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Packet Dropout Compensation for Networked Control Systems: A
Multiple Communication Channels Method

Yu-Long Wang and Guang-Hong Yang

Abstract—This paper is concerned with the problem of
H.. controller design for networked control systems (NCSs)
with time delay and packet dropout. The idle communication
channels are made full use to compensate the negative influences
of time delay and packet dropout. By defining new Lyapunov
function, linear matrix inequality (LMI)-based H.. controller
design is presented, and the merit of the proposed design
methods lies in their less conservativeness, which is achieved by
avoiding the utilization of bounding inequalities for cross prod-
ucts of vectors. The simulation results illustrate the effectiveness
of the proposed multiple communication channels-based time
delay and packet dropout compensation.

I. INTRODUCTION

Networked control systems (NCSs) have received increas-
ing attentions in recent years. However, the insertion of the
communication network will lead to time delay and data
packet dropout inevitably, which might be potential sources
to instability and poor performance of NCSs.

Many researchers have studied stability/stabilization of
networked control systems in the presence of network-
induced delay [1]-[3]. Based on remote control and local
control strategy, a class of hybrid multi-rate control models
with uncertainties and multiple time-varying delays was
formulated in [4], and their robust stability properties were
also investigated. For other results dealing with time delay
specifically, see also [5]-[10].

Besides the network-induced time delay, data packet
dropout is also an important issue for NCSs. [11]-[12] stud-
ied the problem of stabilization of NCSs with packet dropout,
and time varying optimal control with packet dropout was
studied in [13]. There have also been considerable research
efforts on H., control for systems with time-delay [14]-[18].

As we can see, the problem of time delay and packet
dropout compensation is seldom discussed in the papers

This work was supported in part by Program for New Century Excellent
Talents in University (NCET-04-0283), the Funds for Creative Research
Groups of China (No. 60521003), Program for Changjiang Scholars and
Innovative Research Team in University (No. IRT0421), the State Key
Program of National Natural Science of China (Grant No. 60534010), the
Funds of National Science of China (Grant No. 60674021) and the Funds
of PhD program of MOE, China (Grant No. 20060145019), the 111 Project
(B08015).

Yu-Long Wang is with the College of Information Science and En-
gineering, Northeastern University, Shenyang 110004, China. He is also
with the Key Laboratory of Integrated Automation of Process Industry,
Ministry of Education, Northeastern University, Shenyang 110004, China.
feixiangwyl@1l63.com

Guang-Hong Yang is with the College of Information Science and
Engineering, Northeastern University, Shenyang 110004, China. He is also
with the Key Laboratory of Integrated Automation of Process Industry,
Ministry of Education, Northeastern University, Shenyang 110004, China.
Corresponding author: yangguanghong@ise.neu.edu.cn

978-1-4244-2079-7/08/$25.00 ©2008 AACC.

listed above. Recently, there are some preliminary results
on compensating for time delay and packet dropout. In [19],
an estimator was used to reconstruct an approximation to the
undelayed plant state. By using a buffer in the actuator node
and a state estimator in the controller node, [20] presented
LMI-based sufficient condition for the stability of NCSs, but
the problem of controller design was not discussed in [19]
and [20]. By using prediction-based method, [21] and [22]
studied the problem of time delay compensation for NCSs.
[23] was concerned with the design of NCSs with random
network delay in the feedback channel and gave stability
criteria of closed-loop networked predictive control systems.

Just as we can see, the compensation methods presented
above are usually based on estimation or prediction. If the
prediction-based method is used, an augmented state vector
is usually defined (see [22], [23]), and the introduction of the
augmented state vector will introduce some conservativeness
since the common positive definite matrix P with special
structure is needed (see [22]).

On the other hand, one of the most important characters
of NCSs is the sharing of the communication channels, if the
sampled data from the sensor are transmitted through differ-
ent communication channels which are idle, the actuator may
still receive control inputs even the network communication
in some channels is lost for long time, and the sharing of
the idle communication channels will not increase the cost of
hardware. In this paper, we will propose a new compensation
method which is realized by making sufficient use of the idle
communication channels. The discretized controlled plant is
considered in this paper, and every communication channel
may experience time delay and packet dropout.

