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Abstract: In order to overcome data-quantization, networked-induced delay, network packet dropouts and wrong sequences in the
nonlinear networked control system, a novel nonlinear networked control system model is built by the T-S fuzzy method. Two time-
varying quantizers are added in the model. The key analysis steps in the method are to construct an improved interval-delay-dependent
Lyapunov functional and to introduce the free-weighting matrix. By making use of the parallel distributed compensation technology
and the convexity of the matrix function, the improved criteria of the stabilization and stability are obtained. Simulation experiments
show that the parameters of the controllers and quantizers satisfying a certain performance can be obtained by solving a set of LMIs.
The application of the nonlinear mass-spring system is provided to show that the proposed method is effective.
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F eedback control systems in which the control loops are closed through a real-time network are called networked control
systems(NCSs). Such NCSs have received increasing attention in recent years'' ™, while nonlinear NCSs( NNCSs) are
challenging. The fuzzy control is a useful approach to solve the control problems of nonlinear systems. A novel model of
NNCSs based on the fuzzy model is established'”, in which the PDC( parallel distributed compensation) technique is extend-
ed to the controller design in the field of NNCSs. However, it is worth mentioning that little progress has been reported for
NNCSs when considering the effects of quantization, which motivates the present study. The quantization problems have
been paid considerable attention in recent years. However, when considering the effects of network conditions, such as net-
work-induced delays, packet dropouts and wrong sequences, only a little attention has been paid. Very recently, Peng and
Tian'™ proposed some new results about the guaranteed cost control and H_ control of continuous systems over networks with
quantization, where the effects of both network conditions and data quantization were taken into considerations. However,
only linear NCSs were considered in their works. According to the best of the author’s knowledge, quantization control for
the NNCSs has not been investigated and still remains challenging. In this paper, the NNCSs with quantizers is studied.

1 System Description and Preliminaries
1.1 System description

Considering the limited capacity of the communication channels and also for reducing the data transmission rate in the net-
work, the sensor and the controlled output signals are quantized individually by two quantizers. The NNCS with quantizers
is described in Fig. 1. In this paper, the quantizers are chosen as the following time-varying form:
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where M >0 and A >0 are the quantization range and the quantiza-

tion error, respectively. The variable y which is positive is varied in
a discrete fashion according to the variations of z.

The interval time-varying delay 7, <7(f) <7, is employed in the
analysis.

The T-S fuzzy model is described as follows.

Fig. 1 Structure of the NNCS with two time-varying
quantizers

Plant rule i: If @,(¢) is F,, ...,and @,(¢) is F., then (1) =Ax() + Bu(t)
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where x(1) e R", u(t) e R" are the state vector and the input vector, respectively; A,, B, are the constant matrices with ap-
propriate dimensions; @, (), @,(), ..., 0,(f) are the premise variables. The inferred system can be expressed by "

xX(1) ihi(O(t))[Aix(t) +B.u(1)] i=1,2,.. r} (2)

x(t) = ¢(1) tel[-7, 0]

where h,(6(t)) =0 fori=1, 2, ..., rand 2 h(6(t)) =1.
i=1
Now in order to stabilize the closed-loop system, we design the controller as follows.
Control rule i: If @,(i,h) is F,, ...,and @,(ih) is F,, then u(t") =K£(t-7(1))

where i,(k=1, 2, ...) are some integers such that {i, i,, i;,}C{0, 1, 2, ...}; telijh+7, i, h+71.,,].
Hence, the input to the system is

u(t’) = Zhj(e(t -1(D))KE(t —7(1)) = Zh;[Kjx(t =7(0) =0y o) ] telih+7, iyh +70]

(3)
where h; = h‘/(g(t =7(0)), 8y, my) =IL2;<1 K/’x(t -7(1)) - Q2(M2;<l Kjﬂlk‘ll(ﬂ{kl x(1-7(1)))).
Substituting Eq. (3)into Eq. (2), the closed-loop fuzzy quantized system is
X(1) = Y > Wi [Ax(D) +B(Kx(1 —=7() = pyd(iyer )] x(t) =e(t); t € [—7y, 0] (4)

i=1 j=1

1.2 Preliminary lemmas

Lemma 1 For any matrices X,, Y,(1<i<r) and S >0 with appropriate dimensions, we obtain

r r r r

22 >y 12: hhh, b X SY, < > Y hh(X;SX, +YSY)

PR ==
Lemma2 £, £ and £ are constant matrices of appropriate dimensions, 0 <7, <7(f) <7, and then (7(?) -7,) 5, +

(1, —-7(1)) 5, + 2 <0 if and only if the following inequations hold:

(ry-7,)5 +02<0, (7,-7,)5 +02<0

2 Stability Analysis and State Feedback Controller Design

First, we suppose that the feedback gain K; is known, and then we have the following results on asymptotical stability.

