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Abstract

In this study, a robust controller is designed for
fuzzy network control systems (NCSs) using the
static output feedback. Delay and data packet
dropout affect on the stability of network control
systems, and therefore, the asymptotic stability
condition is established considering delay and data
packet dropout. Delay is time-varying while the
lower and upper bounds for delay is defined, and
the number of data packet dropout is unknown.
Data drift isalso an important phenomenathat may
occur when data is transmitted from sensorsto the
controller and from thecontroller toactuators. This
phenomenon is modeled as a stochastic variable
with a probabilistic distribution. For stability
analyses, Lyapunov—Krasovskii functions, which
depend on the limits of delay and data packet
dropout, are used. Results of controller design are
derived as Linear Matrix Inequalities (LMIs). A
numerical example is adopted to show the
effectiveness of the proposed approach.

Keywords: Fuzzy systems, Networked control
systems; Linear matrix inequalities; Robust control.

1. Introduction
In recent years, aswell as progressin computer science
and communication technology, the application of
network systems is growing [1]. Network control
systems (NCSs) have been made of sensors, controllers
and actuators that are connected via a communication
network. The NCSs have many advantages such aslow
cost for wiring, and the flexibility of operation [2].
When data is transferred from sensors to the
controller and from the controller to actuators, this
transmission may result in delay and data packet
dropout [3]. In the stability analysis, delay and data
packet dropout is considered. The value of delay and
data packet dropout istime-varying, however, an upper
and alower bound is considered for it.
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The problem of controller design for network
control systems are studied in [4-6]. It should be noted
that robustness against modeling uncertainty is an
essential issuein the theoretical and practical works|[7,
8]. In [9], the time varying uncertainty is considered.
For the controller design and stability anaysis,
Lyapunov function method is selected while this
function depends on the limits of delays. The result of
controller design is derived based on an LMI that
depends on the bounds of delay.

Data drift is also an important phenomena, which
may occur when data is sent out from sensors or the
controller, in the networked control systems. In other
words, data drift causes adeviation in the value of data
when it is transmitted from sensors to the controller or
from the controller to actuators. Accordingly, data drift
is a virtual phenomenon that should be considered in
the stability analysis and controller design in the
network control systems. In [10] fault detection of
network control systems considering data drift is
addressed. In this reference, data drift phenomena of
each sensor have been described by an individua
stochastic variable with different probabilistic density
functions.

Output and state feedback can be exploited for the
control of network systems. For example in [4, 6, 11]
the output feedback and in [2, 12] the state feedback is
utilized, respectively.

Despite of development in network control systems,
the analysis of nonlinear network control systems is
still an open field for researchers. One approach to
analyze a nonlinear network control system is the use
of the Takagi-Sugeno fuzzy models. For the stability
analysis of these systems, fuzzy Lyapunov functions
are employed. Since the uncertainty is an inseparable
part of modeling, a robust fuzzy controller should be
designed such that the stability of the system is
guaranteed [13, 14].

In this paper, the stability of a nonlinear network
control system with time- varying uncertainty is
studied. The T-S fuzzy approach is used to model the
nonlinear system, and the output feedback is employed
to stabilize the system. In the stability analysis, delay,
data packet dropout, and data drift are considered. Data
drift considered as stochastic variable that satisfies a
probabilistic distribution. A suitable fuzzy Lyapunov
function is exploited to derive the results as an LMI.
This LMI depends on the limits of delay, data packet
dropout, data drift expectation, and data drift variance.
Simulations illustrate the feasibility of the established
Theorem. In other words, the main contribution of this
paper is the robust controller design for fuzzy network
control systems considering delay, data packet dropout,
and data drift.

The rest of this paper is organized as follows. In
Section 2 the structure of closed loop fuzzy network
control system is explored. The problem of controller
design for network control systems is addressed in
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Section 3. A numerical example is adopted to show the
effectiveness of the proposed approach. Finaly, the
paper is concluded in Section 5.

