channel fadings,
design issues. Traditional PID controllers, which work wetivo effective fading models have been widely employed in
with a linear and time-invariant structure, might not be able the communication and control areas. These two models
provide satisfactory control performance for complex systerare the finite-state Markov channel fadings (FSMCFs) and
As such, much attention has been paid to the improveméné independent and identically distributed channel fadings
of the applicability of the PID control schemes and, amon@i.d.CFs). For the case of FSMCFs, the network (or channel)
various improved PID control schemes, the T-S fuzzy PIB thought to have several modes according to the different
controller has attracted a particular research interest ascdinfigurations of the overall physical environment, where a
combines the advantages of T-S fuzzy control and PID contrfolite-state Markov process is utilized to describe the mode
techniques. Generally speaking, a T-S fuzzy PID controller ssvitching. This model is capable of capturing the temporal
designed based on the obtained T-S fuzzy model, and sucboarelations of channel conditions and has been used to repre-
controller is inherently time-varying due to the introductiosent many typical communication models such as the Gilbert-
of the time-varying fuzzy membership functions. ActuallyElliott channel model [35]. For the case of i.i.d.CFs, several
the fuzzy PID control takes advantage of several linear PIlD.d. stochastic variables are employed to reflect the fading
controllers working together (under appropriate weights) tevel of the network, and this model is capable of describing
give rise to the improvement of the control performance. Witthe communication environment where a set of memoryless
respect to the T-S fuzzy PID control problems, some recepdrallel independent channels is deployed. A typical example
works can be found in [26]-[29]. of the i.i.d.CFs is the Erasure channel where the channel
An implicit assumption with almost all existing workscoefficients are specialized to the binary value for representing
concerning the T-S fuzzy PID control problems is that thihe packet dropouts [36].
designed controller can be precisely implemented in practiceSo far, much attention has been devoted to the con-
Such an assumption is, however, not always true for many re@!/filtering problems subject to channel fadings and a great
sons such as the round-off error in numerical computation, ttleal of literature has been published on this topic. For exam-
finite precision of measuring equipment and the aging/failurete, in [36]—[39], the control problems subject to the i.i.d.CFs
of the system components [30]. These limitations on the softave been addressed via some effective methods including
ware/hardware would result in controller parameter perturbfarzzy control, sliding mode control and stochastic control. For
tions (CPPs) and further degrade the control performance. BSMCFs, some seminal theoretical results have been reported
such, many researchers make efforts to design the controller§40]—[44] where the controller/filter synthesis and system
by taking the underlying CPPs into consideration, which jserformance analysis have been discussed in detail.
referred to as the non-fragile control problem. Nevertheless,Note that, in the exiting works concerning control problems
the design of such non-fragile controller is non-trivial in theinder channel fadings, only a single type of fading effect
context of fuzzy PID control because the parameter pertdi-e., either FSMCFs or i.i.d.CFs) has been considered, which
bations may occuisimultaneouslyin proportional, integral is actually based on the implicit assumption that all system
and derivative terms of all fuzzy submodels of a fuzzy Plihformation is transmitted visametype of communication
controller. channels undergoing theametype of fadings. Such an as-
On another research forefront, because of the large scsilenption is, unfortunately, no longer valid in complicated
of the communication network and the quick developmetransmission environments. For example, in heterogeneous cel-
of network technology, the networked control systems haldar networks [45], the macrocell base stations and small base
received considerable attention from both theorists and engfiations are employed together to improve the communication
neers. On one hand, introducing the communication netwaglality, where different types of links exist between user
makes it possible to conduct information exchange betweequipment units and base stations. In this case, the signal
system components with high flexibility, low cost, simpléransmissions in different links would experience different
installation/maintenance, and few wiring requirements [31fadings. Such kind ofmixedfading phenomena also appears in
[34]. On the other hand, due to the distinctive network featureslay-based networks as different paths follow different fading
(e.g. limited bandwidth, massive data to be processed, opdraracteristics [46], [47]. Thenixed fading measurements
transmission environment, wide distribution and high internalould greatly complicate the controller design especially for
complexity), the system performance would be largely affectéalzzy PID control problem and, therefore, we are motivated to
by certain network-induced phenomena (e.g. packet dropouwsnduct the current study to deal with mixed channel fading
transmission delays and channel fadings) which, in turn, leadsues.
to great challenges in the control tasks. Summarizing the discussions made so far, we are interested
As a kind of commonly encountered phenomenon in the dealing with the non-fragile fuzzy PID control problems
wireless network communication, the channel fadings hasabject to the mixed fading effects. To do this, we are facing
attracted special attention in recent years. Once the chanme substantial challenges identified as follows: 1) how to es-
fading occurs, the amplitude and/or the phase of the tranablish an appropriate analysis method to explore the extended
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dissipativity for T-S fuzzy systems subject to the coexistenédeom Sensor Groups | and II, respectively(k) € R":

of the FSMCEFs, i.i.d.CFs and CPPs? and 2) how to designthe controlled outputw(k) € (R, I2[0,4+00)) is the
mode-dependent PID controllers by using faded measuremesriergy-bounded external noise (including process noise and
and observed network modes? Correspondingly, the manmeasurement noise)¥;, B;, F;, C1, Co, Iy, F5 andG; are
contributions of this paper are highlighted from the followingeal constant matrices of appropriate dimensions.

three aspects: 1) the dissipative fuzzy PID control problem is,By using the standard fuzzy inference technique, the fuzzy
for the first time, investigated for a class of discrete-time T-8§/stem (1) can be described by

fuzzy systems subject to mixed channel fadings and the CPPs;
2) a novel mode-dependent non-fragile fuzzy PID controller| (. + 1) Z‘bl ( z(k) + Biu(k) + Eiw(k))
is proposed by using the observed network modes; and 3
the desired controller parameters are obtained via solving a y1(k) :Cl (k) + Fyw(k)

optimization problem. B
The rest of this paper is arranged as follows. In Section ya(k) = Cox(k) + Faw(k)