Theorem 1  For scalars 7,,, 7,, constant d >0 and matrices K;(j e S), system (4) is asymptotically stable if there exist
matrices P >0, Q.(i=1, 2, 3) >0, N, M, V. (i, jes; I=1,2, .., 5), R, >0(l=1, 2) and S,(i=1, 2, 3) of ap-
propriate dimensions such that the following LMIs hold(n =1, 2):

lij >

r, +0 r,+r, +0

1—;:‘1 -7,R, <0, ﬁl + 11271 -27,R, <0 (3
I_Qil(n) 0 -(ry -7.)R, [‘;jl(n) +[§i1(n) 0 -2(1y -7,)R,

where
2,
Nsz - N’Irij +M|sz ‘03
[‘ljl = £, _N3lj +M3[/ _M;ry + VzT[/ £,
N4¢;/ - Vlle - N4ij + M4,j/ - V;rij - Mzu;/ + V4ij - VsTt;/ - Q3 - V4ij - VIU’
P+N,, -S,A +5] -Ny, +M,, 0. -V 0,

i T T T T T
Bl = [Tlezjf TmNZii TmN3if 7mN41;f TmNSij]

1*371(]) =[(7y _Tm)MT (7y - Tm)M;j (7y - Tm)M;rij (Ty _Tm)MIi/' (Ty _Tm)MsTij]

1ij
I_gj](z) = [(TM _Tm) V;ri/' (TM _Tm) VzTi,‘ (TM _Tm) V3T:jf (TM - Tm)V:lij (TM - Tm)Vstjf]

‘Ql :QI +Q2 +Q3 +N1ij+N1rrj

~S,A, -AlS]. ©,=N, -M +V] -S,A,-K B! S|

3ij 1ij 1ij
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+M2,j7 94: _(l_d)Q2_M3ij 31]+V +V

3ij 3ij

0Q,=-0,-N,, -N. +M

2ij 2ij 2ij

-S,BK,-K/BS,
£ = Ms;, + VSU S3Bin +S:’ ODo=7,R +(1,-7,)R, +5, +SI

The chosen quantizers’ parameters satisfy the following criterion for i =1, 2, ..., r; j=1, 2
-1
) ag, 5220 +0) 1 SB,+5B, 1 1€
1-6
2) w,, is chosen on the plant side such that 2A || SB, +SB, || | @' | <u, | x(1=7(0) || <M,;
3) o =py for k=1, 2, .., r.
Proof Choose the Lyapunov-Krasovskii functional candidate as

R

and M, = || K, || (A, +M,), where A= || K, || A, +A,;

V(x) =V (x) +V,(x) +Vi(x)

where
Vi(x,) = x () Px(1)

V,(x,) = j x"(5)Q,x(s)ds +f x"(5) Q,x(s)ds +f' x"(5) Q,x(s)ds

t-7, t=7(1) =Ty
V.(x,) =f fx'T(v)Rlx'(v)dvds +f f X" (v) R, %(v) dvds

Taking the derivation of V(x,), employing the free-weighting method, then according to the Schur complements, lemma
2 and theorem 1, we can conclude that

W < 3 hL-E (D0ED) +26" (DSBuydlue po0] + Y, 3 WL -£ (1 0E() +2£"(1)(SB, +SBpidlpa )]
i=1 i, j=1 i<j
Based on theorem 1 and the properties of the quantizers ¢, and g,, we know that V() <0; thus the proof is completed.
In the following, we give a result on the design of the feedback gain K;.
Theorem 2 For scalars 7, 7 ws constant d >0, system (4) is asymptotically stable if there exist matrices P >0, Q,(i =

1, 2, 3) >0, R, >0, T\’,U, M,,.j, V,;(I=1,2,.., 5,14, jes), X and Y, of appropriate dimensions such that the following
LMIs hold:

T +0 I} +T, +0

71;1 _TMRI <0, Tgl +El _27mR1 <0 (6)

