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H., PID Control for Discrete-Time Fuzzy Systems
with Infinite-Distributed Delays under Round-Robin

Communication Protocol

Yezheng Wang, Zidong Wang, Lei Zou and Hongli Dong

Abstract—This paper is concerned with the H.. proportional-
integral-derivative (PID) control problem for class of discrete-
time Takagi-Sugeno fuzzy systems subject to infinite-distibuted
time-delays and Round-Robin (RR) protocol scheduling effets.
The information exchange between the sensors and the contler
is conducted through a shared communication network. For tle
purpose of alleviating possible data collision, the well-kown
RR communication protocol is deployed to schedule the data
transmissions. To stabilize the target system with guaramted
H., performance index, a novel yet easy-to-implement fuzzy
PID controller is developed whose integral term is calculad

based on the past measurements defined in a limited time-

window with hope to improve computational efficiency and
reduce accumulation error. Based on the Lyapunov stabilitythe-
ory and the convex optimization technique, sufficient condions
are derived to ensure the exponential stability as well as #
H., disturbance attenuation/rejection capacity of the underying
system. Furthermore, by utilizing the cone complementariy
linearization algorithm, the non-convex controller desig problem
is transformed into an iterative optimization one that facilitates
the controller implementation. Finally, simulation examples are
given to show the effectiveness and correctness of the devetd
control method.

Index Terms—Fuzzy systems, Round-Robin protocol,
proportional-integral-derivative control, linear matri x inequality,
cone complementarity linearization.

I. INTRODUCTION

in a typical T-S fuzzy system can be approximated by a
set of linear functions being connected together by noatine
function memberships through fuzzy sets and fuzzy reagonin
with any given accuracy [1], [2]. In consideration of the Gpé

and convenient structure of such a T-S fuzzy framework, a
convenient way of dealing with complex nonlinear systems is
to obtain the approximated linear subsystems based on the T-
S fuzzy technology and then design the required controller-
sffilters according to the parallel distributed compersati
scheme. As such, a large volume of literature has been
available on the analysis and synthesis problems for T-8yfuz
systems, see e.g., the technical literature [3]-[16] andeey
[17].

The original idea of the proportional-integral-derivativ
(PID) feedback control dated back to 1910 and, since then,
such a control method has been widely adopted in almost all
sectors of control engineering practices. Despite a waoét
modern control methods developed in the past few decades, th
PID control algorithm has continued to show its overwhelgmin
popularity as more tha®0% of industrial controllers are
still based on the PID mechanism [18]. The wide range
application of PID control scheme is mainly due to its easy
implementation, convenient adjustment and clear funation
An indispensable procedure for PID control applicationthes
parameter tuning that directly affects the performancehef t

The past decades have witnessed a large amount of reseaagtirolled system such as stability, transient/steadyenty
attention devoted to Takagi-Sugeno (T-S) fuzzy systems Das well as robustness. Thus, a great deal of research attenti
to its powerful approximation ability, the T-S fuzzy modsl i has been devoted to the development of adequate parameter
known to be effective in describing many complex nonlineduning approaches, see e.g. [18]-[23] for some seminal svork
systems. Generally speaking, any smooth nonlinear fumction this aspect.
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Along with the rapid development of industrialization and
automation, the control problems for nonlinear complex sys
tems have received an ever-increasing research interest. C
ventional PID controllers are generally incapable of degl
with systems with severe nonlinearities due primarily te th
lack of systematic procedure in adjusting the control param
ters. Accordingly, some improved PID control schemes have
been developed to handle the nonlinear control problems and
some representative control strategies include the atific
neural-network-based PID control [24], fuzzy PID control
[25], expert-based PID control [26] and adaptive wavel®& Pl
control methods [27]. In particular, due to its effectivesén
dealing with nonlinearities and the successful applicaiio
real industrial practice, the fuzzy logic has attractedc&ge
attention in the hope of enhancing the performance of tradi-
tional PID controllers for nonlinear systems.
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The fuzzy PID controller combines both the merits of PIDn [46]. Nevertheless, to the best of the authors’ knowledge
control and fuzzy control by utilizing the system infornmati the H,., fuzzy PID control problem has not been studied yet
and/or human knowledge to a higher extent. It should Wer fuzzy systems with infinite-DTDs and RR protocol, which
pointed out that, over the past decades, fuzzy PID contislprobably due to the resultant system complexity, and we ar
has become a significant branch of the fuzzy control fieltherefore inspired to shorten such a gap in this paper.
and a large amount of literature has appeared. For examplen response to the discussions made thus far, our aim in
a special fuzzy PID controller has been constructed by usitigs paper is to deal with thél, fuzzy PID control problem
the error and the rate of change of error as its two inputs for discrete-time fuzzy systems subject to infinite-DTDsl an
[28]. Afterwards, in order to improve the transient progertRR protocol. In doing so, we are facing two substantial
of nonlinear uncertain systems, in [25], the acceleratesloh challenges identified as follows: 1) how to analyze ftig,
change of error has been taken into account as an extra mpypérformance of the considered system subject to infinite-
the process of fuzzy PID design. In [29], the T-S fuzzy mod&TDs and RR protocol? and 2) how to design the desired
has been employed to generate fuzzy PID control laws whétzzy PID output-feedback controller based on the confining
the robustH ., control performance has been also achievedmeasurement output? These two questions will be answered

