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Fuzzy Model-Based Robust Networked Control
for a Class of Nonlinear Systems

Huaguang Zhang, Senior Member, IEEE, Ming Li, Jun Yang, and Dedong Yang

Abstract—In this paper, the robust stability of a networked
control system via a fuzzy estimator (FE) is studied, where the
controlled plant is a class of nonlinear systems with external
disturbances, which can be represented by a Takagi—Sugeno fuzzy
model. Both network-induced delay and packet dropout are con-
cerned. In the developed control scheme, the FE is used to estimate
the states of the controlled plant for the purpose of effectively
reducing the network burden. Based on the limited knowledge of
a controlled plant in the presence of a network, a disturbance
attenuation term is also employed to attenuate the influence of
modeling errors and external disturbances on the system. The
sufficient condition for the robust stability with H ., performance
of the closed-loop system is obtained. The simulation results show
the validity of the proposed control scheme.

Index Terms—Fuzzy H, control, fuzzy estimator (FE), net-
worked control system (NCS), network-induced delay, packet
dropout.

I. INTRODUCTION

ITH the rapid development of digital control and com-

munication network technology, feedback control sys-
tems in which control loops are closed via a real-time network
are becoming increasingly important. Such systems are called
networked control systems (NCSs). In NCSs, sensors, actu-
ators, and controllers are interconnected via communication
networks, which makes systems easier to install and maintain.
Recently, much attention has been paid to the stability analy-
sis and controller design of NCSs [8]-[13], [17], [18], [20],
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[22]-[24], where network-induced delay and packet dropout are
two crucial issues.

While some interesting techniques and results have been
presented in the aforementioned publications, the control of
NCSs still remains an open problem. For example, most of
the control schemes previously mentioned were developed only
focusing on linear NCSs; nonlinear NCSs have received little
attention, although some issues related to nonlinear NCSs have
been investigated such as asymptotic behavior [18], input-to-
state stability [12], input-to-output L, stability with distur-
bances [13], and model-based method [11]. It should be noted
that these results on nonlinear NCSs are only for the stability
analysis without addressing controller design.

It is well-known that Takagi—Sugeno (T-S) fuzzy models
are qualified to represent a certain class of nonlinear dy-
namic systems [15], [16] and many corresponding control
techniques have been developed in the literature. A typical
approach for controller designs is via the so-called parallel-
distributed-compensation method [16]. Using the T-S fuzzy
model, some results on NCSs’ controller designs have recently
been published [22]-[24]. In [24], a fault detection method for
NCSs with Markov delays was addressed, where a linear plant
was modeled in the discrete-time domain, and a set of T-S
fuzzy rules were used to deal with network-induced delays.
In contrast to controller design methods in the discrete-time
domain, results in [22], [23] were formulated in the continuous-
time domain, where the T-S fuzzy systems with norm-bounded
uncertainties were utilized to characterize the nonlinear NCSs.
The robust H,, control scheme [22] and the guaranteed cost
control scheme [23] were developed. However, the control
signal in [22] and [23] is not a continuous function but a
piecewise constant function, which may reduce the robustness
of the NCSs to some degree due to the sampling behavior.
Therefore, a novel fuzzy model-based control method is needed
to guarantee the control signals being a continuous function in
the nonlinear NCSs.

In this paper, a system framework is first introduced (see
Fig. 1) and a corresponding robust control scheme is developed
based on a fuzzy estimator (FE), where the network is modeled
as a sampler placed between the controlled plant and the
controller/actuator. In the developed approach, the unknown
nonlinear plant is first expressed by a T-S fuzzy model. Then,
an FE is proposed to estimate the plant states in a network-
based environment where the transmission of sensor data is
not instantaneous, but as a data packet to the FE. In addition,
the instant of packets arriving at the FE is uncertain because
of network-induced delay and packet dropout. Due to these
limited sampling data, an FE is needed to estimate the plant

1083-4427/$25.00 © 2009 IEEE
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Fig. 1. Framework of FE-NCS.

states, including sampling instant and during two sequential
effective packets since the packets may drop out or disorder.
In particular, the estimation can be updated when each effective
packet arrives at the FE. The feedback control is then performed
by using the states of the FE. Similar to other model-based
approaches [11], the FE-based approach will also reduce the
number of data packets transmitted. The FE is designed with
two additional terms. The first is a disturbance attenuation
term, which is to attenuate the influence of modeling errors
and external disturbances on the system. The other is called
the estimator gain term, which is introduced to improve the
estimation precision of the FE. Due to these two additional
terms, the states of the FE are continuous, being convenient
to provide the control signal as a continuous function in the
continuous-time domain, although actual plant states trans-
mitted via the network are piecewise constant functions as
a result of the existence of zeroth-order hold (ZOH). There
are several important advantages of the proposed results that
are worthy of mentioning. First, the disturbance attenuation
problem for nonlinear NCSs is dealt with via the FE-based
method. Second, the robust control scheme is studied in the
continuous-time domain, i.e., the intersampling behavior is
taken into account. Third, a sufficient condition of the fuzzy
H, control scheme is proposed by solving a set of linear matrix
inequalities (LMIs), which is convenient for the controller
design.

