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Abstract: This paper presents thé, fuzzy controller design for a class of networked controlteyswith “network transmission
delay” and “data packet dropout.” First, we apply a Takagixho fuzzy model (T-S fuzzy model) to approach the inpupatrelation

of the networked control system (NCS). Based on the T-S fuzagtel, we propose ld., fuzzy controller design to inhibit the effect of
“network transmission delay” and “data packet dropoutd emguarantee thi., control performance of the overall system. Based on
Lyapunov stability theorem, with the chosen Lyapunov-ikeskii function, we analyze the stability and the robussnefsthe overall
system, and obtain the Lyapunov stability criterion. Afteat, by using the Schur complements, the Lyapunov stlifiterion would

be presented in the linear matrix inequality format to sehescontrol problem more efficiently. Finally, the compusenulations are
given to demonstrate the validity and the performance optbposed control strategy.

Keywords: He. control theory, fuzzy control, networked control system

1 Introduction fuzzy control technique to guarantee the stability of NSC
[4].

Nowadays, increasing attention has been paid to design of Over the past decades,, fuzzy control B,7,8,9] has
networked control system (NCS)R,3,4,5], which is a  been applied as an effective approach for nonlinear
spatially distributed system for which the connection System. For a given nonlinear system, the objectividof
between sensors, actuators, and controllers is supporte#izzy control is to design a controller so that the gain (the
by a share communication network. In NCS, data isinduced L>-norm) from the unmodeled dynamics, the
transmitted in atomic unit called data packets. It meansexternal disturbances, etc., to the system states must be
that the system states and the output signals are sampléfiual or less than a prescribed attenuation level.
by the sensors and transmitted to the controllers by thé>enerally, theH., fuzzy control design problem can be
data packets, the controller signals are transmitted to th&éharacterized in terms of a linear matrix inequality (LMI)
actuators by the data packets, and the actuators woulBroblem or an eigenvalue problem (EVAO[11,12,13,
control the controlled plants according to the receiving 14l-
data packets. In this paper, we proposed thé.,, fuzzy controller
Due to the introduction of the share communicationdesign for a class of the nonlinear networked control
network, two major challenges in NCSs still to be fully systems. First, “network transmission delay” and “data
addressed are the effects of both “network transmissiompacket dropout” of the NCS would be analyzed. Then,
delay” and “data packet dropout” on the system Takagi-Sugeno fuzzy model (T-S fuzzy modet,§,7,8,
performance 1,2,3,4,5]. To treat the mentioned effects, 9]) would be applied to describe the input-output relation
several methods have been proposed. Seiler, Senguptaf NSC. Based on the T-S fuzzy model, thk, fuzzy
Shi and Yub adopte#l., control theory to stabilize NSC controller is proposed to inhibit the effect of “network
and analyzed the system robustne®$5][ Huang and transmission delay” and “data packet dropout” to
Nguang applied state feedback control method to treat thguarantee theH., control performance of the overall
control problem of NSC J]. Peng and Yang used T-S system. Choosing the suitable Lyapunov-Krasovskii
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Fig. 1: The framework of théH., fuzzy controller for a class of

the networked control system . R .
Y known constant matrices. The initial condition of

controlled plant is given ag(tg) = Xo. Without loss of
generality, we make the following assumption:

function, based on using Lyapunov stability theorem, we/ASSUmption 1 [6,12]: The external disturbance(t) is
analyze the stability and the robustness of the overalPounded. Thatisw(t) € La[0,ty], vtr < [0,00).

system. Therefore, we can obtain the Lyapunov stability__ Since the controller is connected with the sensor or
criterion. Next, the Lyapunov stability criterion would be ZOH via a share communication network channel, it will

transformed into a certain form of LMI characterized in P& caused the network transmission delay and the data
terms of LMI problem or an eigenvalue problem. After Packet dropout (shown ifrig. 2). Therefore, there are
that, by using the convex optimization technique, the&Ssentially the following time delays:

control problem would be solved more efficiently. (1) T at every sampling instarti, the time delays
This paper is organized as follows: In section 2, we " petween the sensor and the controller.

will describe the problem formulation. Section 3 will (2) 7, at every sampling instatt, time delays between
present the proposed control strategy, and analyze the " the controller and ZOH.
stability and robustness of the overall system. In section
4, computer simulation will be given to illustrate the Define the network transmission delay @s= Tsx + T
control performance of the proposed control strategyat every sampling instanti and make the following
Section 5 will conclude this paper. assumption:

Assumption 2 [18]: The network transmission delay is

bounded agnin < Tk < Trmax , Wheretmin is lower bound
2 Problem Formulation of 1w and Tyax is upper bound ofy.

