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STABILIZATION OF NETWORKED CONTROL SYSTEMS VIA
DYNAMIC OUTPUT-FEEDBACK CONTROLLERS*
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Abstract. This paper investigates the problem of stabilization of networked control systems
via dynamic output-feedback controllers. The physical plant and the dynamic controller are in con-
tinuous time, and a communication channel exists between the output of the physical plant and the
input of the dynamic controller. Three important communication features are considered: measure-
ment quantization, signal transmission delay, and data packet dropout, which appear typically in a
networked environment. Attention is focused on the design of dynamic output-feedback controllers
which ensure asymptotic stability of the closed-loop systems. Linear matrix inequality (LMI)-based
conditions are formulated for the existence of admissible controllers. If these conditions are sat-
isfied, a desired controller can be readily constructed. A satellite system is used to illustrate the
applicability and effectiveness of the proposed controller design method.
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1. Introduction. One common assumption in traditional control systems is that
the interconnection between plants and controllers is transparent, based on which
transmitted signals are equal to received signals. This assumption has been used
implicitly for a few decades and has underlain many successful control designs for
either linear or nonlinear dynamic systems. In some situations, however, transpar-
ent communication is not always guaranteed, and a communication link sometimes
constitutes a bottleneck in control system operations. Therefore, networked control
systems (NCSs) appeared recently and have been drawing more and more attention
from researchers working in the areas of systems and control, highlighted by the recent
special issue [1] and survey papers [23, 29].

When a communication link is involved in control system design, usually three
important aspects need to be taken into account. The first one is signal transmission
delay, which is usually caused by the limited bit rate of the communication channel,
by a node waiting to send out a packet via a busy channel, or by signal processing
and propagation. The second interesting problem in a communication channel is the
data packet dropout (or data missing [25, 26]) phenomenon, which is usually caused
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by the unavoidable errors or losses in the transmission. Though many networked sys-
tems employ automatic repeat request mechanisms, packet dropout phenomenon is
still unavoidable. Moreover, packets may deliberately be dropped if a packet sampled
at the sensor node reaches the destination later than its successors, since it is natural
to use the most updated packet by dropping out the old ones. Another important
issue in a communication channel is the quantization effect. In a networked envi-
ronment, signals are usually quantized before being communicated, and the number
of quantization levels is closely related to the information flow between the compo-
nents of the system and thus to the capacity required to transmit the information. In
summary, signal transmission delay, data packet dropout, and signal quantization are
three important issues to be addressed for communication based systems.

For NCSs, a number of important pieces of work have been reported [3, 12, 15, 16,
17, 18, 19, 21, 22, 24, 28, 30, 31, 32, 33, 34]. Earlier work mainly focused on stability
analysis and performance [9], while more recently, attention has been devoted to con-
troller synthesis. These pieces of work have significant importance on both theoretical
advancement and practical applications of NCSs. It is worth noting, however, that the
results obtained for NCSs are still very limited: (i) most of the aforementioned results
consider only one or two aspects of the communication issues, while few papers address
the control problems with the simultaneous consideration of the three important com-
munication features mentioned above; (ii) most of the obtained results are concerned
with the problem of state-feedback control [8], which is only applicable for systems
whose state variables can be measured online, while few papers tackle the problem of
output-feedback control, which is more useful and challenging than the state-feedback
case. Motivated by the above observations, it is our intention to solve the problem
of dynamic output-feedback stabilization for NCSs with the simultaneous presence of
signal transmission delay, data packet dropout, and measurement quantization. We
characterize physical systems in a deterministic manner, but another important and
well-developed field of networked controls is stochastic networked control systems.
Key references describing the stochastic networked systems include [4, 20, 22].

In this paper, we investigate the problem of stabilization of networked control
systems via dynamic output-feedback centralized controllers. In this configuration,
there is no local controller for each plant, and the centralized controller makes decisions
based on sensor information which is sent over the network. The physical plant and
the dynamic controller are in continuous time, and a communication channel is present
in the loop between the output of the physical plant and the input of the dynamic
controller. All three important communication features mentioned above are taken
into consideration and tackled in a unified framework. Attention is focused on the
design of dynamic output-feedback controllers which ensure asymptotic stability of the
closed-loop systems; linear matrix inequality (LMI)-based conditions are formulated
for the existence of admissible controllers. If these conditions are feasible, a desired
controller can be readily constructed. Finally, a satellite system is used to illustrate
the applicability and effectiveness of the proposed controller design.

Note. The notation used throughout the paper is standard. The superscripts “T"”
and “—1” stand for matrix transposition and matrix inverse, respectively, R"™ denotes
the n-dimensional Euclidean space, and the notation P > 0 (> 0) means that P is real
symmetric and positive definite (semidefinite). The symmetric term in a symmetric

matrix is denoted by *, e.g.,
X Y| | XY
x Z | |yl z |’
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Fic. 1. Problem of networked output-feedback stabilization.

and diag{...} stands for a block-diagonal matrix. In addition, I denotes an identity
matrix. Matrices, if their dimensions are not explicitly stated, are assumed to be
compatible for algebraic operations.

2. Problem formulation. The problem of network-based output-feedback sta-
bilization is shown in Figure 1. In this figure, v and y denote the control input
and measured output of the physical plant, respectively; ¢ denotes the input of the
dynamic controller. The measured output y is sampled periodically and then trans-
mitted through a network medium to the ZOH (zero-order hold), whose output § is
used as the input of the dynamic controller. We consider a communication channel
with the occurrence of packet dropouts and delays where they may vary within the
bounds on the number of consecutive packet dropouts and on the size of each delay. In
our problem, we use a quantizer to characterize the coding effect, which is induced by
the encoder and decoder used in the whole process. We consider logarithmic quantizer
and zero-order hold, and we assume the behavior of sample and ZOH to be determin-
istic. This configuration with single-side network connection has possible applications
in wireless networked control systems.