Before presenting the results, some notations are required.
Throughout this paper, the superscript 7' stands for matrix
transposition, and * always denotes the symmetric block in
one symmetric matrix. The notation X > 0 (respectively, X >
0), for X € R™*", means that X is symmetric and positive
definite (respectively, positive semidefinite). Identity and zero
matrices, of appropriate dimensions, will be denoted by I and
0, respectively.

II. FE-NCS DESCRIPTION

The framework of the FE-based NCS (FE-NCS) is shown in
Fig. 1. The sensor is connected with the controller/actuator via
a network which is shared by other NCSs and subjected to data
packet dropout and network-induced delay. The FE is used for

Sensor T T
I |
| |
I |
I |
| | T/f+q
Controller ’ .
t &
Iv k+q
. I
! I
! I
Actuator ]'5 :
k k+q
N e——  —>

Fig. 2. Time-sequence diagram of the signals in the NCSs.

the controller/actuator to estimate the plant states and offer the
continuous control input signals even if the sensors data are not
available during the intersampling period.

Let tr,tet1,.-.,tetq(k=0,1,2,...) be the sampling
instants, h =t;4+; —t; be the sampling period, and
Tk>Th+1+--->Tk+q D€ the corresponding network-induced
delays, respectively, where ¢ is a positive integer. It is assumed
that the computation delay is negligible and 7y = 0. Thus,
the control input signals may be obtained at the instant
te + Ty tep1r + Tty ooy thtg + Thtq-

Two definitions are often used when developing the con-
troller for an NCS. One is the maximum allowable delay bound
1, which is defined as the maximum allowable interval from
the instant when sensor nodes sample sensor data from a plant,
to the instant when actuators output the transferred data to
the plant [9]. The other is the maximum allowable transfer
interval ¢, which is defined as a deadline if a transmission of
control data takes place at time ¢, + 7%, then another one must
occur within the time interval [ty + 7, tx + 7% + ¢) [18]. In
this paper, the maximum allowable control interval is defined
as § = 1 + ¢ by combining the above two definitions, which is
used to analyze the network-induced delay and packet dropout
problems (see Fig. 2).

Remark 1: If a transmission of packet takes place at time
tx, the packet will reach the FE after 7, namely, the instant
ti + 7. Simultaneously, the control data will be sent to the
nonlinear plant. Then, the next control data should take place
within the time interval (¢, ¢ + ¢]. Therefore, it is shown that
0 can be defined as a bound in order to guarantee the system
stability. Notice that the maximum allowable control interval §
is relative to both network-induced delay and packet dropout
cases, while [9] and [18] only concern network-induced de-
lay case.

Consider the situation that two sampling data packets arrive
at the controller at instant ¢j, + 75 and ¢y 4 + T4 in sequence.

If ¢ = 1, no packet dropout occurs during the time interval
[thsthtr1 + Tht1)-

If ¢ > 1, ¢ —1 packets are lost during the time interval
[ty thtq + Thtq)-

For a given ¢, if the following inequality:

thrq + Thk+q — tr <6 (1)
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holds, then the stability of the closed-loop system can be guar-
anteed, considering both network-induced delays and packet

dropouts.
Before further discussion, we make the following
assumptions.

Assumption 1: The sensor is time driven; the controller and
the actuator are event driven; the clocks among them are syn-
chronized, and the signal transmission is with a single packet.

Assumption 2: There exists a maximum bound of the
network-induced delay in the FE-NCS, i.e., Tmax > Tk,
(k=0,1,2,...).

The maximal value of ¢ that satisfies (1) can be derived as
follows:

2

6 — Tmax
h

Gmax = it |:

where int[-] denotes the nearest integer part of [-].

Furthermore, we define the maximal allowable packet drop-

out rate rmax as
Tmax = qmaxi_l~ (3)
qmax

Remark 2: In this paper, the purpose of (2) and (3) is to
choose the proper sampling period h for a given § based on
the real network condition. If the actual network packet dropout
rate r can be measured by experiments, we should choose 7,,x
satisfying rmax > r by (3). Then, using this ¢u,ax, the sampling
period h can thus be obtained from (2), which in turn implies
the condition (1).

For a given 9, a smaller i will lead to a larger guax, SO the
allowable packet dropout rate may be higher, but the amount
of communication will be increased greatly. However, a larger
h will lead to a lower allowable packet dropout rate, which
may degrade the performance of the system. The relationship
between ¢ and performance of the NCSs will be analyzed in the
next section.

