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with output transfer delay
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Abstract: Networked control system (NCS) was regarded as a sampled-data control system with output time-delay and a
mathematical model was set up. So a fault observer was constructed, and the indicator of system faults-residual was generated.
Then fault detection and isolation (FDI) approach based on this observer was introduced. The design algorithm of the FDI ob-
server was summarized. At last, an example is given to show the approach is feasible.
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1 Introduction

Networked control system (NCS) is an emerging re-
search topic which has received increasing attention.
Nowadays NCS can be found in manufacturing plants,
aircraft, automobiles, and many other systems. In
NCS, the information not only from sensors to controller
but also from controller to actuator is transmitted by net-
work, such as serial communication channel'!’ .

From Fig. 1, we can see networked control system
contains continuous-time plant and discrete-time con-
troller. They can be synchronized by sending syn-
chronous signal through the network. So NCS is factual-
ly sampled-data control system. We can discretize the
continuous plant of NbS to get the discrete model.
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Fig. 1 Networked control system

One of the basic problem of NCS is the time-delay.
In this paper the processing time of the observer and
controller is omitted. So time-delay is actually transfer-
delay . Obviously r is time-variant. We assume the
maximum of r is limited.

For observer-based fault detection and isolation (FDI)
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approach, the generation of residual r(¢) is a crucial is-
sue. Generally, fault is detected by comparing the resid-
ual to zero: 7(z) equals to zero for the fault-free case;
otherwise it will be non-zero. If () has a fixed direc-
tion when responding to a fault, fault isolation is
achieved. Though there are lots of observer-based FDI
results, few is for time-delay system.

This paper deals with the fault diagnosis problems of
networked control system. An FDI observer is present-
ed. Then the FDI scheme is set up.

2 Problem formulation

From Fig.1, we can get the continuous-time, state-
space model of the linear time-invariant plant dynamics

{x(t) = Ax(t) + Bu(t¢) + Bd(t) + Bf(1),

y(t) = Cx(t) + Df(1),

(1)
where x(¢) is the state vector, u(z) and y(¢) are the
control and output vector, d(¢) is the unknown input
" (or disturbance) vector, f(¢) is the unknown fault vec-
tor, which includes the actuator fault f,(¢) and the sen-
sor fault f,(¢). Matrices A,B,B;,B;,C,D are of
compatible dimensions.

Discretize (1) , we can get

{x(k+1) = Ax(k)+Bu(k)+Bd(k) + B f(k),

y(k) = Cx(k) + DF(K),

(2)
where
(A:e",é:C,D:D,
. T
B = JOeA(T“)Bds,
(3)

<. T
Byd = JOeA(T")B,id(s)ds,

w T
kaf = JOeA(T_‘)Bff(s)ds.

Because of the network-induced delay the input of the
discrete controller is w( k) = y(k — 7;). And 7, is the
sampled periods’ number of delay.

Yu Z X et al'®) designed a state observer and proved
its observablity. In this paper we extend that and con-
struct an output fault observer which can compensate the
transfer delay.

Iterate the following equation
x(k +1) = Ax(k) + Bu(k) + Bd(k) + B;f(k),

we can get

x(k - Tk) =

&
A (k) = D A% Bu(k - i) -
i=1

TE fk
DIATTIBA(k - i) - D AT Bk - i),
i=1 i=1

(4)
w(k) = y(k - 73,) =
A (k) - Ciﬁi"k‘lﬁu(lc -i) -
C X A Bl - 1) -
CZA""k“éff(k — i)+ Df(k - 7). (5)

The observer with the compensation function has the
following structure
£(k+1) =
A2(k) + Bu(k) + F. (w(k) -

(EA=2(k) - €30 A5 BuCk - D)),
y(k) = Cx(k). (6)

Combine (2) and (6),
e(k+1) = x(k+1)—£(k+1) =

%
Le(k)+F €O A% Bud(k—i)+Bud (k) +
i=1

%
Ftiéz;ﬁi"ﬁ‘lf}ff(k— i)+ B f(k) - F.Df(k-7p),
(M
where Lﬁ = A - F,ECA"E.