Notation: The notations used throughout the paper

arefairly standard. | and Orepresent identity matrix and
zero matrix; diag{.} diag{--- jrepresents a block
diagonal matrix. The notation P = 0 A >0 meansthat

A Ppis a real symmetric and positive definite. The
symbol * denotesthe elementsbelow the main diagonal
of a symmetric block matrix.  g{} denotes the

expectation.

2. PROBLEM STATEMENT

Considering the structure of network control systems

that is shown in Fig. 1, the model of a network control

system is described as follows:

x(k +1) =f (x (k) +gu(k)) +mw (k)) )
y (k) =Cx(k)

wherex(k)1 j "*isthe state vector, u(k) isthe control

action, y(k)T §™* is the measured output,

w(k)T L,[t,,¥) isthedisturbanceinput, f(.), g(.), m(.),

and h(.) are nonlinear terms.

Actuator > System >|  Sensor
N
Network
Delay & & Data packet dropout & & Data drift

N

Controller &

Fig. 1.Structure of network control system

By modeling the nonlinear system with afuzzy system,
the plant is described as:

Plant rulei: IF g, (k)isw?, ...
x(k +1)=§1 m @) (A px (k) +Bu(k) +Mw (k))

y (k) =Cx(k)

x(k)=J (K), k =[-t,,,0],i =1,2,...,r
wheret ,, isthe upper bound of delay, J (k) istheinitial
state condition, and q,,q,,..,q,are premise variables.
A,,B,M,,C are known matrixes with appropriate
dimension. Moreover, m(q) isdefined as:

, g, (K)isw", THEN

2

() =M@k

| a,,wa)
@) =OW k) ©
m@k)3 0, & _m@k)=1
The system uncertainties are described as follows:
A=A +DA

iD ~ i i (4)
DA, =L,F(k)E,

whereL, and E, isknown matrixes, and F (k) isatime
varying matrix that satisfies F' (k)F(k)£1," k >0.
When datais sent out from sensorsto the controller and

from the controller to actuators, these transmissions
may result in delays that are named t,t

respectively. These delays are time varying that the
upper and lower bounds are known. Moreover, in data
transmission process, data may not be received to the
destination, this phenomenon is named data packet
dropout. Delay and data packet dropout affect on
system stability, and may cause the instability of the
NCSs, therefore, considering delay and data packet
dropout is essentia in the stability analyses.

Let tis the time that a datais received by actuator,
kT [t,t,,)and ta(k) =t (k) +t,(k)and

t (k)@ k-t +t_(k), therefore, fuzzy control law
considering delay and data packet dropout is given by:

ca’

IF qk)isw!, ..., q,kisw THEN:

u(k)=a m@-t(k)K,Cx(k-t () ©)
i=1

in which delay and data packet dropout are bounded:

t, <t(k)<@+n,)h+ (6)

wheret _,t_is the lower and upper bounds of delay
from sensors to actuators, n, is the maximum number

of sequentia packet dropouts from sensorsto actuators,
and h isthe sampling period of sensors.

Data drift may deviate the value of datathat is sent,
and it occurs when data is transmitted from sensors to
the controller and from the controller to actuators. If
data drift is considered in the close-loop system, the
control law is changed as:
U(k)zéﬁ](Q-t(k))PKjCX(k-t(t)) (7

j=1
whereP is the data drift parameter that is unrelated to
the disturbance. It is assumed that the probabilistic
density function F(P) of P liein theinterval [0, 1].
The mathematical expectation and variance of P are
a and b?, respectively.