Now, consider a nonlinear plant of the following form:

&(t) = f(x) + g(x)u(t) + d(t) )

where x(t) € R™ is a state vector, u(t) € R™ is a control input
vector, d(t) € R™ is a bounded external disturbance vector, and
f(x), g(z) are unknown nonlinear function vectors depending
on z(t). The system of (4) can be represented by a T-S
fuzzy plant model, which expresses the nonlinear system as a
weighted sum of linear systems. The 4th rule is of the following
format:

Plant rule: :

IF z1(ty) is Fy1,- .., and xs(ty) is Fis

THEN z(t) = A;z(t) + Bu(t) + d(t), fori =1,2,...,r
)

where Fj, is a fuzzy set (g =1,2,...,s); r is the number of
rules; A; € R™ ™ and B; € R™*™ are the known system matrix
and input matrix, respectively, of the ¢th rule subsystem. ¢ is

the sampling instant, and x(t,) is the state vector of plant at the
instant ¢. The inferred system is described by

S i (w(te)) [Aia(t) + Biu(t) + d(t)]

pi (x(tr))

-

=1

3

hi (2(t)) [Ax() + Bau(®)] +d(t) ()
1

where hy(e(ti)) = pi(e(ti)/ Yoy (b)), pia(ty) =
[15=1 Fig(wy(tr)), and Fyy(x4(ty)) is the grade of member-
ship function F;, [15], [16]. Usually, we assume that 1 >
wi(z(ty)) >0, and >0, pi(x(ty)) > 0 for all ¢. Then, we
can see that h;(z(t;)) > 0,and Y ., hi(z(ty)) = 1.

From (4) and (6), the plant model can be rewritten as

.
Il

H(t) = D hi (2(t0) (Aialt) + Bru(t) + AF + g+ d(1)
! ™

where Af = f(x) — Y0, hie(t) Aia(t), Ag = (g() -
iy hi(x(ty))Bi)u(t), denote the bounded modeling errors
between the nonlinear plant (4) and the fuzzy model (6).
Now, we use w(t) = Af + Ag+ d(t) to denote the bounded
modeling errors and the external disturbances. Thus, (4) can be
rewritten as follows:

#(1) = Y hi (2(tn)) (Aix(t) + Bru(®) + (). ®)

Remark 3: In general, there are three approaches for con-
structing fuzzy models: 1) acquirement from experts; 2) iden-
tification (fuzzy modeling) using input—output data [14]; and
3) derivation from given nonlinear system equations [16]. This
paper focuses on the third approach. This approach utilizes
the idea of “sector nonlinearity,” “local approximation,” or a
combination to construct fuzzy models.

The main motivation for proposing the FE is to estimate the
plant states all the time, including the sampling instant and
during two sequential effective packets because the packets may
drop out or disorder. The FE-based approach can effectively
reduce the number of data packets transmitted, attenuate the
influence of modeling errors and external disturbances on the
fuzzy system (8), and provide continuous control signals for
the robust stability of the overall closed-loop system in the
network-based environment. The FE consists of r fuzzy rules
and shares the same fuzzy premises as those of the plant
rules. In our control scheme, x(¢)) and the states of the FE
are used to calculate the control input. Specifically, in every
rule’s consequence of the FE, two additional terms are involved,
namely, a disturbance attenuation term and an estimator gain
term. The ¢th rule of the FE is shown as follows:

FErulei:
IF z1(tg) is Fi1, ..., and x4(ty) is Fis

THEN (t) = A2 (t) 4 B; (u(t)+v(t))+Li (x(ty) — #(ty)) -
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Then, the inferred FE is given by

2(t) = D hi (2(t)) [Aid(t) + By (u(t) + v(1))

+ Li (x(tr) — 2(t))]

where #(t) is the state vector of the FE, L = Y ", h;(x(ty))L;
is estimator gain matrix

v(t) = Ky (2(ty) — 2(tr))

is used to attenuate the influence of modeling errors and exter-
nal disturbances on the system, where K, is the disturbance
attenuation gain matrix described in Theorem 1 in the next
section.

Next, we define the control law as

t€ [ty + Thythig + Thaq) (9)

(10)

u(t) = ug(t) — v(t) (11)

where v(t) is the disturbance attenuation term described by (10)
and u¢ (¢) is employed as a fuzzy control input, which is defined
by the following fuzzy rules:

Control rule i :
IF l’l(tk) is Fil; .
THEN w(t) = K;2(t),

, and x(ty) is Fig
fori =1,2,...,r.

Hence, the inferred fuzzy controller from the FE is given by

ug(t) = Z hi (x(t)) Kd(t) (12)

where K;(i = 1,2,...,r) is the fuzzy control gain matrix.
Substituting (11) and (12) into (9) yields the overall FE with
closed-loop control as follows:

B(0) = 3257 by (a(tr) hy (2(t0)) [(As + BiK )i(t)

i=1 j=1

+ L; (z(tg) —i(tk))], te [tk—F Tk,tk+q+Tk+q). (13)

Remark 4: The packet is transmitted at the instant ¢ (k =
0,1,2,...), which contains the sensor data of the plant state
vector x (). In the following, we use x () to denote a piece-
wise constant function after the ZOH, which can be sent to the
FE at instant t;, + 7 and keep the value until the next packet
arrives. If the next packet arrives at ty4q + Thtq, 2(t5) Will
keep the value in the interval t € [ty + Tx, tptq + Thtq)-

For the purpose of analyzing the performance of the
FE-NCS, we need to introduce the estimation error vector as

e(t) = x(t) — &(t).