This paper is organized as follows. The model of NCSs
with multiple communication channels is presented in Sec-
tion 2. By using LMI-based method, Section 3 presents the
H.. controller design for NCSs with multiple communication
channels, time delay and packet dropout. The results of
numerical simulation are presented in Section 4. Conclusions
are stated in Section 5.

II. PRELIMINARIES AND PROBLEM STATEMENT

The typical structure of NCSs with multiple communica-
tion channels is shown in Fig. 1, where K; (i=1, ---, p)
are controllers corresponding to plant i. The motivation of
this paper is to compensate the negative influences of time
delay and packet dropout by making full use of the idle
communication channels and controllers.

Remark 1. Just as shown in Fig. 1, if the network communi-
cation in the channel 1 is lost for long time, the communica-
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Fig. 1. NCSs with multiple communication channels

tion channels 2, 3, -- -, p (if they are idle) may also be used to
transmit control inputs for the plant 1, which will reduce the
negative influences of time delay and packet dropout on the
plant 1. On the other hand, if the communication channels
2, 3, ---, p are all busy, then only the channel 1 is used
to transmit control inputs for the plant 1, so the NCSs with
single communication channel can be viewed as a special
case of NCSs with multiple communication channels.

In this paper, we will consider the problem of H. con-
troller design for NCSs which may receive control inputs
from two communication channels, and the proposed He.
controller design is also applicable for NCSs which may
receive control inputs from more than two communication
channels.

b tres brg by b Pren breg b
sensor

controller 1 -~ \\\ . s
actuator \ /A‘ \ !\‘ \ ;‘
controller 2 /J / #

sSensor

Fig. 2. Timing diagram of signals transmitting

Suppose the control inputs from the controllers 1 and
2 are transmitted through the communication channels 1
and 2, respectively, and the controller 1 is introduced to
compensate the negative influences of time delay and packet
dropout. Fig. 2 illustrates the timing diagram of signals
transmitting of NCSs which may receive control inputs from
two communication channels.

The assumption on time delay is as follows.
Assumption 1. The time delay 7j; and 7o (7j; and Ty are
the sensor-to-actuator time delay of the channels 1 and 2,
respectively) are assumed to be time-varying and can be
denoted as Ty = nh+ € and Ty = mh+ &y, where n, m
are positive integers, & is the sampling period, & € [0, 4],
& € [0, h], n<m, and & < &y.

Consider a linear time-invariant system described by

X(t) = Ax(t) + Biu(t) + B,o(t)
z(t) = Cx(t) + Du(t)

where x(t), u(t), z(t), o(t) are the state vector, control input
vector, controlled output, and disturbance input, respectively,

)

and w(r) is piecewise constant. A, By, By, C, D are known
constant matrices of appropriate dimensions. Throughout this
paper, matrices, if not explicitly stated, are assumed to have
appropriate dimensions.

At the sampling instant #;, suppose the latest available
control inputs based on the controller 1 and the controller
2 are uyy, and uy_,,, respectively, and L, <[ <ly, ry <
"k < Iy b < Ty Iy <1y

In this paper, we consider the case that the packet dropout
is stochastic and the numbers of consecutive packet dropout
in the communication channel 1 and communication channel
2 are upper-bounded by [y —n—1 and ryy —m — 1, respec-
tively. For NCSs with long time delay and packet dropout, if
the actuator receives two control inputs uy_, and uy_,, during
the sampling period [y, 1], the discrete time representation
of the system (1) is as follows

X1 = Pxg + Donttg—p + Cipttg—g, + Comlte—m
+ imtte—p, +T200 (2)
2% =Cxg+D[prru_ + (1 —pr)*ug_]

where @ = e, T, = [y ¥ eMdsB), Ty, = [y, edsB),
Tom =y~ edsBy, Tip = i, edsBy, Ty = [y VdsB,,
Up—p = —KixXg—p, up—y, = —Kixg—y, - = —KoXp—pm,
Up—r, = —Kpxi_,, . If the latest available control input at the
instant #; is ux_;,, then pr=1, and if the latest available one
is ug—p,, pr=0.