Time-delays are well known to occur frequently in realin the main results of this papefhe main contributions of
world systems due to a variety of reasons such as transpbit paper are highlighted as follows. 1) THé,, fuzzy PID
in long pipeline, communication constraint in network, ageontrol problem is, for the first time, investigated for fyzz
ing of the devices and so on. The existence of time-delaggstems subject to infinite-DTDs and RR protocol scheduling
influences the evolution of system states, thereby becomig A novel and easy-to-implement fuzzy PID controller is
one of the main sources in degrading system performargsnstructed to deal with théf,, control problem. 3) The
and even resulting in instability. Thus, it is necessary fearameters of the switching-signal-dependent controtlex
take this inevitable phenomenon into consideration when arerived by an iterative optimization algorithm.
lyzing/designing control systems with time-delays. It sldo  The rest of this paper is arranged as follows. Section |l
be mentioned that, among different types of time-delaydescribes thefl.,, control problem for a class of discrete-
the distributed time-delays (DTDs) have recently proven time T-S fuzzy systems with infinite-DTSs and RR protocol.
be particularly prevalent especially in process indusing,a Section Ill gives our main results, where the stability and
accordingly, the DTDs have attracted much attention froen tithe prescribedi., performance of the considered system are
research community, where most existing results have begiscussed, and an optimization procedure based on the cone-
concerned witlrcontinuous-timesystems with finite or infinite complementarity-linearization (CCL) algorithm is propdso
DTDs, see e.g. [30]-[32]. Note that, with the popularitpbtain the parameters of the desired fuzzy PID controller.
of digitization, more and more discrete-time systems hawe Section 1V, numerical examples are presented to validate
been applied in practice, and the analysis/synthesisgssfie the usefulness of the proposed design method. Finally, the
discrete-time systems with DTDs have gained some reseacdmclusion of this paper is drawn in Section V.
interest. For instance, the control problem of discreteetil-S Notations The notations in this paper are fairly standard.
fuzzy systems with DTDs has been studied in [11]. Throughout this papeR™, Z~, andZ* refer to, respectively,

On another research forefront, owing to the quick evolghe n-dimensional Euclidean space, the set of negative inte-
tion of the network communication technologies, consitkera gers and the set of positive integers. For a mafvix the
research attention has been paid to the networked systawsationsM ™, tr(M) and A\i, (M) denote its transposition,
[33]-[35]. Compared with the traditional control systerti®&¢ trace and minimum eigenvalue, respectively. The space of
utilization of common communication networks offers seersquare summable sequences is representet}[byoc). For
benefits such as low cost, large flexibility, high relialilind symmetric matrices¥ andY, X > Y and X > Y are used
simple installation/maintenance [36], and also leads ttage to show thatX — Y is positive semi-definite and positive
unfavorable network-induced phenomena such as channel fadfinite, respectively. The shorthaniiag{---} is a block-
ings [11], [37], packet dropouts [3], [38], quantizatioriegts diagonal matrix.|| - || is the Euclidean vector norm. In a
[39]-[41], sensor saturations [42] and so on. To mitiga®ymmetric matrix, an asterisk* denotes a term induced by
the network congestion and avoid the network-induced phg&/mmetry.] and0 represent, respectively, the identity matrix
nomena, an effective way is to introduce the communicati@md zero matrix with appropriate dimensionsd(a, b) means
protocol so as to schedule the information exchange onthte non-negative remainder on division of the integdy the
shared channel. positive integeh. The symboli(i — j) denotes the Kronecker

Recently, the protocol-based networked systems have beglafta function taking values o (wheni # 5) or 1 (when
to stir some initial research interest [37], [41], [43]-[4Bor i = j).
example, in [41], the ultimate boundedness control problem
has been investigated for quantized networked controésyst
(NCSs) subject to Try-Once-Discard protocol. The quandtize
control problem has been studied in [39] for networkeft: Plant Model
systems with the Round Robin (RR) protocol. Based on a time-In this paper, a schematic sketch of the addressed discrete-
varying system approach, the stabilization problem of NC3isne fuzzy systems with infinite-DTDs is shown in Fig. 1,
under two types of stochastic protocols has been investigatvhere the data exchange between sensors and the controller

II. PROBLEM STATEMENT AND PRELIMINARIES
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is implemented through a shared communication networkThrough fuzzy reasoning, the final outputs of the fuzzy
equipped with the RR protocol. In what follows, we willsystem (1) are obtained as follows:

introduce the plant, the communication network, and the
adopted fuzzy PID controller in the state space.

T-5 fuzzy model l Sensor |
[l | nodel |
- Soheeane e (| IMeasurement
| | Output(before
| purey utes |—>| Linearmodel | || Uaf"’sm(mféd) + Biu(k) + Eqv(k)
Disturbance  — — — — — — — r—————- Il node2 |
ar :

_Mijbi Actuator|—>| Nonlinear plant |—V

2(k+1) =Y hi(0(k)) (Ai:c(k:) + Ay pen(k —e)
i=1 e=1

|
| I s

! y(k) = D hi(0(k)) (Calh) + Eaio(k) )
(I o

T
Communication Z(k) = E hl(ﬁ(k))le(k)
Fuzzy PID Controller Measurement__Network -
r—-——————————— | Output(after i=1

— - = @
E whered;; (0;(k)) represents the grade of membershig df)
in 9;; with 6(k) = [01(k),02(k),--- ,6:(k)] and the fuzzy-
The mathematic model of the considered system shownhasis functions are given by
Fig. 1 can be described by

Fig. 1: The T-S fuzzy systems with a network

| | by - (O(k) l
Plant Rule i IF 0 (k) is i1 andf,(k) is iz and--- and  p,(4(k)) = Ta(—, a;(0(k)) = T 9:;(0,(k)). (4
0,(k) is ¥, THEN > -1 a;(0(k)) 31;[1 Y
B = Remark 2:In order to guarantee the non-negativity of the
w(k +1) = Aga(k) + Aci Y pex(k — ) + Biu(k) membership function$"_, h;(6(k)), it is always assumed
B olk ! that for vk, a;(8(k)) >0 (i = 1,2,--- ,r, but not all zeros),
+ Eriv(k) (1) and we therefore have the conclusion thaf_, ;(0(k)) = 1
y(k) =Ciz(k) + Eziv(k) and h;((k)) > 0 (i = 1,2,---,r) for Vk. In addition, the
2(k) = Fiz(k) information about the premise variablg$k) (i = 1,2,---,1)
(k) = p(k), Vk € 7~ is made available to the system outpi#) in (3), thereby

) ] facilitating the implementation of the desired fuzzy PIDneo
where 7 is the number of fuzzy rulesy;; is fuzzy set; ler.