Now we have the following theorem:

Lemma 1 To system(1), if (A, ) is observable,
then L can deploy the poles freely for any transfer delay
Tk .

Proof See[2].

3 Residual generation and fault detection

The z-transform of e{ k) can be got from (7):

e(z) =

T
(o = L) (F C2 A" Bl +
i=1

&
Bpd(z) + (ol - L) ' (F.C 2 A% Brr™'l +
i=1

By + F D 5D f(2). . (8)

" Faa
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The residual () is generated from the error of the
actual and estimated measurements of the output:
r(k) = Qe (k) = Q(y(k) - #(k) =
QCe(k) + QDf(K).
From (8) and (9), we have
r(z) =

(9)

i
QC(al - L) (F L2 A" Byl +
i=1

B))d(z) + [ QD + QC(al - L,)""(B, -

F. Dzl + F,}Ci}ﬁi"h‘lf?fz‘il)]f(z). (10)

(10) indicates that the residual r is only relevant with
the disturbance d and the fault /. To design a disturbance
decoupled residual, we need to make the transfer func-
tion from the disturbance to the residual G,; be zero,
while G,r, which denotes the transfer function from the
fault to the residual, should not be zero. That is

Gy = QC(z - L)'E, =

%
QC(al - L) (By+ F. & 2 A" By27T) =0,
i=1

7 (11)
G# = QD + QC(ZI - Ltk)_l(éf - Frkbzrkl +
%
F LA BeaT) 2 0. (12)
i=1

But it is a complicated process to achieve (11) and
(12) because the transfer delay is time-variant. In actual
systems, some measures can be taken to change the
time-variant delay into relative constant delay in order to
simplify the problem!?-!
signed to achieve (11).

Lemmma 2 Set H = QC, then the sufficient condi-
tions for satisfying the disturbance de-coupling require-
ment (11) are either of the following '

. So the following lemma is de-

%
1) HB; = O,HF.C > A" %"'B, = 0,HL, = 0;
i=1

%
2) HBy = O,HF, L DA ""'By = 0,L B, = 0.

izl
Proof (11) can be expanded as
Gu = H(d - L)E, =

z7'H(I+ L,kzr.“'+L2,*z:‘2 + ) (By+

%
F LY A% B2,

Obviously when conditions 1) or 2) is satisfied we can
conclude G,; = 0.
Remark When condition 1) holds true, (12) will

_be

G# = QD + Z_IH(Bf - F,tlﬂ)z'a[ +

%
FE DA By,

The design of F 7, » Lz, will be lucubrated in the next
section.

4 Fault isolation and design algorithm

In general, fault isolation task can be fulfilled via a
directional residual vector. Presume G,; € R”*™(p <
m). If G, ; has full row rank p, then we can easily find
a matrix Po € R™"7 so that PoG, s € RP*? is invertible.
Residue. matrix coefficient can be designed as

P(z) = A(2)[Po(2) G (2)]7' Py, (13)
where A(z) is in a p x p diagonal form. So the transfer
function from fault to residual P(z) G, [(z) = A(z) is
in a diagonal foorm. The fixed-direction residual make
fault isolation possiblem .

If G,/ is not of full column rank, the above design
method is not feasible. Under such a circumstance, we
can achieve optimal fault isolation design. That is to
find P(z) which minimizes the following performance
index :

Jo=11A(2) - P(2)6,{(2) || »,  (14)
where || + || » denotes H,-norm which is defined as
¢l = supc;'iG}.

The realization of (14) is a standard model-matching
problem in robust control. [ 5] provides the solution
of it.

The design procedure of the FDI observer of NCS is
summarized as the following algorithm.

Step 1 Choose @ so that HB; = 0.

