Automatization

arrays. J. Electron. Imaging. 2011;23,pp.103-
110.

14. Alex Tek, et al.. Advances in Human-Protein
Interaction-Interactive and Immersive Molec-
ular Simulations.” Biochemistry, Genetics and
Molecular Biology.Protein-Protein Interac-
tions-Computational and Experimental Tools.
2012,12,pp.27-65.

15. Zhihan Lv, Alaa Halawani, Shengzhong Feng,
Shafiq ur Rehman, Haibo Li. Touch-less In-
teractive Augmented Reality Game on Vision
Based Wearable Device. Personal and Ubiqui-
tous Computing. 2015,5,pp.123-125.

Research of a Mixed Robust #, / #, Controller Design for NCS
with Variable Sampling Intervals and Time-delay

Yan-guang Li', Hao Bu®

1College of Mathematics and Computer Application, Shangluo University,
Shangluo Shanxi, 726000, China
2College of Urban,Rural Planning and Architetural Engineering, Shangluo University,
Shangluo Shanxi, 726000, China

Corresponding author is Yan-guang Li

Abstract

Based on Lyapunov stability theory and linear matrix inequalities (LMIs) method, parameter-dependent and pa-
rameter-independent states feedback controller, the states feedback controller and dynamic output feedback con-
troller are designed, respectively. The necessary and sufficient condition of existence the above controllers are
given by LMIs. Considering the disturbance and noise, the mixed robust H, / H_, performance of the discrete-
time polytopic uncertain system is proposed, which is used to improve the system transient performance and to en-
sure the robustness of the system simultaneously. Finally, the robust states feedback and dynamic output feedback
controllers are designed and an example is given to show its effectiveness.
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1. Introduction

NCSs(Networked Control Systems) are some
feedback control systems where the feedback loops
are closed by some communication networks. NCSs
have many advantages such as less wiring, easy in-
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stallation and maintenance, etc. In recent years, there
are many research about NCSs. There are also many
special issues for NCSs published by some Interna-
tional Journals[1-6]. In the practical network control
system, stability and controller design will be impact-
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ed by the external disturbance inevitably. The con-
troller design does not only require that the system
should maintain stability, but also should have robust
inhibition and satisfy some performance index. Re-
search of the robust controller with variable sampling
intervals and time-delay is very less. In the literature
[7], NCS with time-varying sampling period and
the packet loss is modeled as a discrete time switch-
ing system. And it gives the method of H controlled
design combined with a cone complementarity lin-
earization method for NCS in the literature [8]. Li
Xuan[9] considered fault-tolerant control for NCS
with variable sampling intervals and time-delay with-
out noise jamming under the frame of continuous-
time system. H, and H, control performance are
two commonly used in the control systems. Where
H, can improve the systems’ transient performance,
H, can ensure the robustness of the control systems
with noise jamming and uncertainty.

In this paper, a mixed robust H, / H, control
is adopted which has performance of both the H,
and H . It can obtain the balance between dynamic
properties and robustness. On the other hand, a sys-
tem’s state can not be measured directly. Therefore,
the state feedback controller is designed in the ideal
case that all the states can be measured here.

2. A Mixed RobustH, / H, State Feedback
Control

Assuming the ideal case that all the state can be
measured, then we will design a state feedback con-
troller to make the NCS with variable sampling inter-
vals and time-delay maintain asymptotic stable and
satisfy corresponding mixed robust H, / H, perfor-
mance.

Considering a continuous-time and linear con-
trolled plant, that’s

X = A.x(t) + B.u(t) + B,,w(t)
y1(t) = G x(2) + Dy ou(t) + Dypew(t) (1)
N (1) = Cypx(2)

Where x(¢) € R™ is the state of system, u(¢) € R!
is the system’s input, y;(r) € R? is the controlled
plant’s output of system, y,(¢#) € R™ is the measured
output of controlled plant, the outside interference
signal w(?) e RY is a bounded energy noise, 4., B,
B,, C., Dy, D, and C,. are constant matrix
with appropriate dimension.