Obviously, the estimation error vector at instant ¢y is e(ty) =
x(ty) — 2(tk).

Remark 5: From (13), it is clear that A; + B; K charac-
terizes the dynamics of the FE. Since e(tx) is only available
information about the estimation error during the intersampling
period, the estimator gain matrix L weights for e(ty) in order

(14)

e(t,)
* (.-
7
v
1
s
y; i Packet
P ‘dropout :
/ : i
4 —> T
1 I 1 I 1 1 >
by b by b, 1
Fig. 3. Relationship among system states, network-induced delay, and packet

dropout.

to improve the estimation precision to the FE. v(¢) is used to at-
tenuate the influence of w(t), namely, to attenuate the influence
of bounded modeling errors and external disturbances. Here,
u(t) is an overall control input vector for the plant, which has
(piecewise) continuous signals.

The relationship among system states, network-induced de-
lay, and packet dropout is shown in Fig. 3, where z(t) is the
state of the plant, &(¢) is the state of the FE that is used to
estimate the state =(¢). When the sampling data x(¢;_2) is lost,
x(tr—3) will keep the value until the next sampling data x(¢5_1)
arrives.

By differentiating (14), one has

é(t) =(t) — 2(t)

= hi (x(tn) [Aie(t) = (Li + BiKo)e(t)] +w (1),

i=1

t € [tk + Ty thag + Thag).  (15)

In order to attenuate the influence of the modeling errors and
external disturbances on the fuzzy system (8), we introduce H
performance index [2], related to an augmented vector z(t)

oo oo

/ 2T (t)z(t)dt < ~? / wh(t)w(t)dt

to to

(16)

where 2T (t) = [#T(¢),eT(t)], v > 0 denotes prescribed atten-
uation level, and to > 0 is initial instant.

Remark 6: The physical meaning of (16) is that the effect
of any w(t) on z(t) has to be attenuated below a desired level
~ from the viewpoint of energy. No matter what w(t) is, the
Lo gain from w(t) to z(t) has to be equal to or less than a
prescribed value 2. Moreover, z(t) indicates x(t). The effect
of w(t) on z(t) will be discussed in Theorem 2 in the next
section.

In the following section, we discuss the design method of
a fuzzy robust controller for the FE-NCS, which obtains the
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gain matrices of ug(t) and v(¢) together by solving a set of
LMIs. For simplicity, the following notations are used: h; =
hi(z(ty)), x = xz(t), & = &(t), e = e(t), u =u(t), z = 2(t),
and w = w(t).

III. Fuzzy ROBUST CONTROLLER DESIGN

Before presenting our results, the following lemmas are
introduced.
Lemma 1 ([19]): Let @ be any of a n X n matrix. We have
for any constant & > 0 and any matrix 7" > 0 that
1
2:TQy < az™QT QY + —yTTy 17)
Q@
holds for all z, y € R™.
Lemma 2 ([5]): For any constant symmetric matrix M &€

R™"™ M > 0, scalar o > 0, vector function £ : [0, o] — R™,
such that the integrations in the following are well defined,

then:
a | EN(B)ME(B)dS > £(B)dp £(3)dp
Jemscow (Juow) u(fors).

Consequently, the following results are obtained.

Theorem 1: For the system (13) and (15), if there exist
matrices P; > 0, P, > 0,77 > 0,75 > 0, and matrices ‘R, &;,
%, U, W, Y, for given scalars § > 0 and e(l=1,...,6),the
following LMIs hold:

Eij;rEji 5)71 5?2
* —0Ty 0 <0, 1<i<j<r (19
* * —5T2

then the H ., performance in (16) is guaranteed for a prescribed
~ with the control law (11) in the FE-NCS, where

Yi=v\" ;" vJ" 0 0 0 0]

}72T:[0 0 0 Y4T YsT Y6T 0]
= — I lill
T * H2

0 0 0 —64] —65[ —661

nr=|u™ o 0 o0 0 0
0 00 wWT 0 0
I, = diag(—~%I, -1, 1)
IIy; Iy I3 0 IIis O
* oo Iy 0 Iy 0
= * * H33 0 H35 0
B * * * H44 H45 H46
* * * * H55 H56
* * * * * IIg6

H11 :Yl + YlT — 61(AiUT -|— BZSJ) — 61(AZ'UT + Bigj)T
I, = -Y; + YvQT — GQ(AiUT + BZ-T]-)T

My =P+ Y +6U" —e3(AUT + BT

s = —a16;, Moy = Yo — V5'
s = -V +eUT, Ios = —€26;
M35 =071 + e3U + e3U7, II35 = —€36;