Step 2 Select F, which satisfies conditions 1) or 2)
of Lemma 2. We can use eigenstructure assignment
technique by assigning left eigenvectors or altemative
right eigenvectors. If it fails, the problem can not be
solved. Stop.

Step 3 Compute (12). If G, ; >« 0, continue; else if
all solutions of Step 2 fail to satisfy (12), the problem
can not be solved, stop; otherwise go back to Step 2.

Step4 If G, € RP*™ has full row rank, compute
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P(z) by (13); otherwise use model-matching -approach
to find P(z) which minimizes (14).
S Example

Consider the following continuous plant
x(t):[i :]x(t)+[(1)] u(t)+[(1)] d(t)+[: 0 f(2),

YOI [ PTORY bl VO
where d(k) is random and the fault vector is composed
of one sensor fault vectors and one actuator, that is f =
fe £
Set T=1sand 7=0.1s, Use (3), we can get
x(k+1) =
4,1945 3.1945
3.1945 4.1945

[l 40+

1.7183
b [V

206 + || pgal wUR) +
3.4366 0

3.4366 O]f(k)’

y) = [ O)=ter+[o ).

Obviously 7, = 1, follow the design algorithm in Sec-
tion 4. '
Step 1 Choose Q = [1 - 1] to satisfy QCB, = 0.
Step 2 Use eigenstructure assignment technique by
assigning left eigenvectors, so
20.41 19.41
F, = F = ].
k 19.41 20.41
and

11
=[]
k 1 1

Step 3 Compute (13) according to Remark 2 of
Lemma 2, we can get

1 1
Grf=[_z2 22]750-
Step 4 Since G,; € R'*2, mutual fault isolation can
1 0
not be achieved. Set A = [0 1] P =[-22 2]"is

found to minimize (14).
Finally, the residual has the form of
r(z) 1 -1
[ o
The random unknown input d( %) and the residual of
the fault-free case is shown in Fig.2. And Fig.3 is the
simulation result of the residual in the fauit case. From
the curve it is obvious when both a sensor fault and an

actuator fault with amplitude 10 occur at 4 s and 7 s,

they can be almost signified by curves 1 and 2 respec-
tively.

residual

1: d(k)
-2 2: Hk) ,
-25 ' '

001 2 34 56 7 8 910
t/s

Fig. 2 Fault-free case

122107
1
L:r (k)
0.8 2: ry (k)
2 06
¢
0.4
0.2
0 L—— ]
0 1 2 3 4 5 6 7 8 910
t/s
Fig. 3 Fault case
References:

[1] ZHANG W, BRANICKY M S, PHILIPS S M. Stability of net-
worked control sytem [J]. IEEE Control System Magazine , 2001 ,21
(1):84-99.

[2] YU Zhixun, JIANG Ping, CHEN Huitang, et al. Design of status
observer for network control system with transfer delay [J]. Infor-
mation and Control, 2000,29(2) : 125 - 130.

(T2, 5T .55y, 5 REKWMEEMRBREHRE D
RAEMMEERBT(I]. /58 58MH, 2000,29(2):125 - 130.)

[3] BRANICKY M S, PHILLIPS S M, ZHANG W. Stability of net-
worked control systems: explicit analysis of delay [A]. Proc of
American Control Conference [C]. New York: IEEE Press, 2000:
2352 - 2357.

(4] CHEN J, PATTON R J. Robust Model-Based Fault Diagnosis for
Dynamic System [M]. Londen: Kluwer Academic Publishers, 1999:
19-137.

[5] HUNG Y S. Model-matching approach to H.. filtering [J]. IEEE
Proc-D: Control Theory and Applications, 1993, 140(2): 133 -
139.

A& WA

ZHENG Ying (1977 —),female. She received the Industry Auto
(Continued on page 656)

TR TR T

o~



http://www.cqvip.com

No.5 Z0U Xi-yong et al: Vector field based robot navigation using hybrid genetic/simulated annealing algorithm 663

[C]. [s.1.]:[s.n.],1999:235 — 240.