01(k),02(k),--- ,0,(k) are the premise variables;(k) €
R™ is the state vectoru(k) € R™ is the control input;
v(k) € (I2[0,00), R™) is the external disturbance (com-
prising process noise and measurement noigg)) € R™v Now, let us introduce the effects induced by the RR protocol
and z(k) € R"= are, respectively, the measurement outpof the communication network. Without loss of generalitg w
before transmitted through the communication network am$sume that the sensors can be divided ihfo(M > 1)
the controlled outputp(k) is the initial state function which sensor nodes according to their spatial distribution. ¢;ét)
takes real values of--00,0]. A;, Ae, Bi, C;, Ey, Ea, Fy (i €{1,2,---, M}) denote the measurement output of ftfe
are known constant matrices with appropriate dimensions. node before being transmitted. Thefik) can be rewritten as
Assumption 1The constantg,. > 0 (¢ = 1,2,---) satisfy follows:

B. Communication Network

the following convergence conditions: T
=z . y(k) = [yi (k) w3 (k) - i (k)] . (5)
BED e <> epe < +oo. (2)  In the network environment described in Fig. 1, all the
e=1 e=1 nodes transmit their information via a shared communiocatio

Remark 1:In the considered fuzzy system (1), the delayetwork. Due to the inherently limited bandwidth of commu-
term > °°, pex(k — €) is the so-called infinite-DTD in the nication channels in engineering practice, data collisgorery
discrete-time domain. Such a description was first intreduclikely to occur if all nodes are connected to the shared nétwo
in [49] and can be regarded as the analogy of the continuoasid request to send data simultaneously. Clearly, unregess
time case. Under Assumption 1, the constapts (¢ = data collisions give rise to network-induced phenomené suc
1,2,---) satisfy the convergence condition (2), which is tas packet dropouts and communication delays. To resolve
ensure the convergence of the terms4of >, pez(k —€)  this issue, in this paper, the well-known RR protocol is
as well as the Lyapunov-Krasovskii functional (LKF) to bemployed to determine which node can access network at
defined later. It should be mentioned that the availablealite each transmission instant. To be more specific, the RR pobtoc
ture regarding the discrete infinite-DTDs has really scatte is a static “scheduling agreement” which allocates the kequa
as compared to its continuous-time counterpart, not to iment opportunity of accessing the network to every node. Due to
the case that the fuzzy PID control problem is also consdlerthe fixed transmission mechanism, the RR protocol is easy to
for T-S fuzzy systems. be implemented in engineering practice and effective toced
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transmission burden. Thus, we deploy the RR protocol in tlyet adjustable time window is introduced in the integrairter

sensor-to-controller channel to schedule network ressurc to reduce the underlying accumulation error as well as the
Let{(k) (&(k) € {1,2,---,M}) denote the selected sensocomputational burden.

node at time instank. Under the effects of RR protocol In terms of (9) and (10), we have

scheduling,(k) satisfies the conditiog(k + M) = &(k) P
for vk € Z*. Without loss of generality, se¢(k) = k u(k) = Zzhj(e(k))hs(e(k))
(k € {1,2,---,M}). Then, the values of(k) can be =1 s=1
calculated as follows:
¢(k) = mod (k — 1, M) + 1. (6) x ((Kpj=f<k> + KDJ=5<’“>)‘I’5<’“>CS$(/‘“)

In addition, the zero-holder strategy is adopted in the icbns + (
ered system to hold the output signal. Accordingly, the tgda
rule of g;(k) is given by + (

oy = 4 vik), i= (k) =

ilk) = { gk =1), i#&k) % + Kfj,ﬁ(k))@(’f — D+ Kijew y(m) |
where y;(k) represents the measurement output after being e (11)
transmitted of theth node.

Now, by defining the overall measurement output (after D€noting variables

i i _ _ T
being transmitted) as z(k) 2 [IT(k) g7 (k — 1)] :
_ _ _ _ T
y(k) = (g1 (k) g3 (k) - (k)] k)L [2T(k-1) #T(k—-2) - F(k-N+1)]"
and and substituting (11) into (3), we obtain the closed-loof T-
®; 2 diag{0(i — 1)I,8(i — 2)1,--- ,5( — M)I}, fuzzy control system as follows:
together with the zero-holder strategy (7), we have 2k +1) = Z Z Zhi(e(k))hj (0(k))hs (0(k))
Y(k) = Pearyy(k) + (I — Pey)y(k — 1). (8) =1 5=1s=1 .
Substituting (3) into (8), the specific form gf(k) can be X (Aijsyg(k@(k) +Aq Y pex(k —e)
obtained as follows: =1 (12)
_ . + B, (k) + Eijs.cnv(k)
§k) = D hi(6(k) ey (Curlk) + Exio(k) ) e st 6)
i=1 _
_ z(k) = hi(0(k))F;z(k
(1= Bt — 1) © (k) = 2 6B Falk)
C. Fuzzy PID Controller where
So far, we have constructed the underlying fuzzy systemBij.e(x) £ [Bijewy Bijewy ~ Bijew |
with its outputs restrained by RR protocol. Based on this, we N1
adopt the following fuzzy PID output-feedback controller: A A2 A0
Apia e 2| ias:€(R) ij,§(k) A, 2|0
r ) k—1 ) ijs,€(k) (I)f(k) ; _ (I)g(k) ) I E
w(k) = > hs(O000) (Kpjew®) + Kppeoy . 50m) 0 B - B
=1 e N Bijeny = P 15,6(k) Eijs e = ijs,€(k)
) . 1], 0 0 ’ LVERN (I)f(k)E21 )
 Kpjew k) =gk - 1)))' (0D AL, ety 2 Ai + BilKp; e @e)Co + Bi pj (1 @eiy Co
where Kp; ¢y, Krjey and Kpj ¢x) are controller gains to Eijs,g(k) 2F,+ BiKpj¢(t)®Per) B2s + BiKpje () Pe(r)
be designed andv > 1 is a given scalar representing time « Es
length. B S’
Remark 3:The advantages/novelties of the proposed fuzzyA?j,f(k) éBiKPa:é(k) = BiKpje(k)Per) + BiKrje)
PID controller (10) are reflected in the following three astpe — BiKpje(i)Pery. F, £ [F, 0].