My =Yy + Y —eqAWT — e, AT
Mys = Y3 + Y5 + e4(6; + BAR) — esWAT

My =Po + Vg +e,WT — ¢gWAT

= Vs — Vil +65(6; + BR) + e5(6; + BR)T
s = — Yy +esWT 4 66(6; + BR)T
Hge = 06T + egW + egWT. (20)

Moreover, the disturbance attenuation gain matrix can be ob-

tained as K, = MW 7T, the estimator gain matrix as L; =

&, W~T, and the fuzzy control gain matrix as K; = T,U .
Proof: Consider a Lyapunov—Krasovskii functional as

V(t)=2TPi+ et P26+//
t

t
+//eT VT2é(v)dvds  (21)
s

t—90 s

Tlx )dvds

where P, > 0, P, > 0,71 > 0, and T5 > 0, § in the integrals
implicates both network-induced delay and packet dropout
problems as defined in (1).

It can be seen that the following equations hold for any
nonsingular matrices Y; and Z; (I =1,...,6) of appropriate
dimensions:

= (;%TYl + @ (1) Ya + écTyg)

t

x | & —@(ty) — /g*c(s)ds =0 (22)
123
Iy— (@Tzl @ (1) % + %TZ3>
ZZhh —(A; + BiK;)i — Lie(ty)) + 2| =0
=1 j=1
(23)
T3= (e"Yy+ el (ty)Ys +¢"Ys)
t
x | e—e(ty) — /é(s)ds =0 (24)

tr

Ty= (e"Zy+ e (tr) Zs + ¢ Z5)
th —Aje+ (Li + BiK,)e(ty)) —w +é| = 0.

(25)
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Considering (22)—(25), the corresponding time derivative of
V(t), fort € [ty + Tk, thtq + Thtq), 1S given by
V(t) =2TP3 + 2¢T Poé + 63 T1
t
2T 3 Trm -
— | & (s)T12(s)ds + dé Thé

t—o
t

- / eT(S)TQG(S)dS + T4+ T4+ T3+ Ty (26)
t—6
Since ¢ is defined in [ty + Tk, tpt+q + Th+q) and (1) holds, we

have t — t;, <t — 4. Then, it is concluded that the following
inequality:

/%T(S)Tlfc(s)ds < /fT(s)Tlf:(s)ds (27)
23 t—o

which is convenient to eliminate the terms about ¢, from (26).
From Lemmas 1 and 2, one can obtain

t
2 (:@Tyl + @7 (1) Ys + g*cTYS) /éc(s)ds

ty
t T t
< SATYVITMY A % /i(s)ds T /i‘(s)ds
tr tr
t
< SATVIT YA + / &1 (5)Thé(s)ds (28)
t—§
where AT = [2T 27 (t;) i1 eT el (ty) et wT).
Similarly, we get
t t
/éT(s)TQé(s)ds < /éT(s)TQé(s)ds (29)
123 t—48
and
t
—2(e"Yy + €T () Y5 + " Y5) /é(s)ds
23
t
< SATYL T YEA + / e (s)Toé(s)ds.  (30)

t—o0

Using the inequalities (27)—(30), the derivative of V (¢), for
t € [tk + Tk, thtq + Thtq). can be presented as follows:

V(t) < Z Z hzthT (‘I/” + (55_/1T1_1}71T + (5}72T2_1Y/2T) A
i=1 j=1
— 2Tz 4 ’waTu}

= BT (Vs + TV 6YT, YT A
i=1

r—1 r

+23 Y i AT

i=1 i<j

Ui + Wy S 10 > 1
X (’;’ + T Y + 6YL T, 1Y2T)

x A — 2Tz + 2w 3D
where

(Ti1 T2 Y3 0 Ty5 O 0 7
* TQQ T23 0 T25 0 0
* * T33 0 T35 0 0

W= | * * Yy Yus Tase —Z4

* * * * T55 T56 —Z5
* * * * * Yes —Zg

L % * * * * O

Ty =Y +Y" —Z1(A + BiK;) — (A; + BiK;)" ZT + 1
Tio=-Y1 + Yy — (A +B:K;) " Zy

Yiz=P +Y +27; — (A + Bin)ngT

Yis=~Z1L; Yoo =-Yo Yy

Yoz = — Y8 + 2y Yoy = —ZoL;

Y33 =0T + Zs + 23 Y35 = —Z3L;

Yy =Ya+Y} —Z4A, — AT Z] + 1

Tis = —Yi+ Vi + Z4(L; + B;K,) — AT Z7

Yuo =P+ Yy + 2, — AT Z]

Tss = —Ys = Yi' + Z5(L; + B;K,) + (L; + B;K,) Z7
Y56 = —Ys + Zs + (Li + BiK,)" Z¢

Yoo =0T + Zs + 7 . (32)

If (U +Vy,)/2) + VAT YE 4 0YoTy 'Y < 0 holds
forany 1 <1 < j < r, we can obtain

\IJijJ2r\I!ji 514 5V,
* =0Ty 0 <0, 1<e<3<r. (33)
* * —0Ty
Using the Schur complement [1] implies
V(t) < 2Tz + 72w (34)

fort € [tk + Thy thyq + Tk;Jrq).