II, the considered nonlinear plant, the signal transmission k) — _ _ Gl
model, the adopted fuzzy PID controller and the performancs 2(k) Z d (k)
index are given in detail. Section IIl gives the main results 2)

concerning the system analysis and controller synthesis. | ] . )
Section 1V, two simulation results and some discussions é’t"@ere@( (k) (i € I) is called the normalized membership
presented to verify the obtained theoretical results. Finally, tfi#hction calculated by
conclus!on is maqle in Section V. . . . H;,1 Wi, (p; ()

Notations In this paper,R™ represents the.-dimensional pi(p(k)) = ST W (o ()
Euclidean space. The transposition and trace of a matrix i=1hj=1 7w
are denoted byl” andtr(A), respectivelyl[0, co) refers to with 0 < W;;(p;(k)) < 1 being the membership grade of
the space of square summable sequences. A block-diaggnak) in W;;. Meanwhile, forvk > 0, the following properties
matrix D with blocks dyi1, ds2, -+, d,, in the leading hold:
diagonal is described by = diag{di1,d22, - ,dnn}. The
symmetric parts in a symmetric matrix are denoted by an oi(p(k)) >0, el Zgbi(p(k)) =1 3)
asterisk %”. I and 0 are used to represent, respectively, ;
the identity matrix and zero matrix of proper dimensions.
Given a matrix B, its maximum and minimum eigenvalueB. Communication Network
are denoted by\,..(B) and Anin(B), respectively.E{c}
is the mathematical expectation of the stochastic variable
Pr{E|E2} represents the conditional probability of the eveq

In this paper, the sensors are classified into two groups
Fat are located in two different regions, and the signal
ansmissions from these two sensor groups to the controller
E, under the evenks. If two real matricesy = [e;;]mxr» @n group
achieved via two different dedicated communication chan-
F = [fij]lmxn have the same dlmensmns then the Hadama de
roduciE o F is defined asg o F 2 &ls with limited communication capability. For presentation
P ° o F = eij fijlmxn. convenience, we label the channel for Sensor Group | (Il)
as Channel | (Il). To account for the diverse transmission
Il. PROBLEM STATEMENT AND PRELIMINARIES environment, two types of channel fading models will be
A. Fuzzy Plants considered in the following.
1) FSMCFs:For Sensor Group | with Channel I, the trans-
We consider a kind of nonlinear systems whose sensors

are divided into two groups according to the different spatla#ft;i?s 'Qﬁgaptg& (\:/:gswlgg:fcise ?heetmc:ertlf/v;vrcl)(urlgogggls?o the

distribution. The nonlinear systems can be described by 2 (1,2,... I} which is a discrete-time Markov stochastic

following T-S fuzzy models: " o A
System Rule iF pi (k) is Wir, andps(k) is Wia, and- - -, process W|th the transition probability mqt_rii [wab]a,{)@
. (rab € [0,1]). Then, for o(k), the transition probabilities
andp, (k) is W;s, THEN '
between modes can be described by

a(k+1) = Aiwlk) + Biu(k) + Eiw(k) Pr{o(k+1) = blo(k) = a} 2 7w, Va,beL. (4)
y1 (k) =Cha(k) + Fiw(k)
ya (k) = Cox(k) + Fow(k) @) Under the effects of channel fadings, the signals after being
. ~ transmitted are of the following form:

z(k) =Gz(k), ie€l={1,2,---,r}
where r is the number of fuzzy rulesWi,---, Wi, g1(k) = Aoy (k) ®)
are fuzzy setsiz(k) € R"™ is the system statepi(kA) wherejj, (k) is the transmitted measurement output of Sensor
(i = 1,2,---,s) is the measurable variables(k) = Group I. The channel fading phenomenon is reflecteti,in,),
[p1(k)  palk) - ps(k)] € R is the premise variable which is a stochastic diagonal matrix given by

vector; u(k) € R™ is the control input to be designed; "
yi(k) € R™ andyz(k) € R™ are measurement outputs Aoty = diag { M o(), A2ty > Anyar() } (6)
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where0 < Ao,y <1 (c=1,2,---,n) is a known scalar It is easy to see th& >0, T > 0 and T > 0.
representing the fading level. By defining y(k) £ [yf (k) ng(k)]T as the whole sys-

Remark 1:In the finite-state Markov fading model (5),tem measurements after transmitted via the communication
the network is regarded to have finite modes that may resuéitwork, we have from (5) and (8) that
from different configuration of the overall physical environ- _ - _ -
ment [41]. In different network mode, the fading level may 9(k) = (Cowry + C(k))x(k) + (Fo) + F(k))w(k)  (10)
be different. Furthermore, a Markov stochastic process \igere
employed to describe the mode switching in different time A C : 0
instants that can effectively capture the time-varying feature€’, ) [ "5(’8 1} , Ck)& { B)C } ,
of the transmission environment. =2 (k)C>
In engineering practice, it is difficult to obtain the accuratepg o 2 |:AO-H(/<:)F1:| ’ F(k) a L 0 } ’
modes of the network in a timely manner due to the com- EF
plicated network environment and the limited measurememé(k) £ diag {ﬁl(k) — &, & (k) — &, Eny (k) — gm}.
capability. In this case, in order to facilitate the design of a . _ i
mode-dependent controller, we introduce an observed mod&eémark 3:Until now, we have established the signal

signal on the controller side. It is assumed tifdt) € transmission model for fuzzy system (2). In particular, the
L 2 {1,2,---,5} is the available mode information for theeffects caused by the complex transmission environment for

controller and satisfies twq sensor groups are characf[erized by two kinc}s of channel
. ~ fadings. In this sense, the considered channel fadings are called
def = Pr{0(k) = flo(k) =e}, ecL, feL  (7) to bemixedones, and the proposed mixed fading models (5)
wheres, ; € [0, 1] and 2;1 Sop = 1. and (8) would better reflect the engineering practice, thereby

- . - : . ._broadening the application scope of our obtained results. For
Remark 2:In engineering practice, the mode information .
xample, if we letv; = n, andny, = 0 wheren, denotes the