Also, to treat the data packet dropout, we define the

This paper considers a class of the networked controf°!lowing data packet dropout number:
system, where the framework shownhing. 1 [1,2,3,4,
5]. This system is composed of the following five parts: a
sensor, a controller, a zero-order-holder (ZOH), appled a
an actuator, a controller, a communication network
channel, and a controlled plant.

The controlled plant can be described as the T-S fuzzypefine the network transmission delayms= Nk + Nesk
model [4,6,7,8,9], in which the Ith fuzzy rule is  at every sampling instant, and make the following

(1) nek: at every sampling instant, the data packet
dropout number between the sensor and the controller.

(2) nex: at every sampling instarti, the data packet
dropout number between the controller and ZOH.

formulated in the following form: assumption:
Plant Rule: Assumption 3 [18]: The network transmission delay is
bounded ag)min < Nk < Nmax , Wherenin is lower bound

P |
IFa, isFy and ... andr,, of Nk andnmax is upper bound ofj.

THEN Xx(t) = Ajx(t) + Bju(t) + w(t) (1) Let his the sampling period. We have
wherel=1,2,...1, L is the number of the fuzzy rules,
X(t) = [x(t),x(t),...,.x""(t)] € O" is the state vector,
ut) € O™, w(t) € O is the external dllsturbancqh (h= The objective of this paper is to design a controller
1,2,...k) are the premise variablefg (h = 1,2,....K;  sych that the effect ab(t) on the system state vectoft)

| =1,2,..,L) are the fuzzy sets associated witii  would be attenuated below a prescribed attenuation level
(h=12,..k), andA; € O™ andB; ¢ O™™ are p (0 < p < 1). Thus, the following H,, control

tr1 —tk = (Mk + )N+ 1 — T 2
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performance related to the system state vegioy is forty <t <ty,1. Substituting 7) into (5) yields
requested: LoL
. . KO =3 3¢ (At
/ XTORX(O)dt <V(to)+p [ @ Mab)dt  (3) ==
t t
’ ’ +BIKiX(t — Tk — (M + 1)h)) + w(t) (8)
forall w(t) € ITZ[O,tf_]th_e [0, w),_whereR is asymmetric  fort, <t <tc. Since
positive definite weighting matrices aN(dtp) is positive.
It was seen that if the system starts with initial tir1 —t— (Mk+ Dh =t — Tyin — T(1) (9)
conditions,V (tg) = 0. TheH., control performanced,7, where
8,9] can be expressed as T(t) =t —t — Tnin+ T+ (Me+ 1)
/tf X" (ORX(t)dt < p i o' (t)e(t)dt in whicht, <t <ty 1. By (2), we can obtain
o o 0<T(t) <k (10)
or equivalently
where
XOl _ K = Tre — Tin + 2( e+ D) (11)
leo(®)] Substituting L1) into (8) yields, fortq < t < ti1,
where [x(t)[lr = (7 xT (t)Rx(t)dt) "%, It means that the 0 § £ axt
Lo-gain from w(t) to x(t) must be equal or less than a o I;i; :
prescribed attenuation level B
+BKix(t — Tmin— 7(t))) + @(t) (12)

3 He Fuzzy Controller Design

To achieve the objective, we design thé, fuzzy
controller based on T-S fuzzy model. Here, thte fuzzy
rule of the He, fuzzy controller is formulated in the
following form:

Control Rule:

IFq,is F{hand anngk,
THEN uc(t) = KiX(t — Tk — (Nsk+ 1)) -~ (4)

wherel=1,2,...L., L is the number of the fuzzy rulesg(t)

is the output of théd., fuzzy controllerkK; € 0™ is the

controller gain matrix.

By using the singleton fuzzifier, the product inference

and the center average defuzzifigd], the output of the
T-S fuzzy model {) and theH., fuzzy controller 4) can
be respectively obtained by

L
X(t) = ZZ'(A|X(t)+B|)U(t)+w(t)) (5)
|=
L
uc(t) = Zf' (KiX(t = Tsok — (Nsck + 1)) (6)
|=
where
Z! - ST l=12,.,L
= il:!uliai (ql)/lglil:l“[ﬂqi (ql) —H& e
Thus, the output of ZOH can be expressed as
L
ut) = 5 ¢ (Kix(te— te— (e +1)h)) (7)

=1

Consequently, we have the following main result:
Theorem. Consider a class of networked control system

with the controlled plant which is described by the T-S
fuzzy model as 1). Suppose thaAssumptions 1-3 are
satisfied, R is a given symmetric positive definite
weighting matrix, and G< p < 1 is the design constant
serving as an attenuation level. Let the symmetric positive
definite matrice®, Q, M; andM, and a positive constant

p be the solution of the following quadratic matrix
inequalities:

My —R<0 (13a)
My <0 (13b)
Amex(MM3) < p (13c)

where
My = AP+PA + (0 +1)PP+ Tin(l

+M1+MiM1)+ k(I +M2+MoM2)+Q
My = KBl (1 4+ 2Tminl + 2K1 + TrinM1
+KkM2)BIKi—Q

M3= p+ tmin(M1+2M1M1) + K (M2 +2M2M )

wherel =1,2,...,L,i=12,....L, and Anax(13) denotes
the maximum eigenvalue off3. Therefore, if theHc
fuzzy controller is given as 4j, the H., control
performance given as3) for the overall system can be
guaranteed.