Sampling intervals /4 and time-delay 7; in the
NCS is unknown, time-variant and bounded, that’s,
By € [PminsMmax ) 7k € [Tmin>Tmax]- TO convert
continuous system Eq.(1) into discrete system, a lin-
ear discrete-time system with polytopic uncertainty is
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obtained as the following,which converts the uncer-
tainty of the sampling intervals and time-delay into
the system parameters’ uncertainty, that’s,

2(k +1) = A(a)z(k) + B(a)u(k) + E(a)w(k)

(k) = Cz(k) + Dyyuk) + Dypyw(k) (2)

(k) = Cyz(k)

Where, z(k) e R" is an augmented vector, A4, ,
B, and E, are unknown matrix with appropriate
dimension, they all belong to the given convex poly-
hedron area, that’s,

a’~a

C, =[Cp 0], Dyy = Dyyer Dyy = Dy,

Q(a) = {4y, B, Co} = 37 @i(4;, B, Ey)

Design a state feedback controller, that’s,
u(k) = Kz(k) 3)

Eq.(1) is substituted in Eq.(2), we can get Eq.(4),
that’s,

z2(k+1)= ch(a)z(k) + E(a)w(k)

yi(k) = Ciz(k) + Djow(k) 4)
N (k) = Cyz(k)
Where,  Ay(a) = A(@) + B@)K , E(a) = Ea),

61 = Cl + DHK .

The task of H, / H, robust control is that the
state feedback controller designed by Eq.(3) to make
the closed-loop system (4) asymptotically stable un-
der all parameter uncertainty allowed for the convex
polytopic uncertain systems Eq.(2), and meanwhile it
must satisfy the following performance index, that’s,

(i) Robust H, performance. Minimizing

n >0 to make the norm of H,minimize, that’s,
”T YW ¢ )”OO < n for the closed-loop system T Yyw ©);

(ii)Robust H_ performance. Given y >0, the
norm of H,, that’s, “Tylw(é’)u < y,VYw(k) = 0 for

the closed-loop system T ylw(§ );

3. Main Conclusion

Lemma 1[10] For the given r >0, to make the
closed-loop system Eq.(4) asymptotically stable,

and “Ty2w(é’ )HOO <n, the necessary and sufficient

conditions is that there are real symmetric posi-

tive definite matrices P; and W,,i=1,2,...,u, and

for all time-varying parameters « € L, there are
ﬂ #

Py(a) =) aiPy and W(a) =) " a;W;, mean-

while, the following inequalities must be satisfied,
that’s,

trace(W (a)) < 771/2 Q)
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C Py (a)C] -W(a)<0 (6)

A (@) Py(a) A (@) - Py(@) + E(@)ET (@) <0 (7)

Theorem 1 For the given n >0, to make the
closed-loop system Eq.(4) asymptotically stable, and
”T VoW (&) <mn, the necessary and sufficient condi-

tions is that there are real symmetric positive definite
matrices P;, Wi,i=1,2,...,u and matrix G, for all
time-varying parameters « € L, the following in-
equalities must be satisfied, that’s,

trace(W;) < 77]/2 ®)
B4 G
T <0 )

L * G-G + Py
-, 4G E;

£ -G-GT+P; 0 <0 (10)

* % .y 5

Prove.

To make a sum for inequalities (8) after the left is
multiplied by ¢; , then we can get the inequalities (5),
meanwhile, to make a sum for inequalities (9) and
(10) after the left is multiplied by ¢; , then the theo-
rem 1 can be proved, g.e.d.

Before analyzing the H_ performance, first of all,
we give the bounded real theorem of the discrete time
system. Considering a linear discrete-time system,
that’s,

{x(k +1) = A%(k) + BW(r) an

(k) = Cx(k) + D(?)

Where X(k) e R" is the state of system,
(k) € R™ is the controlled plant’s output of sys-
tem, the outside interference signal w(k) e RY is a
bounded energy noise. If for one kind of external
disturbance Ww(k), the the controlled plant’s output
of system j(k) is always small, then the system is
considered to have a good inhibition performance
for external disturbance.