Define —F(),,Kl, —FOsz, —Fl,,Kl, —FlmKQ and FQ as Cpl,
Dy, P33, B4 and Ps, respectively, (2) can be written as follows

X1 = P + Pragy + Poxp— + P3xyy,
+ @yxyp, + P50 3)
7 =Cxg —D[pr* Ky *x3_y + (1 — pr) « Ky * x|

then the problem of H.. controller design for (1) can be
reduced to the corresponding problem for the system (3).

ITII. H. CONTROLLER DESIGN FOR NCSs

A. NCSs with Multiple Communication Channels

Based on the model presented in (3), we are now in a
position to design the feedback gains K; and K;, which can
make the system (3) asymptotically stable with the H.. norm
bound 7.
Theorem 1. For given positive scalars n, m, Iy, I, M Tms
if there exist symmetric positive definite matrices P, Qi (i=
1, -, 6), ﬁj and matrices 1\7Ij, K/j,)?j, 17j, Zj Gg=1, ---, 4,
N, Vi, V,, scalar vy > 0, such that the following LMIs hold
for every feasible value of pr (pr=0 or pr=1)

A A Az Ay Ais Age
A Az Ay Aos Mg
* * Az Ay Ass Ase
* * o Aas Mas Age
* * * * A5 5 A56
* ES ES ES * K66
* * * * * *
* * * * * *
* * * * * *
L * * * * * *
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Ary /:\18 6T, NCT|
Ay Ay —6I5 0
Az Ay =61 1
Ay Mg —6In 0
As; Asg =651 0 | 4)
Ae7 Aeg —6I2 T
A1 Ag =612 O
*  Agg —6gI» 0
* * —vI 0
* * * -V |
-X; Y, M,
* _Zj _Nj <0, j=1234 (5
* * —ﬁj
where
An —*P+Q1 +nR1 + Iy — I+ 1)Q2+1MR2+Q3

+Q4 +mR3 +(rv —rm+ 1)Q5 + rMR4 + Q6
+M1 +M1 +nX1 +M2 +M2 +1MX2 +M3 +M3
+mX3 +M4 +M4 +ryuXs — 6,ONT — 6, NPT
K12 —M1 —‘y—Nl + I’lYl + 6,1, V1 — Gqu)T
A13 =611,V — NPT
A14 —Mz +N2 +1MY2—94NCI>T
Al 5 = —M;+ NI +mY; + 6, V2 — OsNDT
A16 =011,V — 96N<I>T
/\17 = —M4 +NI + rMY4 - 97NCI>T
Alg = —an lMR2 — mR3 — }”MR4 + 91NT GgNCI)T
Ay =—01 —Ni — NI +nZ; +6:T0,Vi + VI TT
Ay = GZFInVI + 6:VITE,
Asy =6,V
Azs = 6T, Vo + 6sVITT
1:\26 =6,T1,,Vo+ 06V ],
Ay7 = 67VITan
/~\28 92N + O3 VITFOH
/\33 =—0r+ 6T,V + 0.V T
Az =6,vITT
IA{35 =60, Vo + 95V1TF1Tn
/:\36 =61 Va+ 66V T
A37 = 97V1 Fln
A38 6:NT + 65V T,
/\44 =—03— N, —N2 + IuZs

n

/~\45 0410 V2

Ags = 94F1mV2

Ay =

A48 94N T

A55 = —Q4 — N3 N3T + m23 + 6050, Vo + 95V2Tl—gm

/~\56 =051, Vo + 06V T,

As7 = CAZS v,

Asg 95N + GSVZTFOm

A66 = —Qs + 96T1mV2 + 66V, T,
A68 =6N" + 6V, I,

/~\77 —Q¢— Ny — N4 + ruZy
A7g = 6;NT

IN\gg Zﬁ—i- nﬁl + lMﬁz +mﬁ3 + rM§4 + 63N + 6gNT
Ty = —prx VlTDT
Y,= —(1—-pr)V] D"
then with the controller gains
Ki=VINT, K,=V,NT

the system described by (3) is asymptotically stable with H.
norm bound 7.
Proof: Let us consider the following Lyapunov function