6(k) can be obtained through several mode detection tech-

niques [41], [44], [48]. The description of the observed mo limension of the whole measurement output, then our results

information with conditional probability (7) is of a generalreduce to those subject to the single FSMCFs. Similarly, if we

form that covers the following three situations as speci%%tr ?ﬁe_si(r)wg}goz 7|de EF?? then our results specialize to those
cases: a) Ifl = s with 6., = 1 for Ve € L, then we T ’
have the synchronous case where the real modes are available
or the detected modes are completely accurate; B)#f s C. Fuzzy PID Controller
with d.; € (0,1) for Ve € L, f € L, then we have the In this paper, by utilizing the available outpugék) and
asynchronous case where the estimated modes may differ fridia observed mode informatidtik), we adopt a discrete-type
the actual modes; and c) If = {1}, then we come up with fuzzy PID controller as follows.
the case that no detection scheme is deployed. Controller Rule j IF p; (k) is Wj1, and p2(k) is W2, and

2) i.i.d.CFs: For Sensor Group II, it is assumed that the- -, andp;s(k) is W;s, THEN

related measurements may experience the i.i.d.CFs. Define

[I>

[1]:

>

N

-1

72(k) as the outputs transmitted via channel 2. Therik) B =KE k) + KL -
can be described by u(k) 5o Y () Q) = y(r)
g (k) = E(k)yz(k) ® + Ko (9(k) = 5k = 1) (11)
where=(k) is a stochastic diagonal matrix with the followingwhere k) . K,y and K7, (€ {1,2,---,7} 2
structure: I, 6(k) € L) are controller gains to be designed.
N Taking the phenomenon of the CPPs into account, the
=(k) = diag {&1(k), &2(k), -+ &na (R)} ©) controller (11) can be further described by the following
where&, (k) (d = 1,2,--- ,no) represent the channel coeffi-compact form:
cients. For each time instait ¢,(k) are the i.i.d. stochastic 7
variables with the following statistical properties: u(k) = Z% (p(k)) ((Kﬁ(k) 4 AKjIZ(k)(/g))g(k)
&0 2 E{&(k)}, =
ERAY _ _ ¢ _
§ea = B{(Ec(K) §f)(§d(/€) €a)}, + (Klyy + AK 00 (1) Y g(r)
where, forve,d = 1,2, -+ ,na, & > 0 and&?, > 0 are known =0
scalars with¢?,; = ;.. _ N + (K + AK 0 (k) (k) — gk — 1))) (12)
To facilitate the later analysis, we denote some auxiliary ' '
matrices as follows: where
= £ diag {€1,&, . 6n ) pk) 2 [pa(k) pa(k) - k)"
T £ dlag {frlafg% o 7§;k12n2} ) an:l W]n(ﬁn(k))

A

- [£:¢i]c,d:1,2_’... o

o]
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Aije(k)(k) =M ]e(k)AP( )NPa AQJ&?( ) BK jO(k) — BiAKg‘[e)(k)(k)a
AK (k) £ 9 o A1(k)Nr, [BiK jo() (k)
. w Bii (k)2 I 201 0 0
AK g5y (k) = Mgy Ap (k)Np 6 (k) 7 T ’
and p(k) is the premise vector of the controller. It is as- E + BiK jog) (K) o) F
sumed thatp(k) and p(k) are independent of.(k) (a = gij (k) 2 o F = m
1,2, ,na). W;; is the fuzzy setMJ?;(k), Mfe(k), Mfg(k), o (k)6 (k) E o F I

Np, N; and Np are known constant” matrices of proper -
dimensionsAp(k), A (k), Ap(k) are unknown time-varying ~ Before proceeding further, we introduce the following def-
functions that satisfy [30]: initions.
- - T’ Definition 1: [30] The closed-loop system (15) is said to
Ap(K)Ap(k) < I, A7 (F)Ar(k) <1, Ap(k)Ap(k) < 1. pe exponentially mean-square stable if, fofk) = 0, there
Remark 4:n the non-fragile fuzzy PID controller (12), the®€XiSt constants; >0 ands € (0, 1) such that
underlying parameter perturbations in proportional, integral 2 k 2
and derivative terms of all fuzzy submodels are all taken E{”n(k)” } = SlSQE{”n(O)” } (16)
into account. Obviously, the design of such a controller is Definition 2: [9] For given real matricess; = S7 < 0,
more difficult than that of non-fragile state-feedback one 5, = ST > 0, S, = SI > 0 and arbitrary matrixS,
static output-feedback one, where the CPPs only appear in 8agisfying (||Sy|| + || S2||) - [|S4]| = 0, the fuzzy system (15)
proportional term [49], [50]. In addition, different from thejs said to be extended stochastically dissipative if, for any
existing fuzzy PID controllers [26]-[29], the proposed fuzzy,(k) € I,[0, +o0), any integefl” > 0 and under the zero initial

controller is not required to share the same premise variabigsditiony(0) = 0 , the following inequality is satisfied:

and fuzzy rules with the fuzzy plant. In fact, such a controller

can be regarded as a kind of non-PDC one that would i mcreaﬁﬁ ZJ (1, 55,8 )} <
1,092,003,

the design flexibility [51]. sup B {2 (k)Suz(k)} (17)

0<k<T
To facilitate the system analysis and the controller synthesis, h=0
we define the following variable: where
er(k) & { 0, L k=0 (13) J(S1, 82,83, k) £ 27 (k)S12(k) + 22T (k) Saw(k)
>rmo¥(r), k>0 + wT (k) Ssw(k).