Lemma 2[11] (Bounded Real Lemma of the Dis-
crete Time System) For the above discrete time sys-
tem (11), the following conditions under the given
constant y > 0 is equivalent , that’s,

(i) System is asymptotically
"Tiw(Z)”oo <7

(i1) There is a real symmetric positive definite ma-
trix P >0, to make

stable and
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-P AP B 0
+« -p 0 pcT
. . o DT <0 (12)
* % * —;/2]

Theorem 2 For the given y >0, to make the
closed-loop system Eq.(4) asymptotically stable, and
”T ylw(g“ )| <y, the necessary and sufficient condi-

tions is that the real symmetric positive definite ma-
trix P;(i=12,...,u) and the general matrix I' sat-
isfy the following inequality, that’s,

-P; AT E 0
T . TAT
TRy 0 TG 0, (13)
* * -1 D,E
* * * _}/2[
Prove.

By the lemma 2, to make the closed-loop system
(4) asymptotically stable and satisfies HT yw(& )H <y,

the necessary and sufficient conditions is that there
are real symmetric positive definite matrices P;,
for all time-varying parameters « e L, there is
Po(@)="" ;P and the following inequalities

must be satisfied, that’s,

~P (@) Aq(@)P.(a) E(a) 0

@ 0 R@G
. . -1 Db

* * * —y2]

g.e.d.

Theorem 3 For a given scalar y > 0, there exists
a state feedback matrix u(k) = Kz(k) in the uncer-
tain discrete-time system (2) to make the closed-loop
system (4) asymptotically stable. And minimize 7

to make “Tyzw(g)“2 <n and satisfy HTylw(g’)HoO <y,
the necessary and sufficient conditions is that there
are real symmetric positive definite matrices P;,
P;,i=12,..,u and general matrix G, Z to make
the following optimization problems

n= _min fraceW;),i=1,2,...u (15)
2458215 L ooi
satisfy
-W; GG
T <0 (16)
*  -G-G + Py
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_-1)21' Al‘G-i-Bl'Z Ei
£ -G-GT+P; 0 <0 (17)
* * -1/
—_Pooi AIG + BIZ Ei 0
« —G-GT+P, 0 G'cl +2"D]|
ool 1 , Dll <0(18)
* * -1 Dy,
| o* * * _7/2[

and have a optimal solution G and Z . Then the
corresponding parameter of mixed robust H, / H,,
state feedback control is K = ZG™!.

Prove.

Expanding the inequalities (9) and (10), and
assuming I'=G, Z =KG, then the inequali-
ties (17) and (18) can be obtained. Meanwhile, as
-G-GT +P; <0, -G-GT + P,; <0, then there is

G+Gl >0=Gis nonsingular matrix

= G| existes

where P;, P; are real symmetric positive defi-
nite matrix.

Q.e.d.

4. Numerical Simulatioms

In this paper, the example is borrowed from litera-
ture [6], and continuous-time linear system is given
as follows

- -2 -6 1.5 6.5

x(t) = [_2'1 —5.8} x(1) + [—8.5} u(t) + { 3 }w(t)
() =[-1.5 0.1]x(#) - 0.5u(r) (19)
»@0=[1 1]x@)

Where the sampling interval #;, is switched in the
set of {0.1,0.11,0.12}, the corresponding upper lim-
it of time-delay is 7j . = 0.34; . Here we assume
sampling interval and time-delay to be continuously
variable, that’s,  €[0.10.12]s, 7, €[0,0.1]s, the
delay is expanded its scope here. The sampling period
is unknown, bounded and time-varying.