Proof. Consider the Lyapunov-Krasovskii function
candidate16,17] as
V(t) = Va(t) +Va(t) +Va(t) (14)
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forty <t <tx,1, where forty <t <tx,1. From (L2), we have
Vi(t) = X" (H)Px(t) KT (M 1x(t) — Zz 2T OAT +xT (t — Tin
; I=1i
_ T

Va(t) = /tfrminfr(t)x (9)Px(g)de —T(t)K] B] + @ (1) M1(AX(t)

+BiKix(t — Tmin — (1)) + @(1))
L /t T @M 1x(9)dede
<y ZZZ (I +M1+M1Mp)AX(t)

1=1i

of Z:Z'”K/ P9

Then, forty <t <ty 1, the time derivative o¥(t) can be
obtained as 1" ()(M1+2MM1)@(t))

X" (t — Tmin — (1)K B/ (1

+2M1)BiKiX(t — Tmin — 7(1))

and

Vi (t) = X" (t)Px(t) + X (t)PX(t)

- ;Zz 7T ATPX(D) KT (OMX(1) < l;if'fi(xT(t)AT(
+M2+MaM2)A (1)
X7 (t = Tmin— T())KT Bl (1

+2M2)BiKiX(t — Tmin — T(t))

xT (t)PAX(t)
X" (t — Tmin — T(1))K B Px(t)
X" (t)PBIK X (t — Trin — T(t))

@' (HPx(t) + X" (H)Pa(t)) +0" (£)(M2+2MaM2)w(t)

Therefore, forty <t <ty,1, we have

< ZZZ (X" () (ATP+PA + (ot + 1)PP)x(t) )
Va(t) < 5 5 2T OAT (Trin(l +M1+MiMy)
+XT (t = Twin — T(1)KT B BIKiX(t — Toin — T(1)) =
+K(1+M2+M2M2))Ax(t)

+ow' (Hw(t)) (15)
X7 (t = Tmin— T(t)) K] BJ (Tminl + K1 + 2TminM 1
By using Newton-Leibniz formulalfg], we obtain £ 2kM2)BIK iX(t — Tmin — T(t))
T _ _
Volt) = X7 (£)QX(t) — X (t — Tmin — T(t)) QX(t +@ (0)(TninMa + TwinM1M1
~Tin— T(1)) (16) +KM2+KMoMo)w(t)) (18)
Thus, by (4), (16) and (8), we obtain
for tx <t < tx,1. Moreover, the time derivative of UL
Vs(t)can be obtained as Vi) < z 27 (X7 () Myx(t)
I=1i=

, t X" (t = Tin — T(1)) T2 X(t — Trin — T(t))
Va(t) = ek (OM2X(O) — [ X (@)M1x(@)dg

+o" ()M3w(t)) (19)
KT (Mo (t) — /tir | _KXT(qo)MZX((p)dqo L(;rrltttzﬁ ;Sg ty 1. With (139, (13b) and (139, (19) can be
< TrinX" ()M aX(t) + KXT (H)MX(t) (17) V(1) <xT (ORX(t) +pw’ (t)M3w(t) (20)
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Integrating both sides oR() yields

tf

V(tr) — V(to) < —/

to

X7 (ORX()dt + p ttf @' (t)w(t)dt)

Thus,

/tf
to

So, theH., control performance in3] is achieved. This
completes the proof]

Remark: Consider NCS withw(t) = O If there exists the
symmetric positive definite matric®Q, M; andM», and
a positive constant such that

xT (H)Rx(t)dt < V(to) ++p/ttf ' (t)w(t)dt)

My=nrj <0
Moy =% <0

(21a)
(21b)
fori=1,2,...,L, j=1,2,...,L. The overall system would

be asymptotical stablé]
Next, in order to solve the control problem more

From Theorem and the aforementioned minimization
problem, the design procedure for the propodeduzzy
controller can be presented as follows:

Design Procedure

Step 1: Based on the T-S fuzzy model)( specify the
controller gain matricek, (1 =1,2,...,L)

Step 2: Specify R and a prescribed attenuation leyel
Then, solve the EVP given by28) to obtain the
symmetric positive definite matricdg Q, M1 and Mo,
and a positive constaiat.