Then, we have Remark 5:The fulfillment of the inequality (17) implies

the achievement of thél.,, l>-l.., passivity and standard

1(k+1) Zy +y(k). (14) dissipativity performance. To be more specific, we have the
following:
Considering (2), (12) and (14), we obtain the closed-loop 1) if we setS; = S, = 0, S5 > 0 and S, > 0, then (17)
system as follows: reduces to thé,-I., performance index;
2) if we setS, =S, =0,5 <0andSs > 0, then (17)
n(k+1) Z Z bilp o(k)) reduces to the{,, performance index; and
i=1 j=1 3) if we setS, =0, S; <0 andSs > 0, then (17) reduces

i i . R to the standard dissipativity/passivity performance index.

x <(Ao(k)9(k) (k) + Bﬁ(k)(k)jz(k)cﬂ)”(k) In this paper, we aim to design the non-fragile fuzzy PID

3 3 . controller such that the following two requirements are met
+ (Eéj(k)e(k) (k) + By(k)(k)IE(k)Fz)w(k)) simultaneously:
” R1) the closed-loop system (15) is exponentially mean-
k) = Z i (p(k)Gin(k) square stable in the sense of Defini_tion 1; and _
R2) the closed-loop system (15) is extended stochastically
(15) dissipative in the sense of Definition 2.

where

(k) 2 [xT(k) ) gT(k_l)]T’ [1l. M AIN RESULTS

I . . . .
A” k) A”u(k) Amg( ) In order to derive the main results, we first define the
i A o(k)6(k ( 0 (k) 0 (k) following notations and introduce some helpful lemmas.
Al o) (k) = gcr(k) é 8 ’ roF ro7
o(k) A =
" _ dip; = 9i(p(k))e; (p(k)),
Ao (k) £ Ai + BiK o) (k) Coys Gi 2 [Gi 0 0], ;; ;;

l_(je(k)(k) éKﬁ,(k) +AK; g(k)(k) + K, k) T AK e(k)(k) iii XT: bipidip
ii 1Y) m
Ag(iy (k) 2 BiK jo + BiK jy ) (k).

i=1 j=11=1 m=1
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T T T T

£ ZZZ Z #i(p PN G (p(k)om(p(R). =D """ dipidipm
i=1 j=1 =1

i=1 j=1[l=1 m=1 =1 m=1

Lemma 1: [52] For real matrices2;; (i € I, j € I;) and x i A9 (k) + B9 (VIE()CST )1 (k
matrix S > 0, we have ( 1o (F) + By (R)IE(R)C: )77( )

SN 6i010m O S + (i () + By (0)T é(k%)w(’f)}
i=1 j=11=1 m=1 . B
><(Aww()+BZb®ﬂﬂMCﬂ)mm

< Z Z Gip; QLS
=1j=1 + (Elm (k) + By (k) IZ(k)Fy )w(k) | — 07 (k) Pin(k)
t0(k) 0(k) 2 n 7]
Lemma 2:[44] For real matricest > 0, B > 0 andC > 0, -

if the conditionB < (' is satisfied, thendo B < AoC holds. ij - =
— 1 Y = < 1] 1] =
Lemma 3: [30] For real matricesX = X7, M, N with ;;@% {(‘Ate(k)( ) + By (k)1 (k)CQI)n(k)

appropriate dimensions arfd satisfying F” F < I, then, the T
following inequality holds T (5;0(k)( )+ Béik)(k)fé(k)Fz)w(k) Pyrsn)
X+ MFN+NTFTMT <0 :

if and only if there exists a scalar > 0 such that

o+ (Exday () + Bty (R)IZ() F )eo() | — T (k) P k).

X * *
uMT  —ul % | <O.
1

N 0 —u (22)

The following theorem is presented for the analysis of the ON the basis of (22), it is calculated that
stability and dissipativity of the closed-loop system (15).  E{AV (k,o(k))|n(k),o(k) = t}

Theorem 1:Consider the fuzzy system (1) and the fuzzyA k4l olk+1 i B — 1Y — Vi(kt
non-fragile PID controller (12) with the given controller E{V(k+ ’UE +1)n(k), ok) = ¢} = V(k.?)
parameters and matrices; = ST < 0, S3 = ST =E{n" (k+1)Pt77(k+1)|77(/€)»U(k) =t} = V(k,1)

S, = ST > 0, S. Then, the closed-loop system (15) is
exponentially mean-square stable and extended stochasucﬁyz Z Pip; Z Otn
dissipative if there exist matricdg > 0 and scalars;;;,, > 0 i=1j=1
(for Viel, jel;, tel andn € L) such that ~ E{ {(A%(k) + By(k)jé(k)CQj)ﬁ(k)
(B (k) ) BB (k)] < aijen] (18) ) r
(i) + B (k) E(k)Fz)w(k)} P,
: 17 TNi’_i' ai ij i7 F= T
> bin [(Ati(k)) Pl A (k) + SZ] <0 (19  x {(Aiﬁl(k) +B}3(k)15(k)c2l)n(k)
n=1
ij ij (1 e
whereP, = 3! 7, P, and — 0" (k) Pin(k) |n(k), o(k) = }
T (k) 2 [ A9 (k) A2 (k iy & [Am (k) 5 T
o (k) & (A (k) ATT (k)] AL (k) 2 [ arl = ZZ¢Z‘P125t"[(A n(k) + E (k) (k) P
ij D =1 j=1
1200 () & Etfl(k)] pii & [Pt 0 ] )
At () { Bol7 "m0 agmTe X (Am( (k) + 5;,{(/g)w(k)> + (Caln(k) + Faw(k)) "
gi o |[-P—GI'S1G;  x _ . .
S; = { _s7g, —83] X <Tto<([j’3( V)T BB (k)T ))(02]77( ) + Faw(k))
Proof: Choose a mode-dependent Lyapunov function as

. P yap — " (k) Pen(k) |. (23)

follows:
V(k,o(k)) =n" (k) Pyyn(k). (21) Based on the condition (18), it follows from Lemma 2 that

For o(k) = t (¢t € L), by calculating the difference of T¢© ((B”( )T BB (k)1 ) <Tioaijiml = aijinTe.
V(k,o(k)) and applying Lemma 1, we have (24)
AV (k,o(k)) Then, we have from (23) and (24) that