T‘;il(l) 0 (7 - Tm)R T‘;l(l) +ﬁi1(l) 0 -2(7y _TIVI)RZ

where
0,
N, - Ny, + M, 0,
T = 0, -N,, +M,, -M,, +V;, 0,
N4l'j' - ’V-]rij N4l] + M4lj VZ!/ M + V T/’:-U Q3 - V4ij VIU
P+N5ij _P3AiXT +p X NSI/ +Ms;, @ _T/Szj fls
j—;jl - [TWNllj T NZ!] TmN;ri/' T N4lj THIN;rlj]

~$i1(1)=[(TM T)Mn, (TM_Tm)M;j (TM_Tm)M;y (TM_Tm)MIi/' (TM_Tm)MSTij]

“;](2):[(7_”, T)Vlrj (TM_Tm)VzTi,‘ (TM_TW)T/; (TM_Tm)T/I{f (TM_Tm)T/sTij]

+0,+0,+N,, +N|

1ij 1ij

{32
(Q?

-pAX" -p XA!, ©,=N,,-M;+V|, -p,AX" -p Y B]

0, =-0, - N -N,, +M2U+MZU, 2,=-(1-40, - M3” -M;, +V, +V,

3ij 3ij 3ij
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The chosen quantizers’ parameters satisfy the following for i=1, 2, ..., r; j=1, 2,

201 +8) [[p, X" 0 p, X" 0 p X '|(B,+B)|| Q"
b s e, ' X7 l L bt max | Y57 | (4, + M,), where A =

1-6
mjax( [YX " |A +4,);

ey T
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2) u,, is chosen on the plant side such that
24[[p X" 0 pXT 0 pXT(B+B) [lQ7 Ispi Ix(1-7(1) <M,

3) toy =py, for k=1,2, ---, r and the controller feedback gain K; = Y].X‘T.

3 Numerical Example

Consider the following nonlinear mass-spring system :
¥ =x,, X,=-0.0lx, -0.67x +u (7)

where x, e [ =1, 1]. Choose fuzzy membership functions as u, (x,) =1 —x7 and u, (x,) =1 —pu, (x,). The following
fuzzy model is used to model the NNCS: 1)If x, is u,, then ¥ =A,x + B,u; 2) If x, is u,, then ¥ =A,x + B,u, where

Alz[—(?m (l)] Azz[—(g68 (1)] B‘:Bzzm

For this example, we use theorem 2 to find feedback gains K such that the ~ Tab.1 Upper bound of 7, for given 7,

controller with a set of suitable parameters can guarantee that the closed-loop T T

system has a good performance. We set p, =1, p, =0.3, p, =20 and 0 =1. 0.05 12060
By solving the LMIs (6) for i =1, 2 and j =1, 2 simultaneously, the upper 0.10 1246
bound of 7, can be obtained when 7, is given, which is shown in Tab. 1. The 0.20 1.230 0
corresponding matrices K, , K,, Y,, Y, can be solved. For example, when 7, 0.30 12318
= 0.5 s, the corresponding Y, = [ -9.8803 8.3238], Y, = 0.50 1.233 0

[ -2.6077 0.4183 ]; and the corresponding feedback gains K, =

[ -0.1683 -0.6705], K, =[0.4895 -0.714 2]. Choosing §=1/9, || K, | =0.691 3 and || K, | =0. 865 8, the
quantization range of g, is M, >7.934 5 x 10 °A and that of g, is M, >6.869 7 x 10 A +0. 865 8A,, where A =0. 865 8A,
+4,. Using the obtained feedback gain K, given above, the responses of system (7) are shown in Fig. 2, where the initial
condition is x(0) =[0.3, 0]". From Fig. 2, we can see the effect of signal quantization on system (7).

0.4 Without i 0
S ithout quantizer .
3 0.3 — With quantizer -0.02
- 0.2 =-004py 0 e Without quantizer
0.1 S - 0.06 i — With quantizer
0 - -
0 5 0 s 2 0-085 5 10 15 2
t/s t/s
(a) (b)

Fig. 2 State responses of system (7)with and without quantizers. (a) State response of x, ; (b) State response of x,

4 Conclusion

This paper investigates the NNCSs with interval time-varying delay when considering the effects of quantization. Based on
the Lyapunov-Krasovskii functional method, a less conservative condition is formulated. A numerical example is given to
show the effectiveness of the proposed method. Some interesting problems on this topic to be considered in the future in-
clude the design of an output-based quantized feedback and the H_ controller design, and the guaranteed-cost controller and
the filtering design for the NNCSs.
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