Step 3: Obtain and theH. fuzzy controller &) for the
networked control system.

4 |1lustrative Example

In this section, an inverted pendulum system simulated as
the controlled plant to demonstrate the performance of the
proposed control strategy. Let be the angular of the
pendulum with respect to the vertical line axdt) be the

efficiently, the objective can be formulated as the applied the control signal. Define(t) = [xq(t), %1 (t)]"

following LMI problem
PQM1M20
Subject to My —R <0
M2 <0
Amax(M3) < p
fori=1,2,...,L, |

(22)

12...L

so that the attenuation levep in the H, control
performance given by3j is reduced as small as possible.
After that, by the Schur complementd213], the
minimization problem of22) can be formulated in terms
of the following eigenvalue problem (EVP):

min

P,Q,Ml,Mz,G
Subject to Ay <0
Noji <0 (23)
)\,mx(ﬂ3)<p
fori=1,2,...L,j=1,2,....L
where
[ATP+PA +Q 1
+Tmin(l+M7) O 0O O P
+K(1+M>y)
Ny = 0 -0 0 0 P
0 0 | 0 M1
0 0 0 —T;t M3
L P P M1 M» —K
—(1 4 2Tyinl + 2KI + TmipM 1 + kKM2) 71 B(K;
Nail = KTBT _
i By Q

And the EVP can be solved by the convex optimization

techniques.

= [x1(t),%2(t)]" the dynamic equations of the inverted
pendulum system can be described as folloig: [

xa(t) =Xz(t)
. gsin(x1) — ampl xasin(x;)cogx1)
xa(t) = (4l /3) —amplcoF(x1)
acosxp)uz
(41 /3) — amplco(x1)

w(t)

wherea=mc+mp, g= 9.8m/s2 is the acceleration due to
gravity, me is the mass of the carty, is the mass of the
pole and is the half length of the pole. In this simulation,
we setm, = 1kg ,mp = 0.1kg andl = 0.5m the sampling
period be 0.001sec.

Here, the T-S fuzzy model is design as follows:

PlantRule 1:
IF x1(t) is about Q
THEN x(t) = A1x(t) +Byu(t) + w(t)
PlantRule 2;
IF x1(t) is aboutt 11/2,
THEN X(t) = Ax(t) + Bou(t) + w(t)

where
0 1 0
Aj_ = [ [¢] 0] Bl = { a ]
@73)—amy] (@r73)—ampl
0 1 0
Ap=|___ 29 _|Be=|___ab
(41 /3)—amplb?) (41 /3)—amplb?

in which b = cog88). Here, we choose the fuzzy
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Fig. 3: The trajectory of (t)

membership functions as

FL = (0.57— [xa|)/(05m), and = 1— FL

X1
and the initial state is chosen as

x(0) = [xa(0), x(0)]" = [0.1,0"

Based on théesign Procedure, the proposed., fuzzy
controller can be designed by the following steps:
Step 1. Based on the T-S fuzzy model)( specify the
controller gain matriceK1 = K, =[1, 5]

. 25 0
Step 20 Specify R = 0 125
attenuation levep = 0.5. Then, solve the EVP given by
(23) to obtain the symmetric positive definite matrices

10 10 0 01 0
P:[OJ’Q:[O 90}'\"1:[0 0.1}’
001 0
0 00

and a prescribed

Mo = { 1],ando:O.l.
Step 3: Obtain and theH., fuzzy controller &) for the
networked control system.

Simulation results are shown idrig. 3-5. The
trajectory ofx;(t) andk(t)shown inFig. 3 andFig. 4,
respectively, and the control signa(t) is shown inFig.

xz(t) (rad/sec)

0.5 1 15 2
time (sec)

Fig. 4: The trajectory of(t)

0 0.5 1 15 2
time (sec)

Fig. 5: The trajectory ofu(t)

fuzzy model would be applied to describe the input-
output relation of nonlinear networked control system
(NSC). Based on the T-S fuzzy model, thk, fuzzy
control is proposed to inhibit the effect of “network
transmission delay” and “data packet dropout,” and to
stabilize the overall system. With chosen the Lyapunov-
Krasovskii function, based on Lyapunov stability
theorem, we obtain the Lyapunov stability criterion and
guarantee theH., control performance of the overall
system. The proposed control strategy has the following
advantages: (1) Thél, control performance and the
stability of the overall system can be guaranteed. (2) The
effect of “network transmission delay” and “data packet

5. From the simulation results, we can see that thedropout“ is inhibited successfully.
proposed control strategy performs good stability and can

inhibit effectively the effect of “network transmission
delay” and “data packet dropout”.

5 Conclusions

This paper proposed thé. fuzzy controller design for a
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