=V(k+1,0(k+1))—-V(ko(k)) E{V(k+1,0(k+1))n(k),o(k) =t} — V(k,t)
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< Z Z bipj Z Sim which implies that

i=1j=1 E{eN (N, o(N))} — E{V(0,0(0))}
Tij T =i 7ij & N-

xﬁ@ﬁ@&@)ﬂ&%@+&k@) 25) < 5 daom @)

where h=0
. X P 0 where
¢(k) = [nT(k) wT(k:)} S = [ 0 ' O] ' a(e) £ (e — 1);\ — pe€.
Now, to deal with the stability analysis, we letk) = 0 Sincea(1) = —p < 0 andlimy_, o, a(b) = 400, we know

and then obtain from (25) that that there exists a scalay > 1 such thata(ey) = 0. Thus,

by considering

E{V(0,0(0))} <
<ZZMQFm E{V(N,o(N))}

=1 j=1

x#@ﬂ(ﬁwfﬁzww—a%w

E{V(k + 1,0(k + D))n(k),o(k) =t} = V(k,t) B
AE{[[n(0)[*},
> AE{[[n(N)|1?}
where

A2 min{Auin(P1), Amin(P2), -+ 5 Amin(P))},
é Z Z (blsD] Z 6th17tn ) (26) we obtain
i=1 j=1

A 1\Y
i EN2<—<—)E 0)[|}.
Next, it is obtained from (19) tha} ) _, 6, Qijin (k) < 0 is U7y < A\ €o Uiy
satisf_ied. By further considering the propert_y of mempgrship By letting N = k and from Definition 1, we know that the
functions (3), we know that there always exists a sufficienttyjosed-loop system is exponentially mean-square stable.

small scalarg > 0 such that We are now in a position to show the extended stochas-
tic dissipativity of the closed-loop system. By introducing
quw, Z(stmn ) < —ol, (27) J(S1, S5, 55, k) defined in (17), for the case af(k) # 0,
i=1 j=1 it follows from (25) that
which yields E{V(k+ 1,0(k + 1))|n(k),o(k) =t} — V(k,1)
E{V(k+1,0(k+1)n(k),o(k) =t} = V(k,o(k)) = J(51, 52, 55, k)
< —on" (k)n(k)
= d’z‘/) 5tn
= — olln(k)|> (28) ?2;; JE:

By taking the mathematical expectation on both sides of « T (k [ A (k)) PY AT (k) + S| ¢k 33
(28), we have ¢ | (A W) BEAL M) + S| k). (39

E{V(k+1,0(k+1)) — V(k,o(k))} < —oE{|n(k)|*}, From (19), the property of membership functions (3) and
- (29) through the expectation operation, we deduce from (33) that

from which we have for any scalar> 0 that E{AV(k,o(k)) — J(S1, 52,53, k)} <O0. (34)

E{"" 'V (k+1,0(k + 1))} — E{"V (k,0(k))} Now, let us prove the extended dissipativity of the system
_ kit (15) in two different cases, i.e§, = 0 and Sy > 0.
- E{V(k +1,0(k+1)) = V(k,o(k))} Case 1:f S4 = 0, then the performance index (17) changes

+ (e = DE{V(k,0(k))} to
<(—o e = DNE{In(®R)I7. (30) T
B> J(S1, 82, S, k) p > 0. (35)
where P
A 2 max {Amax (P1); Amax (P2), -+ 5 Amax(P))} - It follows from (34) that
For any integefN > 1, summing up both sides of (30) from E{J(S1,S52,85,k) — AV (k,0o(k))} >0
k=0to k=N —1, we have S
which implies
N—-1
E{"T'V(k+1,0(k+ 1))} — E{"V (k, o (k a
kZ:O ( {e ( o( )} {e"V(k,o( )}) ZE{J(SMS% Ss, k) — AV (k,o(k))}
N—-1 k=0
€ ((e = A = 0e)E{[In(k)|*} (31) -
paar =Y E{J(81,55,85,k)} + E{V(0,0(0))}

k=0
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—E{V(T+1,0(T+1))} >0, VT >0.  (36) y FZ}\?T —u: ; : . 3

SinceE {V(0,5(0))} = 0 (under the zero initial condition) ””}Vt e gt" b1
andE {V (T +1,0(T + 1))} > 0, we can conclude that (35) i
is satisfied.

Case 21f S, > 0, we haveS; = Sy = 0 from the constraint -
(IS4l + |IS2]) - [|S4]| = 0. Then, the performance index (17) Z Oin (Rijin + ;) <0 (44)
is converted to =1

ZJE{w k)Szw(k)} > sup E{z"(k)Ssz(k)}. (37) P, + 61846 <0 (45)

0<k<T
For 0 < k < T, we derive from (34) that PX— ] (46)
tNt =
ZE{AV (7)S3w(r) § where

I'??2 2diag{X, —aim Y71},
=E{V(k)} — Z]E{w 7)S3w(r)} <0 (38) in = diag { e}
X _diag{—Xl, —XQ, e, _XZ} s
ich i i 3 Rijin * v —rij rij
which implies Tijen 2 N { Fﬂjt 7o } . Mijen A [Mtrjlu Mtfzu] 7
E{V(k,o(k))} =E {nT (k) } B o
mpt e [ hBp LB LBl
< E T)S gy AR AN P
Z {W 3w(T } Mtzglu S {IlBiMJ% IlBiMﬁl leiMjD}
N T . Nll
RSP ST e 1)
7
(39) NpColi Iy Nplyly
From (21), we also have N1 A& NDCtIJz , NP2z NPFtI?, ,
E {z k)Saz(k)} —EA{V (k,o(k))} NiL1, NpFIs
rg - . L2[T 0 o, fzé[ou)]
= E {&; P, _
212; {¢¢g77 g 49377() n* (k) (k)n( )} Igé[o 0 _I}v 12 700 - (
3 J ‘7\/—/
I+2
<ZE{¢>1 )(G S4Gi — Poiy)n(k) } - (40) 20T 00 - 0
. . I+1
By utlllzmg the condition (20), we arrive at ) _BiKﬁl n Bl-Kﬁl ) B,
E {27 (k)Ssz(k)} <E{V(k a(k))} By & I . B2 o,
I I 0
(41) VTRAD,  JTED
21 A . .
and therefore (37) is satisfied. The proof is now compldae. Fwtn - P o
Theorem 1 provides a sufficient condition for the analysis \/ﬁ_tl—ﬁgl \/W_tfﬁgz
of the system stability as well as the extended dissipativity. Ltijin Ol vijin Fa
Based on this, we will deal with the controller design problem - 0 0
in Theorem 2 under the considered performance requirements. A P
Theorem 2:Consider the fuzzy system (1) and the non- _ R v W“?%éﬁ VTt g%
fragile fuzzy PID controller. Let matriceS; = S7 <0, S5 =  Mijin = |VT2Pi5n VT2 )
ST > 0,54 =S¥ >0andS; be given. Then, the closed-loop :
system (15) is exponentially mean-square stable and extended \/w_t;B»MP \/w_t;E-MD
stochastically dissipative if there exist matricBs> 0, X, > A "
0, Rijin > 0, K2, K1, KD, scalarsaiji, > 0, p,, > 0 oo (NpL 00 0
and ufjm > 0 satisfying the following conditions fovi € -_Aif_:’_l 00 -0
I, jel, tel, nel: AJY BiK! -BKD
i A tr
Lijin * * A = | G I 0 ’
u?jtn{\zgtn _lu‘?jtn‘[ * <0 (42) . Ct 0 0