[4] CHEN P C, HWANG Y K. SANDROS: a dynamic graph search al-
gorithm for motion planning [J]. IEEE Trans on Robotics and Au-
tomation , 1998,14(3):390 - 403.

[5] VALAVANIS K P, HEBERT T, KOLLURU R, et al. Mobile robot
navigation in 2-D dynamic workspace using an electrostatic potential
field [J]. IEEE Trans on Systems, Man and Cybernetics, Part A,
2000,3(2):187 - 196.

[6] CHUANG J H. Potential-based modeling of three-dimensional work-
space for obstacle avoidance [J]. IEEE Trans on Robotics and Au-
tomation , 1998, 14(5):778 ~ 785,

[71 GESS, CUL Y J. New potential functions for mobile robot path
planning [J]. IEEE Trans on Robotics and Automation, 2000, 16
(5):615-620.

[8] _JAWAHAR N, ARAVINDAN P, PONNAMBALAM S G, et al. A
genetic algorithm-based scheduler for sefup-constrained FMC [ J].
Computers in Industry, 1998,35(3) :291 - 310.

[9] YAMAMOTO H. Robot path planning in FA by the scrap and build
fitness method [ A]. Proc of Int Workshop on Robot and Human

Commumication [C].[s.1. 1[s.n.], 1997:242 - 247.

[10] KATAYAMA K, NARIHISA H. Performance of simulated anneal-
ing-based heuristic for the unconstrained binary quadratic program-
ming problem [J]. European J of Operational Research, 2001,134
(1):103 - 119.

[11] WONG K P, WONG Y W. Development of parallel hybrid opti-
mization techniques based on genetic algorithms and simmulated an-
nealing [A]. Proc of AI'S4 Workshop on Evolutionary Computa-
tion [C]. [s.1.]:[s.n.],1994:132 - 62.

E FE

BEE (1979 —), B WO XEFESTRERGLHRLE, =
BRRT AN EAEENTANEREHERS,E
mail; zouxiyong @ 163 . net;

OB (1938 )8 T RERS TR¥REE, B4R
W, ERRRG AR REEEER, SN EARHS,
Y BEBEH LR AT, HEEH S EE 4B, REB¥RB X 80
%55 ,E-mail: zhujinghz@ yahoo . com. cn.

(Continued from page 656)

mation Bachelor ' s degree from Huazhong University of Sciemce and
Techanology. Received Control Theory and Engineering Master’ s degree
from Huazhong University of Science and Technology in 2000. Now she is a
doctor candidate in Center for Nonlinear and Complex Systerns in the depart-
ment. Her research interests include fault diagnosis and fault-tolerant control
of networked control system . E-mail: zyhidy @ sohu. com;

FANG Hua-jing (1955 —),male. He received the Ph.D. degree
from Huazhong University of Science and Technoligy st the Departmeng of
Control Science and Engineering in 1991 . Now he is a professor, doctoral
advisor, the director of Control Theory Research Institute, and the vice-di-
rector of the Center for Nonlinear and Complex Systems. His cumrent re-
search interests include control system fault diagnosis, robust control and

fault-tolerant control, analysis and synthesis of networked control system;

WANG Hua (1966 —),male. He received the Ph.D. degree from
University of Maryland at College Park in 1993. Now he is professor in
Aeronautic and Mechanical Engineering Department, Boston University, U.
S.A., and director in Center for Nonlinear and Complex Systems in
HUST. His research interests include nonlinear control, intelligent control,
networked control system, robot and sensor data fusion;

LILi (1976 —),male. He had graduated from Huazhong Universi-
ty of Science and Technology in 1999 with a B.S. degree. He is currently
studying at Systems and Industrial Engineering Department, University of
Arizona. His research fields inchude robust control and its application, intel-
ligent controll and intelligent transportation.



http://www.cqvip.com