Sets 71 = €1U_1, oy = 62U_1, 3 = 63U_1, Zy = €4W_1,
Zs=esW™L, and Zg = W !. Thus, Z;; < 0 implies that
U and W are nonsingular since II33 and Ilgg in (20) must
be negative definite. Then, pre, postmultipling both sides
of (33) with diag(U,U,U,W, W, W,I,U, W) and its trans-
pose, respectively, setting R = K,W7', &, = L,WT, T, =
K;U?T, and replacing UP,UT, UTYUT, UY,UT, WR,WT,
WTLWT WY,WT with Py, Ty, Y1, Ps, Tb, Ya, respectively,
we can obtain (19) directly by using the Schur complement
again.
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Integrating both sides of (34) from t; + 71 to t € [ty +
Tk, thtq + Thtq), ONE has

t t
V(t) = V(ty + 1) <— / 2Tzdt + / v2wTwdt. (35)
te+Tk te+Tk

Since V (¢) is continuous in ¢ € [tg, 00), it can be seen that
¢ ¢

V(t)=V(ty) < — / 2T zdt + / Y2wlwdt.  (36)
to to

Letting ¢ — oo and under zero initial condition, we have

/szdt < /WQwdet. 37
to to

Since V' (t) > 0, Vt > t;, the above inequality implies that the
H, performance in (16) can be satisfied.

Therefore, if (19) is satisfied, the control law (11) can stabi-
lize the FE-NCS, and the estimation errors e and the states of
the FE & are bounded with the H, performance in (16) for a
prescribed ~. This completes the proof. |

Remark 7: In this paper, V(t) = lim sup,_o+ (1/p)[V (t +
p) — V(t)] [6], and the zero initial condition is specified that
2, (t) = ¢(t) = 0, Vt € [—6, 0], where z:(+), for a givent > to,
denotes the restriction of z(-) to the interval [t — d,t] being
translated to [—d, 0]. The Lyapunov—Krasovskii in (21) is usu-
ally used to analyze retarded functional differential equations,
which satisfies the Krasovskii stability theory. The interested
reader may refer to [3] for the details.

Remark 8: The optimal values of the tuning parameters
e(l=1,...,6) that were introduced in Theorem 1 can be
found as follows. We choose the cost function t,,;,, which is
obtained by solving the feasibility problem using Matlab’s LMI
Toolbox [The MathWorks (1995, Version 1.0.8)]. If the cost
function t.,;, is negative, there exists a feasible solution to the
set of LMIs under consideration. Then, a genetic algorithm can
be used to search the combinations of ¢; (I =1,...,6) with
the cost function t.,;, for the given & > 0. We use gatool and
Direct Search Toolbox [The MathWorks (2004, Version 1.0.1)]
to search the optimal combination of ¢; (I = 1,...,6). If all the
resulting minimum values of the cost function t.,;;, are negative,
the tuning parameters can be obtained.

According to Theorem 1, we can derive the following theo-
rem for the closed-loop system.

Theorem 2: For the nonlinear system (4), if the control law
is given by (11), then all states of the closed-loop system are
bounded and the following H,, performance is guaranteed:

oo oo

/xTxdt < 3’72/wdet.

to to

(38)

Proof: Because of x = & + e, we can obtain the following
inequality:

[NIE

o0 2 o0 2 o
/ 2Tzdt | < / 2Tadt | + / eTedt
to to to

From Theorem 1, it can be concluded that the inequality (38)
holds. This completes the proof. |

Remark 9: Tt is worthy of pointing out for a given 6 > 0, the
following convex optimization problem can be obtained for the
stability of (4) by solving (19) with minimize ~:

minimize ~y

S.tPl>0,P2>0,T1>0,T2>0,(19). 39)

Summarizing the above discussions, the following design
procedures for the FE-NCS are listed.
Design procedures

Step 1) Select a sufficiently small real number ¢ > 0 and
fuzzy membership functions.

Step 2) Construct fuzzy plant rules (5).

Step 3) Construct the FE (9).

Step 4) Choose an initial § = §p according to the current
network burden.

Step 5) Search the tuning parameters ¢;(l =1,...,6) by
gatool based on Theorem 1 and Remark 8.

Step 6) Solve the convex optimization problem in (39) to
obtain ymin, K, L;, and K.

Step 7) Set = 0 + ¢ and repeat Step 5), until K, L;, K,
cannot be found.

Step 8) Construct the fuzzy controller according to (10)

and (12).

IV. SIMULATION EXAMPLES

To illustrate the FE-based approach, we present two exam-
ples: 1) a mass-spring system that can be expressed precisely by
a T-S fuzzy system if not considering external disturbances and
2) an inverted pendulum on a cart that is a classical nonlinear
plant.