Substituting the control law (7) in the system,
results in the close-loop system as:
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x(k+1) =& & m@)m@-t (k)
i=1 j=1 m (8)

(on(k) +BPKCx(t-t (k) + MiW(k)))

With attention to system (8), we have:
x(k+)=g am@m@-t k)’

i=1j=1

(Ax(K)+B, (P-a)K Cx(t-t (k) (9)

+aB, K Cx (t - t (k) +M w (k)
L emma 1 [4]: For any positive-definite matrix Rl j
, and considering t (k)T [0,t], t (k)T ¢, , and defining
v(k) = x(k +1) - x(k) , we have:
-t ké’il vI(i)RV(i)E

i=k-t (k)

nn

- [x (k) - x(k - t (K)I" R[x (k) - x (k -t (k)]
Lemma 2 [13]: Considering real matrixes X,,X,,X,
with appropriate dimensions that satisfy xIx, £ 1,
then:

XXX, + XIXIXT £eX,X] +e XX, "e>0

Lemma 3 [15]: thefollowing condition:

aa mxk)m k)G, <0

i=1j=1

isegua to:

G, <0, i =1,2,..r

2 G, +G +G, <0, i 1 |
1

MAIN RESULT

In this section, the stabilization condition of fuzzy
network control systems is investigated. A robust
controller for fuzzy systems considering delay, data
packet dropout, and data drift is developed.

THEOREM 1. The closed-loop system (9) is
asymptotically stable with upper and lower bounds
t ., for delay and datadrift expectation and variance

a,b?, if the following LMI is satisfied for any
P >0,Q >0,R >0, >0:

i X
g Xeico (10)

g'i R A (A-I)yU y
><;1:§* -Q-R aKB' tMaKjTB@
& + p-2 0 U
g* * * _ l7|
e R-2
yi =-R-R+t, -t,+IQ +eE'E
& 0 0 0u
. K'B' t,bC'K'B .
@ = C'K/B' t,bC’K[Bl 0 4
e 0 0 RLU
e u
e O 0 RL
X,=dg(R-2 R-2 -g)

Proof: Assume that v(k) = x(k +1) - x(k), and define a
Lyapunov functions as:

V(K) =Vi(K) +V, (K) +V; (k) +V, (K)

V,(K) = x" (k)P x(k),

VK= & X0)Qxi) (11)
i=k-t (K)
tm k-1
;K= & a x0O)Qx(
j=-ty +1 i=k+]
V= & a viie,Rvi)
j=ty =k
where;
P:érm(q)l? P>0,i=12..r
Q=AM@WQ Q>0i=12...r (12)

i=1

R:_ér m@R R>0i=12..r

By some computation, one can obtain:

E{DV, (K} =E{x (k+DPx(k+D)- X' (PR} (13)
and
E{DV,} £ X" (K)Qx(K) - X" (k- t (K)Qx(k - t (k))

Yo e (14)

+ & K HQx)

and
E{DV, ()} =y - )% (K)IQx(K)

Kot . . 15

I BREHOCR0) (1)
and

E{DV,} £ Ei LV IORID- & V() R)v(j)%
j=k-ty
Now, using Lemma 1, we have:
E{DV.} £17 E{vT (K)Rv (K)} -
[x(k)- x(k -t ()" R[x(k)- x(k -t (k)]
Based on Lyapunov approach, the system (9) is stable
if:

(16)
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E{DV (k)} =
E{DV,(k) +DV,(k) + DV,(k) + DV, (k)} <
Therefore, we have;
E{DV (k)} < E{xT (k +DPx(k +1)- x" (k)P x (k)
+XT (K)QX(K)- X" (K-t (K)Q~ x(k -t (k))

+ & XORXM*+y -t X KRXK)  (18)

i =k +1-t
K-t

- & {XTOXO) - IxK)- x(k -t (k)T

i=k-ty +1

"Rx(K)- x(k -t (K)]+t2vT (k)Rv(k)} <

Define x' (K=& (K) X (k-t(K)H, then, we can
conclude that:

A4444Ama@ma-tk)ym@)