Vi =Vik + Vak + Vi + Vag + Vs + Vo + Var

(6)
+Vak +Vor + Viok + Viik +Vik + Vizk
where
Vlk = x,{ka
(S
V=Y x/ Qixi
i=k—n
Jokel
Vae=Y, Y njRin;
i=—n jekri
(S
Vae="Y, x/ Oox;
i=k—1
P S
Vse= Y, ) xjOox;
i=—Iy+1 j=k+i
S .
Vor = Z Z n;j Romj
i=—lyy j=k+i
S
Z x; 03X
i=k—Iy
(S
Vee =Y x/ Qux;
i=k—m
S .
Vae=Y. Y njRsm;
i=—m j=k+i
(S
Vik=Y, x/ Osxi
i
—rm k—1 T
Vie= Y, Y x0sx,
i=—rpg+1 j=k+i
S
Vizk = Z Z n;j R4m;
i=—ry je=keti
(S
Visk= Y, x Qexi
l':ker
and P, Q1, -+, QOs, R, -+, R4 are symmetric positive

definite matrices, 1; = xj+1 —X;
Define AV = Vi1 — V4, then

AVlk :x,{Hka_,_l 7)61{ka (7)

AVay = x} Q1 — X}, Q1 Xk—n ®)
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AVse= Y (n{ Rimk— 0y R M)

i=—n

k=1
=n(gn—x) Rian—x)— Y n/Rni )
i=k—n
k=l
AV < x{ Qo+ Z x,-Tszi—x/Qlezxkfzk (10
i=k Ty +1
I
AVse= Y (5 Qoxe — X ;00%k7)
i=—Ily+1
k=l
= (I —ln)xf Qox— Y, x{ Qax; 1D
i=k Iy +1
-1
AVee=Y (n{ Rami— 0y RoMisi)
i=—ly
k=1
= Iy (X1 — ) Ro(kr —x6) — Y, 0 Romi (12)
i=k—Iy
AV = x{ Q3xi — Xy, Q3% (13)
Similarly, we have
_.T T
AV = X3 Qaxy — Xp_py QaXp—m (14)
k=1
AV = m(xiir —x) Ry (e —x) — Y, 0/ Rsmi (15)
i=k—m
k—rm
AVige <x{Qsxi+ Y, X Osxi—xi_, Osxi—p,  (16)
i=k—ry+1
k—rm
AVig = (ru—rm)x Qsxc— Y. x{ Osx; 17)
l‘:ker+]
k=1
AVige = ry (%1 — %) Ra(xipr —x0) — Y, 0/ Ram
i=k—rM
(18)
AVisk = x; Q6Xk — X4y, Q6Xk—ryy (19)
To notice that
M
or=2lf o) [§] teneam T om0 o)
X1 Y X
T 1N k
Oy =n[x; X, [* ZJ [an}
k=1
X1 Y X
T T 1 n k
_ =0 21
i) e
T M
O3 =2[x¢ x| || Ok =Xkt — Z n;)=0 (22)
i=k—
_ T T X, Xk
O =l [¥ %y * Lo | Xk—ly
k=1
Xy Y X
_ T T {2 2}[1(}20 23
i:kzle[ Col [z XLy @)

— Xt — Z m)=0 (24)

X3 Y X,
T 3 3 k
L2 2L

k] X; %[ x
ShHatar IR

(25
M, k—1
@7 =2 [)C,Y; )CT } |: :| ( —Xk—rpyy — Z T]l) =0 (26)
=k—ry
A58
Xk—ry
k—1

— X4 Yy X |
g A ] | PO U

On the other hand, from the system (3), we have

Ny
T
Og =ry [x{ xi_ . [
e
Xy

Qg = [Glxk S+ szk nS+ 63xk lkSJr 94xk ST 95xk S
—|—95xk7rkS—|— 97xk7rMS—|— (-)gka S [xxs1 — Py