A. Example 1: Mass Spring
Consider the following nonlinear mass-spring system [21]:
T 1 =2
iy = —0.01z; — 0.6725 + d(t) + u (40)

where 21 € [—1,1] and d(¢) = 0.2sin(27t) exp(—0.1¢) is the
external disturbance.

Choose fuzzy membership function as 1 (x1) = 1 — 2% and
p2(z1) =1 — pi(x1). The following fuzzy model is used to
model the nonlinear system:

Rule 1 :
IF z1(ty) is p1, THEN & = Az + Biu
Rule 2 :
IF x1(tg) is po, THEN & = Asz + Bou

0 1 0 1
Al_{—o.m 0}’ AQ_[—O.68 0}’

11

(41)

where

By =B, =
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0.3

x1(t
025 1

R 10
0.2 |

0.1+ 1

0.05¢ 1

-0.05 : :
0 5 10 15
time (sec)

Fig. 4. Trajectories of x1, 1 with h = 0.02 s, 7, € [0,0.018] s, 7 = 20%,
and z(0) = [0.3,0]7.

0.05

5 10 15
time (sec)

Fig. 5. Trajectories of x2, £2 with h = 0.02 s, 7, € [0,0.018] s, r = 20%,
and z(0) = [0.3,0]7.

We select § =0.2 s. Then, applying Theorem 1 and Remark 8,
a feasible combination of ¢, (I =1,...,6), can be obtained
as: €; = 0.2033, e2 = 0.0062, €3 = 0.0074, €4 = 0.0099, €5 =
0.0013, €5 = 0.0027, with t;, = —5.7968 x 1078,

By solving the optimization problem (39), we obtain that
Ymin = 0.9495, K; = [-1.2967 —0.1843] x 10%, Ky =

[~1.2061 —0.1843] x 10%, K, =[9.8430 4.4213], L, =
L1451 0155 | o[ 11482 0.1219
—6.9880 —0.7720 |’ 27| 76538 —0.7663 |

Next, under the same initial value z(0) = [0.3,0]T, 2(0) =
[0,0]T, we show the simulation results with different sampling
periods and packet dropout rates. The network-induced delay
Tk is randomly varying with an unknown distribution under the
condition (1).

Case I: h =0.02 s, 7 € [0,0.018] s, packet dropout rate
r = 20%.

The state trajectories of (40) are shown in Figs. 4 and 5.
The system can be stabilized well. The fuzzy model (41)
cannot express the mass spring system (40) precisely because
of external disturbance w. In order to verify the validity of the
disturbance attenuation term v(t), we force K, = [0,0]. The
trajectories of x; and 2 are shown in Fig. 6. The system cannot

time (sec)

Fig. 6. Trajectories of states without v.

0.35

71 (t)

10

0.3

0.25¢

0.2r

0.15¢

0.1F

0.05r

-0.05 ! :
0 5 10 15

time (sec)

Fig.7. Trajectories of x1, &1 withh = 0.1, 7, € [0,0.09] s, 7 = 20%, and
x(0) = [0.3,0]T.

arrive at the equilibrium point within 15 s. Therefore, the term
v is necessary for the FE-NCS.

Case II: h=0.1 s, 7, €[0,0.09] s, packet drop rate
r = 20%.

The state trajectories of (40) are shown in Fig. 7. Comparing
CASE I and CASE I1, they are not obviously different, but the
communication burden of CASE II is much less than that of
CASE I

CaseIll: h =0.1s,7, =0s.

In this case, we try to explore how the packet dropout
affects the stability of the FE-NCS. For § = 0.2 s and h =
0.1 s, the maximum allowable packet dropout rate is ryax =
50%. Therefore, we simulate packet dropout phenomena with
r = 40% and r = 70% to verify our results, respectively. The
simulation results are shown in Figs. 8 and 9. Comparing Fig. 7
with Fig. 8, the performance of the system does not degrade
much. However, the system is unstable in Fig. 9. Therefore, the
maximum allowable control interval § can be used to reflect
both the network-induced delay and packet dropout problems.
Moreover, it is important to choose a proper sampling period
h to satisfy mmax > 7 based on & when packets dropout occurs
inevitably in real network condition.
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Fig. 8. Trajectories of x1, £1 with h =0.1 s, 7, =0 s, r = 40%, and
2(0) = [0.3,0]T.
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Fig. 9. Trajectories of x1, 1 with h =0.1 s, 7, =0 s, r = 70%, and

2(0) = [0.3,0]T.

B. Example 2: Inverted Pendulum on a Cart

Zi?l =X
o gsin(xy) — amlx3 sin(2z1)/2 — acos(z1)u
’T 41/3 — aml cos?(z1)

+d(t)
(42)

where z1 denotes the angle (in radians) of the pendulum from
the vertical and x5 is the angular velocity, d(t) = 0.5 sin(27t)
is the external disturbance, g = 9.8 m/s? is the gravity constant,
m is the mass of the pendulum, M is the mass of the cart, 2]
is the length of the pendulum, and w is the force applied to
the cart (in newtons), and a = 1/(m + M). We choose m =
2.0 kg, M = 8.0 kg, 2l = 1.0 m here. In [16], the system is
approximated by following two rules:

Rule 1 :

IF 1 (ty) is about 0, THEN & = Ajx + Bju
Rule 2 :

IF 21 (t%) is about + /2, THEN & = Asx + Bau

1.2

21 (¢)(rad)

- = = - &1(t)(rad)

time (sec)

Fig. 10. Trajectories of z1, &1 with h = 0.05 s, 7%, € [0,0.045] s, r = 0%,
and 2(0) = [r/4,0]T.