1) Compared with the non-PID fuzzy control schemes, the _ S o
controller (10) can generate control laws by simultangousl Before procee_dmg fu_r.ther, we first introduce the definition
utilizing the current information, the historical infortian and  ©f the e.x.pone.nual stability for fuzzy system (12).
the change of information of system outputs. By introducing Definition 1:[48] The closed-loop fuzzy system (12) is said
the integral-loop and derivative-loop, the robustness haf +10 be exponentially stable if, for(k) = 0, there exist scalars
controller would be enhanced. 2) The three types of coriroll® (¢ > 0) and (0 < § < 1) such that

gains are all sw_ltch|ng-S|gnaI-de_pendent that are more ben I1Z(k)||? < aB* max 12 (s)[|2- (13)
eficial to deal with the protocol-induced effects. 3) A fixed SEZ
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The objective of this paper is to investigate tHe, fuzzy

PID control problem for discrete-time fuzzy systems with Q « « « « «
infinite-DTDs and RR protocol scheduling effects such that 0 -0 N N “ “
the following two requirements are satisfied simultanegusl 0 0 _lg N N N

R1) the fuzzy system (12) is exponentially stable; and N b T <0 (15)

R2) for all nonzerov(k) € I2[0,00) and under zero Ho i 5
initial condition, the controlled output(k) satisfies theH . Pdy,; PByi PAa PEy; —P o«

- E; 0 0 0 0 -I
performance constraint:
) Zj,3—12 521127 7M7
z ) < v 14
Z v Z (14) where
N—-1

wherey > 0 is a given scalar standing for the disturbanceg) 2 giag {Qy, Qs,- -+, Qn_1}, Q2 Z Qq+ S — P.
attenuation level. o

Then, the controlled system (12) is exponentially stable.
[11. M AIN RESULTS Furthermore, under the zero initial condition, the inegyal
. . _ _ N g:;‘;o 2T(k)z(k) < 42>y vt (k)v(k) is also satisfied.

Firstly, we introduce some lemmas which will be utilize Proof: In order to analyze the exponential stability with

later. For space saving, we define the following notations: disturbance attenuation levelof the considered system (12),
- we choose the following LKF:
Hijstpq (K) 3

z-.,j,sgp:,q:l V (k)= Vi(k) (16)

ézzzzzzmw(m) where

i=1 j=1 s=1t=1 p=1 g=1

X (0(k))hs (6(k) e (0(k)) i (0(k) g (B(R)), Va(k) £ 2 (k) P(h),
T 00 k—1
D Higs(k) Va(k) £ pie 1 (1)Sz(i),
i,4,s=1 €= i=k—e
T T T N—-1 k-1
EX DD hal0(k)hy (0(k))hs(0(F)). Vs(k) = 71 (1)Qaz (7).
i=1 j=1 s=1 d=1 r=k—d
Lemma 1: [11] For a symmetric positive definite matrix _Letting i = £(k), along the trajectory of system (12), the
S and any real matrixX;;, (i,j,s = 1,2,---,r) with difference ofV; (k) can be calculated as follows:
appropriate dimensions, we have A Vi (k)
. =Vi(k+1) = Vi(k)
D Hijotpa ()X, Xipg — &7 (k + ) Pz(k + 1) — 27 (k) Pz(k)
1,7,8,t,p,q=1 - o
< Y Hige (k)X S X = > Hijsp(k) <Aijs.,z—f(’f> + Ay pe(k -
- J s J i,7,8,t,p,q=1 e=1

,J,5=1

T
Lemma 2: [49] For constantsz; > 0, vectorsz; € R" + By 778(k) + By v (k)> (Atpqz (k) + Eppg v (k)
(i =1,2,---) and an x n positive semi-definite matrix/,
if the series)_;~, a; is convergent, we have

o0 T o0 oo oo
<Z aia:i> M <Z aia:i> < <Z ai> Zaix?Mxi.
i=1 i=1 i=1 i=1

Now, we are in a position to present the following results
with respect to the exponential stability and the, perfor- + fT(k)BZig Zthp (k) + Z”ﬁ —€) AT
mance of the considered T-S fuzzy system (12).

Theorem 1:Let the controller gains<p;;, Kz, Kp;; _ - -
(j=1,2,---,ri=1,2---,M) and theH,, performance A pex(k =€) + 0" (k)EL PE,, jv(k) + 22" (k)
index~ > 0 be given. Assume that there exist positive definite e=1
matricesP > 0, S > 0, andQg; >0 (d =1,2,--- ,N — 1 7
ik ( ) X AT .PB,, k) + 227 WPAetZuE

+Aetzluf€ — € +Btpz (k)> _ET(k)Pj(k)

= Z Hijstpq(k)< (k )(Ags zPAtpqﬁ - P)f(k)

4,7,8,t,p,q=1
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+ 227 (k)AL PE,,, v (k)—i—?:E’T

k)PAg, Z pet(k —€) +2  pca(k
e=1 e=1

X /IZ;—PEN’tpq_’iv(k)> .

(ER]

+ 237 (k)BT .

(k) B (k) PEy v (k)

Thus, we have

AVy(k) < pz” (k)Sz(k)
oo T e
_ i (Z Iu,ej(k — 6)) S <Z ,U/ej(k - 6)) )
(17) 1 e=1 e=1

(22)

We first prove that the fuzzy system (12) is exponentiallgnd the difference o¥5(k) can be also calculated as follows:

stable under condition (15). For this purpose, we denote the

following matrix variables:

AVa(k)
=Vs(k+1) — Va(k)

Aijs,i £ [P/L'js.i PBijj PA], P £ diag {P, T} N-1 &k N-1 k-1
[ T = " (1)Qq(7) — ' (1)Qaz(7)
e [w 0 Suamt-a] == 20
- : T N-1 N-1
Ck) 2 |aT (k) T (k) > e (k= o) UT(k)} , =Y 2" (k)Qaz(k) — Tk — d)Qaz(k —d).  (23)
L €= d=1 d=1
Q.2 Aijsi Biji Aa Eijs,iv] 7 Taking (19), (22) and (23) into consideration, it is easy to
J | F 0 0 see that
n o [PAj PBy; PAq PEg;, .
Qugoz = | i P i } , AV(k) < Z Hijs (R)CT () (AT P Az + P) ()
- ~ ~ ~ — 1,7,s=1
Ayjei2 [Aye; Byi Aa], P2diag{P,0,0} Y
= Z M, (k). (24)
~ 175 zysz
Pé {ZQd+,LLS P Q,——S} i,5,5=1

T édiaug{ E Qd+uS—P7—Q7—?S=—72I}-
i
d=1

Whenuv(k) = 0, we have

Z Hijstpg (k)

%,7,8,t,p,q=1

AVi(k) =

From (15) and the Schur Complement Lemma, we know
that AV (k) < 0. Then, it can be concluded from Theorem 1
of [48] that, in the case of(k) = 0, the fuzzy system (12) is
exponentially stable.