— D1 x4y — Poxg_ iy — P3xp_y, — Paxy_, — Psay] =0
(28)
Combining (7)-(28) together, we have
k=1
AVe+ O+ + 09 <& A&+ Y &A1&
i=k—n
+ Z Eh M6+ Z E5 M8+ Z ENaEra
k—Iyy i= i=k—ry
(29)
where
ékT: [)C]Z 'x;fn xlz;jlk szTZM xlz}m
X Fhery Y1 O
X | [ X
&= | Xn|> Go= X1y
ni | L T
X | [ x
ékS = | Xk—m ék4: Xk—ry
ni | L i
—X; Y, -M;
Aj= 1 * —-Z; —N;j|, j=12,3,4 30)
* * —R;

and A is omitted here for briefness. By some matrix manipu-
lations, we can prove easily that ||z||3 < ¥*||@||3 (the details
are omitted here).

If the disturbance input @ = 0, (4) and (5) can ensure
the asymptotic stability of the system described by (3), and
if @y # 0, we have ||z||3 < ¥*||®]|3, so if (4) and (5) are
satisfied, the system described by (3) with K1 = V| N T Ky=
V,N~T is asymptotically stable with H., norm bound 7, this
completes the proof. |
Remark 2. Just as shown in the proof of Theorem 1, (20)-
(28) are introduced to avoid the utilization of bounding in-
equalities for cross products of vectors, which may introduce
less conservativeness. On the other hand, Theorem 1 presents
LMI-based sufficient conditions for H. controller design,
which can be effectively solved via Matlab LMI control
toolbox.
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The above given H. controller design is also applicable
for NCSs with single communication channel, which will
be studied in the following.

B. NCSs with Single Communication Channel

Compared with the H. controller design for NCSs with
multiple communication channels, suppose only the com-
munication channel 2 and the controller 2 are used, and the
control input available at the sampling instant # iS u_,,,
then the discrete time representation of the system (1) is as
follows

X1 = Pxg + Domttg—m + Dimttg—r, + 20 31
% =Cxg+Duy_y,

where ® = A, Ty, = [Oh % A 5By, T = :782]( eMdsBy,
I = fo ENdsBy, wi_m = —KoXi_m, Ug—r, = —KoXp_y,.
Similar to Theorem 1, the following corollary presents the
H,, controller design for NCSs with single communication
channel.
Corollary 1. For given positive scalars m, rm, T'ms if there
exist symmetric positive deﬁmte matrices P, Qi (i=1, 2, 3),
R and matrices M;, N;j, X Z (j=1, 2), N, V, scalar
Y > 0, such that the following LMIS hold

At A A Ay Ais -6 NCT
x  Axn Ay Ay A -6 0
* * K33 K34 K35 —63F2 —VTDT
* * * /~\44 /~\45 —64I 0 <0
* * * * /~\55 -6 0
* * * * * —YI 0
| * * * * * * —yl ]
(32)
—X; Y —M;
x —=Z; —=N;j| <0, j=1,2,34 (33)
* * —R;
where

A11 = —P+Q1 +mR1 +(rm—rm+ I)Qz
+rMR2 +Q3 + My +MT +mX, + M,
+ M + ryX; — 6;ONT — O NDT

1~\12 = 71‘21 +ﬁ1 +m?1 +6,y,V — 6,N®T

A13 =610,V — 63NCI>T

A14 = —M2 +N2 + VMY2 — 94NCI)T

A15 = —le — rMR2 + 91NT OsN®T

Ay =—Qi —Ni =N +mZ; + 6T,V + 6,VTTh

Asz = ezrlmv + 6;vTre

Ay =6,V7Th

1~\25 = 92NT + 65VTFgm

1:\33 =0+ 630,V + 6;vITT

Az =0,V

Aszs =6;NT +0svITT

TABLE 1
THE H., NORM BOUNDS (DIFFERENT &)