N 0 —Hijend A AA + B,K;,C, + B;K;, Cy,
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EY A

tn

_aljtnI
VT B”I
A/ T2 BUI

Tijin

[I>

Lv/ thB;LJ I

Furthermore, if the conditions (42)-(46) are solvable, then the

Fi
F

*

_Xl

0

0

*
*

— X,

0

(E; + BiKﬁll?t + BinDnFt

_Xf

desired controller gains are obtained kY, , K/, and K7

directly.

9

where
I‘Qza £ diag {—P‘l —aijtnTt_l} ,

A(k) £ diag {A1(k), Aa(k)},

Ay (k) 2diag {Ap(k), Ap(k), Ar(k)},

Ao (k) £ diag {Ap(k), Ap(k), Ap ()},
VAaAL (k) Taclh (k)
VERALK) g )

Ffjltn(k) £

SEALE) RREL
aijen Col Qijtn B

Proof: It is straightforward to see that
From Lemma 3,%;;:,(k) < 0 holds under the condition

(Bff(k)f)Tpthf(kf—aiij (43) and the inequality (49) is thus satisfied. Furthermore,
\/W—Bij(k)f T \/W—Bij(k)f under the condition (44), we have
10,7 t10,;
V2B (k)1 VTaBi (k)T . - .
_ |vmeB) LT ng {( 2(k)) BAD (k) + i
\/WtZB:ij(k)f \/WtZszj(k)f _
n ijtn H 51
2@, (k). a7) < ;at (Rijin + Si) <0 (51)
where Based on the above analysis, it is clear that the conditions

(18)-(20) in Theorem 1 are ensured by the conditions (42)-(46)

presented in Theorem 2. Therefore, the proof is complse.
Note that the equality (46) in Theorem 2, which results

from the consideration of fading channels and the PID control

P 2 diag{P,, P, , P;}.

According to the Schur Complement Lemnda,,, (k) < 0

if and only if the following holds:

strategy, renders the related conditiomn-convexand it is
therefore difficult to apply Theorem 2 directly based on the

—Qijtn ] * oo . , : -
\/ﬂ.—tlBij(k)f —prt % « available computing software. As such, in order to facili-
n

‘/71',5287?-(/{)[ 0

tate the design of the controller gains, the well-known cone
complementarity linearization algorithm will be employed to
transform non-convex conditions into strict convex ones via

-1
_P2 *

VT Bl (K i 0 0 —Pf1 an optimization procedure. By following the similar ideas in
_ F?jtn + Mijun A(R)N + NTAT (k)M Um <0 (48) [15]_, our focus is now to solv_e the optimization problem of
minimizing tr(>",., P X;) subject to LMI constraints (42)-
where (45) andQ); £ L? )é >0 fortel.
A(k) £ diag{Ap(k), Ap(k)}, To simplify the presentation when summarizing the con-
—ijinl * * o * troller design algorithm, we denote some auxiliary matrices:
VEBYL <P e e T, e e
Flzl]tn = thBﬁjl 0 _P2 ¥ (i)ijtn = :ui]tn{wg;tn _M?jtnl *
: : : : I 0 —Hijind ]
JTaBYT 0 0 —Plf1 I nytn * %]
U, 2 o b
In terms of Lemma 3 and the condition (42), we obtain Vijin ”””}VMW" Mgml B ;,k 7
D1 (k) < 0 and thus (18) is satisfied. In addition, by further L K Hijen? ]
using the Schur Complement Lemma, we know that where
-y T IR —Rijin *
(At;(k)) P Ay (k) — Rijtn <0 (49) e F?jltn 1—‘3]2&
if and only if the following inequality holds and other internal variables are defined in Theorem 2, (47),
(48) and (50).
—Rijin * Finally, we give Algorithm 1 to show the complete process
Ff}m(k) e of designing the non-fragile dissipative PID controller over
—Tsipn + Miion AK)N, + NTAT (k)3T fading chanr_1e|s. _ _
N 7 sn A (k) N: o A0 (R Mo, Note that in Algorithm 1, we present the solving process of
= Wijin(k) <0 (50)  controller gains under the performance index of dissipativity
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Algorithm 1: Non-fragile Dissipative Fuzzy PID control
Step 1 Set: = 0. Obtain a set of initial solution$P gy, X¢(0), Kﬁb(oy

time, for general nonlinear systems represented by T-S fuzzy
B D . models; and 2) a novel non-fragile fuzzy PID controller is
K0 Koy Bigtn(0): @igin0): Hijin(0) ijin(0)) PY designed with ensured non-fragility and enhanced flexibilit
solving (42)-(45) and2; > 0. g o giiity Y
Step 2 Solve the problemmin tr 3", (P X,y + Py(,yXt) subject thereby achieving the control tasks under the performance
to (42)-(45)Pand<}t > % to derive an array of febasible solutions  index of extended dissipativity. Furthermore, since we consider
.. .. a . .
(P, X, K, Ky, Ky Rigtn, Qigins e Hijen)- SEL a general performance index, our results can be easily extended
to control problems under other performance requirements

T=tr>, e (PeXt) — Ing — 2lny|.
Step 3 Substitute the obtained matrix variableB;, X, KT | K1 Kﬁ, a
such as thed ., l>-l., and passivity.