1

T9 (t)(rjad/sec)
— — — &9 (t)(rad/sec)

0.5

1 2 3 4 5 6
time (sec)

Fig. 11. Trajectories of z2, 2 with h = 0.05 s, 7, € [0,0.045] s, r = 0%,
and z(0) = [r/4,0]T.

0 1 0

where f“:[gﬂ4w3—amn O}’Zﬁ:[—aﬂ4U3—amﬂ}’
0 1 0

A2= o /(413 —ami3?) o]’B2:[_a@u4y3_anuﬁ% ’

and 8 = cos(88°).

Choose the fuzzy membership function as 1 (1) = (0.57 —
|21])/0.5m, and po(21) = 1 — p1(21).

We select § =0.1 s. Then, applying Theorem 1 and Remark 8,
a feasible combination of ¢;, (Il = 1,...,6), can be obtained as
follows €1 = 0.9288, €5 = 0.0084, €3 = 0.0027, ¢4 = 0.0097,
e5 = 0.0078, €6 = 0.0040, with tm = —1.1154 x 107

By solving the optimization problem (39), we obtain
that ymin = 0.9632, K; = [12.359 2.4812] x 103, K, =

[23.976 4.71] x 10, K, =[-157.97 —57.666], L; =
0.998 0.0214] . _[0.998 0.0213
—4.432 —2.738 | 27 114.822 7422 |

Figs. 10 and 11 show the inverted pendulum responses with
h =0.05s, 7, € [0,0.045] s, r = 0%, and the initial condition
2(0) = [r/4,0]T, 2(0) = [0,0]".

The inverted pendulum system has been studied in several
references, such as [4], where the typical sampling period is less
than 0.02 s. Since the FE can estimate the plant state effectively
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TABLE 1
CONTROL PERFORMANCE EVALUATION WITH DIFFERENT 7

No. | A Tmazx| Tmaz | T ISE Performance
Evaluation

1 0.02 | 0.018] 75% |0 0.7985 Good

2 0.02 | 0.018] 75% |20% | 0.8052 Good

3 0.02 | 0.018] 75% | 40% | 0.8660 Good

4 0.02 | 0.018] 75% | 60% | 0.9522 Good

5 0.02 | 0.018] 75% | 75% | 3.3182 Nomoral

6 0.02 | 0.018| 75% | 80% | 1.0852 x 108 | Unstable

in a network-based environment, the sampling period can be
prolonged under condition (1), which is verified by the above
simulation results. Note that the robustness and stability of the
NCS can be guaranteed by Theorems 1 and 2 although we adopt
the longer sampling period.

In order to show the relationship among control performance,
packet dropout rate, and network-induced delay, we define the
integral square error (ISE) performance index as

te

ISE = /xT(t):c(t)dt.

to

(43)

The performance evaluation results are shown in Table I
with h = 0.02 s, 7, € [0,0.018] s, and different 7. By (2) and
(3)s  Gmax = iNt[(0 — Tmax)/h] = int[(0.1 — 0.018)/0.02] =
4, and Thax = (Gmax — 1)/qmax = 75%.

From Table I, we see that if the packet dropout rate r < rpax,
the control performance is good. Moreover, when r = 80% >
T'max, the system dynamics are unstable. The results validate the
proposed control scheme. However, it should be noted that our
result is only a sufficient condition. If condition (1) is satisfied,
the FE-NCS can be stabilized by the controller. Otherwise, we
cannot draw the conclusion on the stability of the system based
on the proposed method.

In all examples, it should be pointed out that different choices
of membership functions may lead to different degrees of
approximate accuracy. In this paper, we have collected the
influence of different choices of membership functions on the
system into modeling errors A f and Ag. It should be noted that
our results on controller gain matrices such as K; do not depend
on the information of membership functions, but on the number
of fuzzy rules as in (19), which implies that the robustness
is enough to compensate for different choices of membership
functions. We should point out that the dynamical behavior
of the closed-loop system is different when choosing different
membership functions. Therefore, we believe that our result can
be applied widely if enough fuzzy rules are used under different
membership functions.

V. CONCLUSION

In this paper, a fuzzy H,, control scheme for a class of
nonlinear NCSs via the FE has been proposed. The FE is
designed to estimate the states of a nonlinear plant via limited
sampling information. Both the network-induced delay and

packet dropout rate are considered in a uniform framework.
The disturbance attenuation term is designed to attenuate the
influence of modeling errors and external disturbances on the
system.
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