&k 0.2h 0.3h 0.4h 0.5h h

Yn | 0.1019 | 0.1023 | 0.1024 | 0.1024 | 0.1025

Y | 0.2289 | 6.3034 - - -
TABLE I

THE H. NORM BOUNDS (DIFFERENT ry)

™ 5 8 11 13 14
Yn | 0.1019 | 0.1043 | 0.1063 | 0.1075 | 0.1081
Y% | 0.2289 | 0.4669 | 1.6496 | 29.8510 -

/~\44 = —é3 —ﬁz —K’ZT +rM22
A45 OuN"
Ass =P+mRy +ryRy + 05N + OsNT

then with the control law
up = —Koxp, Kr= VN~ T

the system described by (31) is asymptotically stable with
H., norm bound 7.
Remark 3. Theorem 1 and Corollary 1 present the He.
controller design for NCSs with multiple communication
channels and single communication channel, respectively,
and the multiple communication channels method may pro-
vide better H., performance, which will be illustrated by an
example in Section 4.

In the following, we will illustrate the effectiveness of the
proposed design methods by an example.

IV. SIMULATION RESULTS AND DISCUSSION

Example 1. To illustrate the effectiveness of the multi-
ple communication channels-based time delay and packet
dropout compensation, we present an open loop unstable

system as follows
. [-0.3954 —0.1070 0.2631
X0 = [0.0993 0.0131] X0+ {0.2951} u(t)
L [-02756 0
—0.2649| ©
z(t) = [-0.0670  —0.3057] x() +0.0091u(t)

(34)

If the proposed multiple communication channels method
is used, suppose the sampling period h=0.1s, n =1, [y =3,
ln=nm=2, ry=5rp,=m 6=---=6;=1, 6 =
100, & = 0.2h. If single communication channel is used,
suppose m =2, ryy =5, rp=m, 0 =---=0,=1, 65 =100.
Denote 7;, and ¥, as the H. norm bounds corresponding to
the multiple communication channels method and the single
communication channel method, respectively, by solving the
LMIs in Theorem 1 and Corollary 1, we can get the Hw
norm bounds corresponding to different & (see Table 1, -’
denotes that the LMIs are infeasible).

If &1 and &y are constant and &;;, = & = 0.2h, for NCSs
with multiple communication channels, suppose n =1, [y =
3, ly=nm=2,r,=m, 6 =---=6; =1, 6g =100. For
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Fig. 3. State response and controlled output

NCSs with single communication channel, suppose m = 2,
rm=m, 0y =---=04 =1, 65 =100, by solving the LMIs in
Theorem 1 and Corollary 1, we can get the H., norm bounds
corresponding to different ry; (see Table 2).

From Table 1 and Table 2, one can see that the proposed
multiple communication channels method may provide better
H.. performance than the single communication channel-
based method.

Suppose the initial state of the system is xo = [I — 1]7
and the control inputs based on plant states xp, x2, X4, ---
are transferred to the actuator successfully, while the control
inputs based on plant states x;, x3, xs, --- are dropped. If
the proposed multiple communication channels method is
used, suppose n =1, Iy =3, [, =n,m=2, ry =5, rp,=m,
6, =---=6;=1, 63 =100, g =0.2h, & = 0.3h, solving
the LMIs in Theorem 1, we can get the controller gains
K| = [0.6595 10.6846], K, = [0.0069 0.1052], during the
time interval [15.9s, 18.9s), the disturbance inputs 10sin( )
(G=1,2, -, 30) are added into the system, the plant state
response and controlled output are pictured in Fig. 3.

Fig. 3 illustrates the effectiveness of the proposed He
controller design for NCSs with multiple communication
channels.

V. CONCLUSIONS

This paper studies the problem of H. controller design
for NCSs with multiple communication channels. The idle
communication channels and controllers are made sufficient
use to compensate the negative influences of time delay
and packet dropout. By defining new Lyapunov function
and avoiding the utilization of bounding inequalities for
cross products of vectors, LMI-based sufficient conditions
for H. controller design are presented, and the merit of the
proposed design methods lies in their less conservativeness.
The simulation results have illustrated the effectiveness of
the proposed multiple communication channels-based He.
controller design.
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