— _gn’ g n’
Rijtn, Qijtn, W M1, ) iNO Pijen <0 andWyji, <O.
If these inequalities are satisfied ahds less than a small
constant number > 0, then, these obtained variables are
solutions we needed. Exit.
Step 4 If « > H, where H is the maximum number of iterations
allowed, exit. Else, set= ¢+ 1 and go toStep 2

IV. SIMULATION EXAMPLES

In this section, one numerical example and one application-
motivated example are given to verify the theoretical results
obtained in this paper.

with the given index parameterS;, S, S3 and S;. As
discussed in Remark 5, such a performance index can e
reduced to other commonly used ones (e.g. the well-knownConsider a two-rules fuzzy system in the form of (2) whose
H,, performance index) by adjusting the index parameteisystem matrices and fuzzy membership functions are given by
In order to show the extensibility of this paper, we set 05 0.2 05 0.2 0.5

Sy =S, =0,5, = —I andSs; = 42 (denoting the disturbance A; = [0'3 0'9} , Ag= {0'3 1 ] , By = {0'9] ,
attenuation level), and give Algorithm 2 to deal with the ’ ‘ ‘ ’
Hy fuzzy PID control issue with the minimum disturbancep, — [0-7} B = {0.4} B, — [0.4} P =02
attenuation level by solving an optimization problem. Then, 0.5]’ 0.5]" 0.7]" ’
based on Algorithm 2, the optimization strategy for controllerf, =0.5 C; = [0.1 0.6] , Cy= [0.6 0.4] ,

Examplel

gains can be derived. Gi=1[01 06], Go=[04 —0.1],

Algorithm 2: Non-fragile ., Fuzzy PID control 14 sin(z1 (k)) 1

Step 1 Choose a sufficiently large initia}? > 0, such that there exists a ha (p(k)) = 2 » ha(p(k)) =1 = ha(p(k)).
feasible solution to (42)-(45). Sef;, = 2. c ideri h | .. . .

Step 2 Set: = 0. Obtain a set of iniial SOlUtONSP; o), X0y, K2, onsidering the complex transmission requirement in prac-
KI KD _R.. Qs o b ) by tice, two types of channels are used to transmit the measure-

gn(0)° *jn(0)° “tigtn(0): Yijtn(0): Kijin(0) 7 Hijin(0) .

solving (42)-(45) and; > 0. ment outputy, (k) andy(k), which would undergo FSMCFs

Step 3 Solve the problemmin tr >, oy (Pt Xy(,) + Pr(,)Xt) subject and i.i.d.CFs, respectively. For Channel |, it is assumed that
o (42)-(45) and, > 0'to derive an array of feasible solutions  tha communication network has two modes called respectively,
(Po, Xt Ky, Ky Ko Rigen, 0 Wity i) the “good mode” and the “bad mode” which impliek) €

Step 4 Substitute the obtained gain matricK#fL, Kfn, Kan into ) -
®;jin < 0 and ¥, < 0. If these inequalities are satisfied, {1,2}. The fading coefficients are assumed toe = 0.5
then decrease? to some extent and sef,;, = 2. Go to and\; 2 =0.2.
Step 21f @, < 0 andWyj4, < 0 are infeasible within the The transition probability matrix of this Markov channel is
maximum number of iteration that is allowed, then exit. d ibed b
Otherwise, set =+ + 1 and go toStep 3 escribed by

I [0.4 0.6]
Remark 6:So far, we have solved the extended dissipative 0.7 03]

fuzzy control problems with the coexistence of the FSMCFs, |1 is also assumed that on the controller side, two modes

i..d.CFs and the CPPs. Specifically, we have designed the, ne observed successfully, i.6(k) € {1,2} with the
non-fragile fuzzy PID controller in the presence of the mixed,gitional probabilities given by

fading effects by 1) developing an appropriate analysis method

to explore the extended dissipativity for T-S fuzzy systems Pr{0(k) =1|o(k) =1} =0.4,
and 2) designing mode-dependent PID controllers by using Pr{0(k) = 2|o(k) = 1} =0.6,
faded measurements and observed network modes. With the

; - . Pr{0(k) = 1|o(k) =2} =0.5,
assistance of the Lyapunov stability theory and stochastic
analysis method, sufficient conditions have been obtained to Pr{0(k) = 2|o(k) = 2} =0.5.

ensure the stochastic stability as well as the stochasticalIyFOr Channel II, the fading coefficient is denoted fyk)
extended dissipativity. An iterative optimization algorithm ha\ﬁ/ith the foIIowing’ statistical properties:

been proposed to design the desired controller parameters by
using the convex optimization technique. & 2 E{&(k)} = 0.5,

Remark 7:Compared with the numerous results concerning x AR A ) — & = 0.1
the T-S fuzzy control problems, the main novelties of this ¢ {G®m =) &E - &)} o
paper are indicated as follows: 1) the problem investigated isOther parameters in the performance index R2) are chosen
new as the mixed fading effects are considered, for the fietS; = —1, S = 0.5, S5 =2, S, = 0.
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The CPPs in (12) are assumed todg, = M/, = M)
0.1 (j=1,2 n=1,2), Npo=N;=Np=1[01 0.1] and
Ap(k) = A](k) = AD(]{I) = sin(k), WhereAp(k:), A[(k)
and Ap (k) are unknown for the designer. The aim of thit
example is to use the obtained theoretical results to desigi
non-fragile fuzzy PID controller, such that requirements R:
and R2) are satisfied simultaneously.

For simulation purpose, let the external noiseudd) =
sinlk) "and the initial state as(0) = [—0.1 0.1]T. By setting
the simulation run length to bE50 and utilizing the controller
gains obtained via Algorithm 1, simulation results are given
in Figs. 1-5. Fig. 1 plots the state evolution trajectory of the
given fuzzy system without any control strategy, from whic
we can see that the open-loop system is unstable. Fig. 2 dep
the state trajectory of the closed-loop fuzzy system with tt
designed non-fragile PID controller. It can be observed that t
proposed control scheme performs well under the coexistetr
of mixed channel fadings and the CPPs. In Figs. 3-4, tl
measurement outputs and the transmitted outputs of two ser
groups are displayed that show the effects caused by char
fadings.