Next, we will analyze thed,, performance for the closed-
loop system (12) under zero initial condition. Firstly, wefide
the following index function:

« T (k) (AT, PAyys + PY G (18) o= 2 (T (02(k) = 2*0T (R)o(b)
k=0
Considering Lemma 1, it can be obtained that n
=Y (2" (k)2(k) — y*0" (k)o(k) + V(k + 1) = V (k)
AVvl Hz s k=0
”25:1 ’ LV~ V(n+1) (25)
% <T(k) (Az . ZPAus ; ) C(k). (19) wheren is a non-negative integer. Obviously, our target is to
J show thatJ,, < 0.
Furthermore, one also has SinceV(0) =0 andV(n + 1) > 0, we have
AVy(k) “~
=Vilh-+ 1) = Ve I < 3 (0 =P (ko(h) + AV (H)
[ k—1 n
= Z“E Z 1 (i)Sz(i) — Z“é Z z7 (i) Sz (i) => Hijstpg( )(x (k)EL Fyz (k)
e=1 i=k—e+1 e=1 i=k—e¢ k=01,7,8,t,p,q=1
=t (WS70) =Y e (b= Salk =0 @0 T o) + (A7) + A D el — o)
e=1 e=1
In addition, it follows from Lemma 2 that P ~ _ ~
+ BU‘T(]{) + Ezgs zv(k)) P(Atpq g(E(k) + Etpq.iv(k)
— > pext (k—e)Sz(k —¢€) > N-1
Z + A Y pealk =€) + By(k)) + 27 (6) (D Qa
T e=1 d=1
1 _ > B o
=T <Z_; ek - 6>> S <Z_; Hew(k = E)> - (1) + S — P)i:(k) ~ > pea" (k - e)Sz(k — ¢
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N-1 Y = =

_ ZxT(k—d)de(k—d)> (26) Aijs,fA-Azi+B'KPjiq)si+B'KD]5(I)SE+B'KP]'EI

BKP]Z 7 BKD]Z(I) +BKI]1
By further utilizing the inequality (21), we have . = - FEy; ~ 01"
Bi;i £ Z BiKy;iLl,, & = (1),_11;2. ®; £ dT| >
=1 (e g
J < Z Z H'Ljstpq( )( ( )FTFt'r(k) A Ai 0 A
k=01,j,s,t,p,q=1 Aiﬁ: (I)gci I—(I)g 5 IZ[O I],

— 2T (k)o(k) + (Agjo g (k) + Aazﬂe L= [On,x(=1n,+ime] T On,x(N=1=0)(matn, )] -

R y o Then, the closed-loop fuzzy system (12) is exponentially
+ B, @(k) + Eijsygv(k)) P(Atpqyng(k) + Etpqygv(k) stable. Furthermore, under the zero initial condition, the

N1 inequality Y7 27 (k)z(k) < 2> oo vl (k)v(k) is also

+ A, Zﬂe )+ B #(k )) + jT(k)( Z Q4 satisfied. In this case, the desired fuzzy PID controllengai

can be obtained directly a&'p; ;, Kp;; and K, ;.

N—1 Proof: To keep the integrality of the variable matricBs
+ 1S — P)j(k) _ 7 (k — d)Qaz(k — d) L,S, Qq(d=1,2,---,N—1), we rewrite some matrices as
et follows:

00 T oo N—-1
- i (Z pe(k — 6)) S (Z pe (k — 6)) ) Bij.i = Z BiKp; T,
=1

- Aijeii = Aii + BiKpji®, 5+ Bilp;i®,; + BiKp;iT
- Z Z Hijotpa (F)CT () (0, i Pupq i + T ) C(R) i, P Dj, P,

kagstpql R —BKle i BKDgz(I) +BK[]Z
- - Eijsi =&+ BiKp;iPiEas + BiKp; P Eas.
303 M) (0P 0+ T) O " o e
k=04,j,5—=1 Then, pre-multiplying and post-multiplying the inequiglét

(27) (15) bydiag {I,1,1,1, P~ I} and its transposition, respec-
tively, and lettingL. = P~!, we obtain (28) readily. The proof
From the Schur Complement Lemma and condition (15% now complete. [ ]
it is easy to see thafl,, < 0 holds. Lettingn — oo, we By far, it is infeasible to derive the desired fuzzy PID
derive that} "~ 27 (k)z(k) < 7? > po v’ (k)v(k), which controller parameters directly by the LMI approach because
completes the proof. B of the matrix equality (29) in Theorem 2, which renders
In Theorem 1, with given controller gains atfdl,, distur- the problem non-convex. To get over the difficulty, the CCL
bance attenuation level > 0, we have provided sufficient algorithm is utilized whose main idea is given as follows:
conditions to guarantee that the closed-loop system (12) sa tr(PL) —
isfies requirements (R1) and (R2) based on the linear matrix r(PL) =
inequality (LMI) technique. Next, we will work on the design PL=I+ {P *} >0
of the required fuzzy PID controller parameters. I L~

Theorem 2:Let the scalary > 0 be given. Assume that yhereP > 0 andL > 0 are matrix variables with dimensions
there exist positive definite matricés > 0, L > 0, S >0, x .. Then, the problem in Theorem 2 can be reconstructed
Kri; G=12,---,r;i=1,2,---, M) satisfying

i Q * * * * * ] [P *] > 0. (30)
0 -Q * * * * I Ly~
0 0 _%S * * 1 <0 (28) inthe case ofr(PL) = n. If the solution of the above problem
0 0 0 szI * * exists, the conditions in Theorem 2 are solvable.
Aijsi Bii Aa Eye; —L % Finally, in terms of the above discussions, Algorithm 1 is
L Fi 0 0 0 —I] given to tackle the considered problem.