(17)

i=1j=li=1j=1i=1 (19)
‘m@-tk)m@z’ (k)W,;z(k)£0
where:
N, W,
W =a 11 12 20
TET W @
=ALRA,- P +(1+ty, -t,)Q

+t 2 (Ap- 1) R(Ap-1)-R,
W, =A,PaB K ,C+t; (A,- 1) RaBK,C+R
W,=-Q -R +a(BK,C) P (BKC)a
+t2a(BK,C) R (BKC)a
+b?(BK,C) R (BK,C)
+2b2(BK,C) R (BKC)
If W <0 the condition (17) is satisfied, then using

Ij

Schur complement for W, <0, we have;
&l PLU
é 11 12 7 <0 (21)
= * P'
e 22u
where:
? P-R +(l+t 'tm)Qi R AiTD U
Pi =g * -Q -R ac'KIB
é (AiD' I)T 0 0 U
i - — . . u
Pllz_g ac’K]B/ bC'K[B t,bCTK]B g
€ o 0 o 4
pl, =diag(-R™* -P* -R)

Now, considering equation (P-1) P *P-1)>0,
(P- 1) P*P-1)>0andusing Lemma2 for uncertain
terms, the LMI (10) is obtained. The proof of Theorem
liscomplete. ]
Remarkl. For solving LMI (10), Theorem 3 can be
used to obtain variable matrix.
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4. SIMULATION RESULTS

In order to evauate the performance of proposed
method a fuzzy network control system with two rules
is considered:

x (k +1)=§ m @) (A px (k) +B;u(k)+ M w (k))

i=1

y (k) =Cx (k)
_42 020 a2 020
" 91 04”’ 2" &2 o

Bl:e13u 82—6153 Ml—EOSB M2_e06u,
Q70 &4 o7 50

C=[10,-2];

The membership function defines as:

1
MO (k) = T MO (k) =1- mx,(k))

For uncertain terms assume that:

L, =L, _g ﬂ E1=E2 =[0.1,0.2], F(K)=sin(PX )

The upper and lower bands of delay ae 1, 0,
respectively, and the initiad condition is
x"(0)=[10 5| . In this paper two conditions for data

drift are considered, in condition 1, it is assumed
thatdata drift occurs with the following probability:

101 P =09
F(P)=108 P =10
flo1 pP=11
It is clear that the @ =land b2 = 0.002.

In condition 2, it is assumed thatdata drift occurs with
the following probability:

101 P=08
F(P)={085 P =10
lo05 P=12

Therefore, 8 =09and b? =0.0059. Using Theorem 1,

the controller is obtained.

Based on condition 1 the controller parameters are

caculated as K, =-0.0272, K, = -0.0272, and based on

condition 2 controller parameters are K, =-0.0322 and
= -0.0300.

The state of closed-loop system based on condition 1,

isshown in Fig. 2, and the control law is shown in Fig.
3.
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Fig. 2.State of the close-loop system based on condition 1
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Fig. 3.Control law based on condition 1
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Fig. 4.State of the close-loop system based on condition 2
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Fig. 5.Control law based on condition 1

Moreover, the state of closed-loop system and control
law based on condition 2 are shown in Fig. 4 and Fig.
5, respectively. Obvioudly, the system is stable and
control law is acceptable. Therefore, the proposed
method is able to handle delay, data packet dropout,
and data drift simultaneously.

5. CONCLUSIONS

In this paper,the problem of controller design for
nonlinear network control systems, which is modeled
by fuzzy systems, is investigated. Since the modeling
uncertainty is unavoidable, the stability is guaranteed
using a robust controller. In the stability analysis,
delay, and data packet dropout is considered.
Moreover, data drift, which might change the value of
data that is transmitted through the network, is aso
considered in the design procedure. For the stability
analysis, the fuzzy Lyapunov function is used, and the
result is developed based on an LMI that depends on
the limits of delay, data packet dropout, and
expectation and variance of data drift. Simulation
results verify the good performance of the proposed
approach.
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