Define an auxiliary variable:

k
Z (2" (m)S12(m) + 227 (m) Saw(m)
m=0
+ w’(m)Ssw(m)).

Then, to verify the robustness of the proposed control strate
we give Fig. 5 to show the value of (k) under several

types of bounded CPPs. From this figure, we can obsel
that J(k) > 0 in all cases, reflecting that the considere
dissipativity (17) is achieved. In addition, we can also se
that three curves in three different cases are almost overlapp

(meaning the similar control performance), that tells us theig.

rnal, but has not been fully edited. Content may change prior to final
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Fig. 2: State trajectory of the closed-loop system
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4: Measurement output and fading output of Sensor Group |

desired robustness against the bounded CPPs. In Fig. 6, we

plot J(k) under three different energy-bounded noises, fro
which we can see thaf(k) > 0 always holds. Thus, the
desired dissipativity is satisfied. All simulation results verif
the effectiveness of the proposed control scheme.

300

200

100

Amplitude

50 100 150
Time (k)

Fig. 1: State trajectory of the open-loop system

B. Example2

In this example, we consider a wireless-network-based

truck-trailer control system whose modified model is given

as follows [16]:
T
9ﬂk+1)=(1—3—

N)ﬁ@yﬁgmm+om@)6a

22
21r /-/ ------------- Ar(E) = Ar(K) = Ap(k) = sin(h)
I3 = = = Ap(k) = Ar(k) = Ap(k) = 0.5 cos(k)
ard e Ap(k) = As(k) = Ap(k) = ~0.6
i
19}
g |
£ 18t
E i
-
17n
i
i
16
15
1.4 : :
0 50 100 150
Time (k)
Fig. 5: Value ofJ(k) under different CPPs
vl
O2(k +1) = —=01(k) + 02(k) + 0.1w(k) (53)
. T
I(k+1) =vTsin (ﬁé’l(k) + 92(k)) + (k) (54)
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where~? £ S5 represents the disturbance attenuation level.

e —— Our aim in this example is to design a fuzzy PID controller
2 =i with two-rules to back up the truck-trailer with a desired dis-
050 turbance attenuation levef = 4. The membership functions
of the controller are shown in Fig. 8. By using the controller
gains obtained with the help of Algorithm 1, simulation
: results are presented in Figs. 9-10. The state evolution of the
% = 100 150 uncontrolled truck-trailer is given in Fig. 9. The changes of
Time (k) angle and location of the controlled truck-trailer are given in
) _ ) _ Fig. 10, from which we can see that the closed-loop system is
Fig. 6: Value of J(k) under different noises stable under the proposed fuzzy PID controller in the existence
of channel fadings.

In Table I, we also give the comparing results of the attained

Amplitude

whereé, (k) is the angle difference between the truck and the kp o op
trailer; 6,(k) is the angle of the traileri(k) is the vertical disturbance rejection level* = M under the
position of thﬁorea; end of the trailer(k) is the steering roposed fuzzy PID controllerandzt:ﬁ:eofﬁz(zs))/isi)type one (where
angle;w(k) = 10=m is the external disturbance;= 2.8m 1. denotes the terminal time of simulation). Note that a smaller
is the length of the truck}V = 5.5m is the length of the .+ implies a higher disturbance attenuation capability. From
trailer; T = 2s is the sampling time; and = —1m/s is the  thjs table, we can conclude that 1) the attaineédn all cases
constant speed of backing up. is less than the prescribed = 2, thus showing the desired
To apply the proposed fuzzy PID control scheme to thgpustness against energy-bounded noises; and 2) with the
above nonlinear system, we need to establish a T-S fuzgysistance of the proposed fuzzy PID controller, the closed-
model according to the nonlinear tesim(3%: 01 (k) +62(k)).  |oop system has a bettéf.. performance, therefore verifying
In terms of the key point$) rad, +% rad, +7 rad and by the effectiveness of the proposed fuzzy PID control scheme.
using the standard fuzzy modeling technique, we can obtain
the following discrete-time T-S fuzzy model:

1
3 1(p(k))
2k +1) = " 6i(p(k) (Aia(k) + Bu(k) + Ew(k)) (85) oo oy
i=1 ER
y(k) = Cz(k) + Fuw(k) 56) = ..l
=
2(k) = Ga(k) (57) 02l
where o
r oT vT 0 /6 ’r
A 2 ;}V—T 1 LA s g of,
v 2 v 2 v i . i i
I 21@ oT 1 327TJ€ % 1 Fig. 7: Membership functions of plant
-5 00 z1(k) 01 (k)
A3 é % 0 s .I'(k) = .1'2(]{) = 6‘2(/{) y
L 2501?/2 oon | w3(k) (k) ! =
- 1(p(k))
n UT N 01 0.8 ea(p(k))
B& 10|, pk = ﬁxl(k) +ax9(k), E= 0.1}, % ool
L0 0 5
A A A A Cl é:: *
Fy1£02, F,£205 G£][1 01 0], C= ol ozl
2
C, & [9 -2 0.03] , Oy & [7 -1 0.05} , % -

. . . (k)]
and the normalized membership functions of the plant are ’
displayed in Fig. 7. Fig. 8: Membership functions of controller
The relevant parameters of channel | and channel Il are
chosen as same as those in Examhpldt is assumed that

Ap(k) = Ar(k) = Ap(k) = 0. The parameters in perfor-p,g e |. the Attained ~* under Fuzzy PID Control and

mance index are chosen & = —1, So = 0, S3 = 4 and . . .
’ ’ . Fuzzy P-type Control Subject to Different Noises
Sy = 0. It can be seen that the considered performance md'éx y Fyp )
in (2) changes to the followindl ., one: Noisew (k) el s e e s
~* (fuzzy PID) 0.1677 | 0.0241 | 0.0157 | 0.0110

~* (fuzzy P-type) | 0.6506 | 0.0463 | 0.0202 | 0.0207

T T
E {Z zT(k)z(k)} <E {72 ZwT(k)w(k)} (58)
k=0 k=0
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