Note that Algorithm 1 can be applied to handle tHe,

i,j,s=1,2,- i=1,2,---, M, fuzzy PID control problem with a given disturbance attenu-
ation level~. Next, by following the similar idea proposed
PL—=1T (29) in [8] and based on Theorem 2 and Algorithm 1, we provide
Algorithm 2 to further obtain the suboptimal performance of
where@ andQ are defined in Theorem 1 and ~ for the considered fuzzy PID control problem.

A toT T Remark 4:In this paper, the Lyapunov stability theory and
[ 0] , Bi= [B' 0} LMI technique have been employed to deal with the fuzzy
&7+ BiKp;;9;Eas + BiKp, ;P Fas, PID control problem subject to DTDs, where the LKF (16) has
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Algorithm 1:

Step 1

Step 2

Step 3

Step 4

Setc = 0. Obtain a set of initial solution$P,y), L(o), S(0),
Qud(0), Kpjio) K,j_’;(o),KDj,;(O)) by solving (28) and (30).
Solve the optimization problemnin tr(P L.y + P()L) subject
to the constraints (28) and (30) to derive a feasible saiutio
(P, L, S,Qq, KPj,fv KIj,fv KDj,f)' Sett. = |tr(PL) — n|
wheren £ ny + ny.

Substitute the obtained matrix variable®, L, S, Q4, Kpjs
KIJ-,;,KDJ.,;) into (15). If the inequality (15) is satisfied and
tc Is less than a small constant numider- 0, these obtained
variables are the desired feasible solutions of our probExi.
If ¢ > H, whereH is the maximum number of iterations
allowed. Then, output the feasible solutions. Exit. Elst, s
c=c+1 and (P(C) ) L(c)7 S(c)7 Qd(c)7 KP]’j(g) ) K[jj(c)!
KDj,?(c)) = (P7 L,S,Qa, KPjﬁ’ KIjﬁ’ K

hard to find the satisfactory solutions. Even so, the CCL
algorithm is shown to be an effective method with relatively
low conservatism to deal with the nonlinear matrix inecdyali
since no extra inequality constraints are introduced in the
algorithm [8]. Another important feature of the CCL algo-
rithm is the computational complexity which is proportibna
to the iterative times, the total row siz&1 of the LMIs
and the total numbeA/ of scalar decision variables [11].
In this paper, the variable dimensions can be obtained by
x(k) € R™, u(k) € R"™, y(k) € R", z(k) € R™ and
v(k) € R™. Thus, in one optimization of Algorithm 1, we

THA S Dji)- haveN = 3rMn,n,+0.5(N +2)[(ng+ny)?+ (n,+n,)] and
M = (N +4)(ng +ny) +r> M[(N +2)(ng +ny) +n, +n.],
where r is the number of fuzzy rulesN is the length of
Algorithm 2: integral window and)M is the number of sensor nodes. It
Step 1 Choose a sufficiently large initiaj > 0, such that there exists a  can be observed that the computational complexity is lgrgel

Step 2

Step 3

Step 4

feasible solution to (28) and (30). Sefin, = 7.

Setc = 0. Obtain a set of initial solution$Poy, Loy, S(o),
Qa(0), Kpjio) K,j_’;(o),KDj,;(O)) by solving (28) and (30).
Solve the optimization problemnin tr(P L.y + P()L) subject
to the constraints (28) and (30) to derive a feasible saiutio
(P, L, S, Qa, KPj,fv KIj,L KDj,f)'

Substitute the obtained gain matricéss p; ;, K, ;, Kp,3)
into (15). If the inequality (15) is satisfied with respect to
the variablesP, S, Q,4, then decrease to some extent and
setymin = 7. Go toStep 2 If (15) is infeasible within the
maximum number of iteration that is allowed, then exit.
Otherwise, Set = ¢+ 1 and go toStep 3

dependent on the system complexities (such as the dimension
of the system state, number of fuzzy rules). Moreover, note
that the system under consideration is time-invariant. uchs

our proposed algorithm can be implemented in an offline
manner and the computational complexity would not affect
the applicability of the proposed control scheme.

Remark 7:Until now, the H, fuzzy PID control problem
has been solved for a class of discrete-time fuzzy systems
subject to infinite-DTDs and RR protocol. This is a nontiivia
problem with two difficulties identified as follows: 1) how to
formulate a mathematical model to account for the compli-
cated signal transmission behavior? and 2) how to develop an

been utilized to derive sufficient conditions. Such a metisod appropriate methodology to design the PID parameters with
widely used which shows the advantages of low computationglaranteedi.. performance of the control fuzzy systems. The
burden and easy implementation. The conservatism of thgin novelties that distinguish this paper from the exgstin
method is mainly from that a common LKF is used tQnes are that: 1) the fuzzy PID control problem is, as the first
analyze all fuzzy subsystems and a delay-independent Likfempt of this kind, investigated for systems with infinite
is used to tackle the delay-induced effects. To further cedupTps under the RR protocol, which caters for the engineering
the conservatism, one can choose the piecewise LKF, fuzﬁﬂéctice; 2) a novel and easy-to-implement fuzzy PID cdntro
LKF and delay-dependent LKF at the cost of increasing thggorithm is developed to deal with thé., control problem;
computational complexity. In this rggard, we refer readers gng 3) an iterative optimization algorithm is proposed tivie
[3], [4], [8]. [15], [50] for more details. the parameters of the switching-signal-dependent cdetrah
Remark 5:The CCL algorithm, which was first introducedthe following section, three numerical examples are given t
into control areas in [51], is regarded as an effective tool terify the proposedi,. fuzzy PID control algorithm.
address some control problems (see e.g. [11], [52]). There
are two popular choices of the initial values in Step 1 of
Algorithm 1. One is to choose random values such as identit
matrices [53] and another is what we have adopted in tI’H
paper, namely, choosing a set of feasible solutions acogtdi
some related linear matrix inequalities (e.g., (28), (30)his
paper). From our experience, the second method would be very
helpful for improving the subsequent optimization procasd A~ Example 1
finding the satisfactory solutions, since such initial esllare ~ We consider a delayed discrete-time fuzzy system (1) with
closely relevant to the considered problem. the following parameters:

Remark 6:When utilizing the CCL algorithm, the conser- 1.01 0.1 0.7 05 0.1
A1:|: ],Blz[ },Eu:[ },

IV. SIMULATION EXAMPLES

YIn this section, we present three simulation examples to
@monstrate the validity of the proposed fuzzy PID control
scheme for T-S fuzzy systems with a network.

vatism is mainly from the fact that it is numerically diffi¢ul 0.2 02 0.3 0.2 0.1
to lettr(PL) strictly equal ton. From our experience, such a 1 0.3 04 0.7 0.9
fact would directly affect the feasibility of the CCL algthri Ay = ol Ba=| 1 B =51,
. . 0.1 -0.2 0.5 0.5 0.2
m. For example, for a rather complex system, the iterative
operation sometimes would enter into a very slow process Aq = [0-05 0-01} Oy = [0-9 1 ] Py = [0-1] ’
after some iterations, and as the iterative times incretase, 0.1 0.01 L 07 0.1
change oftr(PL) would be very small. In this case, it is F, = [04 03], Co=Cy, Fy =[05 0.6],
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0.1 —-0.35 —-0.38
Baz = {0.1} o A= [—0.2 0.1 } ’ -
1 —sin?(z1 (k % 008
mok) = O oy =1 - meky. Dy
Choose the constanig = 2737¢ (e = 1,2,---) and it is £ o0s
easy to see that = > °0 pe = 273 < Yo e =2 < 0.1 : : :
+o00, which satisfies the condition (2). 0 50 100 150 200

A . . Time k
Assume that sensors can be divided into two nodes, i.e.,

T
y(k) = [p1(k) .yQ(kﬂ - Under the effect of the RR protocol,  gig 3: state evolution:(k) of the closed-loop system under
only one node is permitted to access the network at each time 2(0)=[0.1 —0.1]"
instant. Our aim is to design a fuzzy PID controller with the
form of (10) such that the closed-loop T-S fuzzy system ‘-

exponentially stable and also satisfies a guarantégdnorm .
el ode 1
bound,y: 08' g 2 A00000000000000DLALDNLLLDALADLAALALLASER 3528544344
First of all, we set the initial values as(0) = E
T T . <
(0.1 —0.1]", z(s)=[0 0] forall s€Z™, and the noise %
2 lAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA&
as =
0.5sin(k) —k % 20 20 p 80 100
U(k) = k —1.2e7". Time k
Based on the controller gains obtained via Algorithm 1, Fig. 4: Selected node under RR protocol

simulation results are given in Figs. 2-4. Fig. 2 shows the
state evolution of the open-loop system, which is obvious-
ly unstable. Fig. 3 plots the state response of the ca
trolled system, from which we can see that the syste
controlled by the fuzzy PID controller is exponential con
vergence. The selected node under RR protocol is depic

in Fig. 4. By simple computation, we obtain that =

Vb, 2T (0)2(0)/ S 0T ()u(i) = 02247 (whereky de-  oo. . - - .
notes the terminal time of control) which is less than th Time &
prescribedy = 0.8.

To further check thel,, performance of the closed-loop Fig. 5: State evolutior:(k) of the clgsed-loop system under
system, we set the initial condition a§0) = [0 0]". Then, 2(0)=[0 0]
Fig. 5 depicts the state evolution of the controlled systdmen

0.01 [

Variable value

; izt @)z T 0.1+
v(k) # 0. The ratio of m is shown in Fig. 6, ) v
from which we can see that the prescribéd, performance =
is satisfied. All simulation results validate the effechess of é 0.05
our proposed method. £
=
1000 \ Oo 50 160 15‘0 200

© ¢ Time k

E

g

TE 500 - . . . Sk 2T ()=0

E Fig. 6: Ratio of,/ m

=

00 ‘O l'i)O 0 o 200
5 1 15 . . . . . .
Time k the same iteration times, the optimization results in case 2
are better than those in case 1, showing the advantage of the
Fig. 2: State evolution:(k) of the open-loop system adopted method.
In order to further verify the effectiveness of the utilized
B. Example 2

algorithm, we list the values df. = |tr(PL)—n, —n,| under
two different choices of initial values in Step 1 of Algonith It is well known that a useful feature of the PID controller
1. We name that chose random values as case 1 and chisge track a reference signal. In fact, the results obtained

feasible solutions as case 2. Then, the comparison resuelts this paper can be easily applied to handle the tracking abntr
given in Table I. In fact, it is expected thatcan be optimized problem. In this example, let us consider the tracking aintr
as small as possible. From Table I, we can see that ungeoblem by using the proposed fuzzy PID controller.
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TABLE I: The values oft. = |tr(PL) — n, — n,| under two
different cases

iteration times 1 2 5 30
t. (casel) 0.1287 | 0.0097 0.0022 4.6 x 10~%
t. (case2) 0.0106 | 0.0034 | 7.3 x10~% | 3.5 x 102

10

Choosey = 1 and set the reference inputk) as

0.1sin(0.1%)

0.1 sin(O.lk)} ’

0.05 cos(0.05k)

0.05 cos(0.05k)
07

r(k)

0 <k <260

}, 400 < k < 800

otherwise.

Consider a fuzzy system whose model is given in ExampleBased on the obtained controller gains, the controlled out-

1, and without loss of generality, we set the controlled atitp

as z(k) = Y27, hi(0(k))Cixz(k). We aim to forcez(k) to

track a reference signaj,.(k) which is generated by th

following model:

. (k+1) =A,x. (k) + Byr(k) (31)
yr(k) = Cray (k)
where z,.(k) € R", r(k) € R™ andy,(k) € R™ are,

respectively, the state, the energy-bounded reference arm
the output;A,., B, andC,. are constant matrices with, being
Hurwitz.