The characteristic roots of the system matrix A,
are 4 =0.2, 4 =-7.5, and the continuous time sys-
tem is unstable. The value of the the external interfer-
ence signal w(r) is as follows, that’s,

(20)

sin(?) 2.0s <t <8.0s
)=
W) {0 others

(1) Only considering the H, performance to solve
optimization problem  min frac(W;), which is

s &5 L)
crestrained by the inequality (16) and (17). Using
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the parameter P;,i =1,2,..., 4 depended on Lyapu-
nov function and the parameter P = Py;,i =1,2,...,u
does not depend on Lyapunov function, respectively,
to get the optimal H, performance index, that’s,
Nmin = 0.8721 and 7,,;, = 0.8806.

(i1)) Only considering the H  performance to

solve optimization problem min y, which is crest-
s &5 L))

rained by the inequality (18). Using the parameter
P,i=12,..,u depended on Lyapunov function
and the parameter P, = P;,i =1,2,..., u does not de-
pend on Lyapunov function, respectively, to get the
optimal H, performance index y,;,as the table 1
below.

Table 1. Robust Performance H,, of NCS with Variable
Sampling Period

Lyapunov function H 2 performance
index ¥min
Parameter dependent 25542
of P i
Parameter independent of]
2.6781
P, o = P oof
The result in literature [6] 4.0073

(iii) Considering the mixed H, / H, perfor-
mance to solve optimization problem inequality
(15). Using the parameter P;, P, ;,i=1,2,...,u de-
pended on Lyapunov function and the parameter
P, =P;, P ="P,i=12..u does not depend on
Lyapunov function, respectively, to get the optimal
H; performance index 7,,;, as the table 2 below.

Table 2. Robust Performance H, / H, of NCS with
Variable Sampling Period

Parameter Parameter
14 g:rirl?géirt independent independent
b (P =Py Py = Pyl (Py = Py)
2.5542| 1.0411 No result No result
2.6781| 0.9276 0.9371 No result
3 0.8914 0.8861 1.0412
3.5 0.8756 0.8861 0.9869
4 0.8721 0.8861 0.9578
4.5 0.8720 0.8861 0.9411
5 0.8720 0.8861 0.9295
6 0.8720 0.8861 0.9152
7 0.8720 0.8861 0.9072
8 0.8720 0.8861 0.8985
9 0.8720 0.8861 0.8985

No. 9 — 2015




Automatization

The figure 1 is the relationship between the actual
H, robust performance and H_, robust performance
in the case of y > 0 given. The results above the dot-
ted line is that it adopts public Lyapunov function,
the result below solid line is that parameter is used
which is dependent of Lyapunov function. The curve
in figure 1 shows that H, performance index 7y,
decreases with that the disturbances rejection gamma

y increases. It suggests that the system’s robustness
has a conflict between the other performance of the
system. Improving the robustness of the system is
on the understanding that reducing the dynamic, and
vice versa. At the same time it also shows that by us-
ing common Lyapunov function the results’ conser-
vative is larger.

" Parameter

Dependent
Common

Function
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Figure 1. The Relationship between H, Robust Performance Index 7,,,;;, and rejection gamma y

Initial state z[0]=[1 -I O]T, select y =9, we
can get the state feedback gain in the case of param-
eter dependent is that,

K =[-0.4226 03154 -0.2997]

Figure 2 is the state response of the closed-loop
system and the system’s controlled output curve. It

1.5

shows that in the case of the external interference, the
state feedback controller is obtained under the situa-
tion that the parameter selected is dependent on Ly-
apunov function. It can be seen that for the unstable
continuous time systems, the state feedback control-
ler designed can keep the system asymptotic stable in
this paper.

1

0.5}

O

s e e
=

%

I 1

2

8 10 12

Figure 2. The State Response of the Closed-loop System and the System’s Controlled Output Curve

In the case of the external interference, figure 3 is
the state response of the closed-loop system and the
system’s controlled output curve in literature [7].

Comparing figure 2 with figure 3, it can be seen
that the proposed mixed robust H, / H_, state feed-
back controller in this paper, under the action of no
interference it only took 1.2 s to make the system
quickly reach a stable state. While in literature [7], it
need take 2.0s to enter into a stable state. Therefore it
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can be seen that the state feedback controller designed
in this paper is better than the results in literature.
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