By denoting the error variable(k) = x(k) —z,.(k), we can
obtain the augmentation system as follows:

n(k+1) = ihi(ﬂk)) <f1m(k) + Aci f} pen(k —e)
+ Biu(k) + Evo(k)
y(k) = _f;hxo(k))(ém(k) + Eaio(k))
2e(k) = ilmw(k))ﬂn(k)

(32)
where
(k) 2 [T(k) 2T(k)]", ze(k) 2 2(k) -y (k),
1 A Ai Ai _Ar 1 A Aez Aez
RN )
> Bz I A Ez _Br
28] me [ 2]
Oi é [Cz Cz} 5 EQi — [EQZ 0} )
E2[C Ci—Cl, v(k)2 [Tk rTk)]".

gla =

put z

(k) is shown in Figs. 7-8. By computation, we have

0.7140 < 1 (7, 2 \/ 5

2T (0)ze (1)) Y5l 07 (8)5(4))

which validates that the prescribédl,, performance is satis-
fied.
0.4 T T T
reference
Aopopop - - —a®
. 021y i n . . =
E I NAN! A M Y
ER S T T O 2 A S A N
. SRATRY L VN
g 11 1 ' A \. 4 \ 4
< Wi ) ' | 1 = w b~
02r 4 ow W i
" VoY Y
04 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 800 900
Time k
Fig. 7: Controlled output (k)
0.4 T T T T
& » Pl reference
AR A - = ==k
S 02h v v oh
< | I} ] 1y '| . " y
= I Py ) / f
B b ! R R A /20 W A U AR
2 ofrita PN TN N N )
g vrrr b \ \ 4 \ 4 v
< vy ! ) ! ¢ N '
0.2 YT i ¥}
. Y ‘.’ v
04 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 800 900
Time k
Fig. 8: Controlled outputs (k)

To further display the disturbance attenuation capability

and the tracking performance

of the controlled system, we

provide some comparison results in Table Il which gives the
attained disturbance attenuation leyglunder different given
~. From this table, we can see that by choosing a smaller

the controlled system will have

a better tracking perforogan

All simulation results presented in this example validédtat t

the proposed controller perfor
control problem.

ms very well for the tracking

By introducing the new state variable, the considered track
ing control problem is transformed into a stabilization doe
the augmentation system (32) singék) — 0 implies that i
z.(k) — 0. Note that the augmentation system (32) has a —
similar form with (3) and thus, the obtained results such as
Theorem 2 and Algorithm 1 can be easily applied to dea|
with the considered tracking control problem by some minof’ Example 3

changes. For saving the space, the details are omitted here. In this example, we aim to control a network-based truck-
Set the model parameters of (31) as trailer system by using the proposed fuzzy PID controli&e T

modified system model is represented by [8]:
0.3 0.1 B — 0.5 0.3 o 1 05 "
“ 102 057 "7 o6 0200 " o6 1| a(k+1) = (1—%) L (k)

0

TABLE II: The values ofv, under differenty

3.5
1.0336

1 2 3
0.7140 | 0.9678 | 1.0238

Vot
+ %u(k) +0.10(k)
0
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ok +1) = %xl(k) + 22 (k) + 0.10(k)

t
x3(k + 1) =wotp sin (?Toxl(k) + xg(k)) + x3(k)
0

wherez; (k) is the angle difference between the truck and tr
trailer; zo (k) is the angle of the trailerzs(k) is the vertical
position of the rear end of the trailer(k) is the steering angle;
v(k) = 282E is the energy-bounded external disturbarige;
2.8m is the length of the trucklL, = 5.5m is the length of
the trailer;ty = 2s is the sampling time; and, = —1m/s is
the constant speed of backing up.

The measurement output and controlled output are given
follows:

y(k) =Ca(k) + Exv(k), =z(k)= Fx(k)
where
= E - 882] F=[01 03 01],

o(k) = [w1(k) 22(k) z3(K)]", By = [gﬂ .

11

5 xlOZB‘

Variable value
o

| | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
Time k

0

Fig. 9: State evolution:(k) of the open-loop system

acg

1.5

1t

05

Variable value

0 20 40 60 80 100 120 140 160 180 200
Time k

By employing the fuzzy modeling technique, we use the

following 3-rules T-S fuzzy model to represent this nonéine
system according to the operation pointad, +% rad, and
+:

3
wlk+1) = 3~ hi(6(k)) (Aix(k) + Bu(k) + Elv(k:))

N
Il
-

where
[1—% 0 0 l—th 0 0
Al - % 1 0 ) A2 = Uz_f)o 1 0 )
vt 3ujth 3uoto
L 2L voto 1 27 Lo a1
P e
A3 = 2_00 1 0 ) B = 0 )
Ugt() Vg 1 O
L QOOL[% 100Lg
t
Ey =101 01 0], 9(/@:%@1@”@(/{).
0

Fig. 10: State evolution:(k) of the closed-loop system

TABLE IlI: ~* under different noises

noisev(k) | S2E = 5¢—0-1%
y* 0.6707 | 0.1113 0.5739

V. CONCLUSION

This paper has been concerned with tHe, fuzzy PID
output-feedback control problem for discrete-time T-Szfuz
systems subject to infinite-DTDs and RR protocol. A shared
communication network has been used to deal with the signal
transmissions between the sensors and controller, where th
data exchange has been guided by the underlying RR protocol.
A novel and easy-to-implement fuzzy PID controller has been
developed to stabilize the considered fuzzy system, under
which the prescribed?., performance requirement has been
also achieved. Based on the CCL algorithm, the controller
gains have been obtained. Finally, the effectiveness of our
proposed design scheme has been verified by three simula-

The aim of this example is to design the proposed fuzzyn examples. Further study includes the fuzzy PID control
PID controller such that requirements R1) and R2) are saisfiproblem for nonlinear systems with time-varying delays and

simultaneously.
Sety =2 andz(0) = [0.1 —0.1 0.1]". By applying the
controller gains obtained via Algorithm 1, simulation risu

]T

other network-induced effects (e.g. event-triggered rapism
effects [54]-[56] and quantization effects [39], [57], |8
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