Suppose the physical plant is given by

S: &(t) = Ax(t) + Bu(t),
y(t) = Cx(t).

Here z(t) € R™ is the state vector; y(t) € R™ is the measured output; u(t) € RP is
the control input; A, B, C are system matrices with appropriate dimensions.

From Figure 1, we see that there is a communication channel between y(t) and
9(t). As discussed above, generally, three effects need to be taken into considera-
tion: signal quantization, signal transmission delay, and data packet dropout. It is
assumed that the sampler is clock-driven, while the ZOH is event-driven. The sam-
pling period for y(t) is assumed to be h, with h being a positive constant. Denote
the updating instants of the ZOH as ti, k = 1, ..., 00, and suppose that the updating
signal (successfully transmitted signal from the sampler to the ZOH) at the instant
ti has experienced signal transmission delay ;. A natural assumption on the signal
transmission delay /3, can be made as follows:

(2) 0<B, <8,

where 3 denotes the upper delay bound.
In what follows, we model signal quantization, signal transmission delay, and data
packet dropout mathematically.

(1)
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2.1. Signal quantization. It is assumed that the sampled measurements of
y (t) are firstly encoded using a quantizer (the quantizer constructed on each channel),

which is denoted as f(-) = [ fi(-) fa() ... fm(") }T and then transmitted with
a single packet. The quantization effect of the encoding and decoding process is
assumed to be time-invariant, logarithmic, and symmetric; i.e., f(—v) = —f (v). For
each f;(-), given constants uéj) and p; such that uéj) > 0and 0 < p; < 1, the set of
quantized levels is characterized by [5, 6]

(3) Uy = {#u?, u? =piu), =122, o b oo},

It is noted that U(,JZ) = pj_iuéj ) £ —ugj ). Given the set of quantized levels, we define
the associated logarithmic quantizer f;(-) : R — U; as follows:

ugj) if 1favu§j)<v§#u§-j), v>0, 1i€Z,
J J

(4) fiv) =10 if v =0,

—fi(-v) ifv <0,
where

1—p;

5 = -
( ) J 1+ Py
Each of the quantization level ugj ) corresponds to a interval (—1+2p 1 ugj ) e Lul(-j )]

2 pj
such that the quantizer maps the whole interval to this quantization level. In addition,
these intervals

1+p;, .1 ¢ IT+p; ;G T+p; o oy L+p5 o1
(UiGZ [_ Jp‘ 1u8j),— ]pjuéj))>UOU(Uiez< 5 Jpjuéj), Jpj 1ué.7)

2 2 2
form a partition of R; that is, they are disjoint, and their union for i equals to R.

Figure 2 gives a visual sketch clarifying this statement.

2.2. Signal transmission delay. At the updating instant ¢;, we have the fol-
lowing relationship:

(6) 9(te) = f (y (te — Br)) -
Thus, considering the behavior of the ZOH, we have
(7) g) = f(y(te — Br))»  te St <tppa,

with 541 being the next updating instant of the ZOH after tj.

2.3. Data packet dropout. At the updating instant ¢j, the number of accu-
mulated data packet dropouts since the last updating instant ¢ is denoted as .
We assume that the maximum number of consecutive data packet dropouts is 4, that
is,

(8) 0<, < 5.
Then, it can be seen from (2) and (8) that

) h<tppn—tn <B+(0+1)h,
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\

(/)
—u,

F1G. 2. Logarithmic quantizer.

which implies that the interval between any two successive updating instants is upper
bounded by 3 + (5 + 1) h and lower bounded by h.

In this paper, it is assumed that not all the state variables of the physical plant can
be measured online, and we consider the following dynamic output-feedback controller:

C:  Ze(t) = Acac(t) + Aaze(ty — By) + Bei(t),

(10)
u(t) = Coxe(t), trp <t < tpir,

where z.(t) € R" is the state vector of the dynamic controller; A., Ag4, B., and
C. are appropriately dimensioned controller matrices to be determined. It is worth
mentioning that in our approach, the introduction of the term Ayx.(tx— 08, ) is essential
to make the controller synthesis tractable. By adding a time stamp to the data at the
sampler, we can trace the time instant ¢, — 8}, which means that the controller in (10)
is online implementable. We assume that the time stamp associated with the values
is not quantized. This assumption simplifies the problem and allows us to convert
the quantized feedback design problem to a robust control problem with sector bound
uncertainties. The more realistic case, where the time is quantized as well, is still a
challenging problem to be investigated.

Then, the problem to be addressed in this paper can be expressed as follows.

Problem networked output-feedback stabilization. Consider the problem
of network-based output-feedback stabilization in Figure 1 and system S in (1). The
sampler, encoder, decoder, and ZOH are configured in the networked control system,
and all the parameters (h, B, u((Jj ), pj, and 5) are given. The objective is to determine
the matrices A., A4, B, C. of the controller C in (10) such that the closed-loop system
is asymptotically stable for all admissible signal quantizations, signal transmission
delays, and data packet dropouts.

Before proceeding further, we give the following lemma which will be used later
[10, 27].
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LEMMA 2.1. Given appropriately dimensioned matrices ¥, Yo, X3, with ©T =
>4, then,

(11)

holds for all F (t) satisfying FT (t) F (t) < I if and only if for some € > 0,

Y+ F ()% +XEFT )2 <o

Si4 e 1838 4+ €215, <0.

3. Main results. We are first concerned with the analysis problem. More specif-
ically, assuming that the controller matrices (A., A4, Be, C;) are known, we shall study
the conditions under which the closed-loop system is asymptotically stable for all
admissible measurement quantizations, signal transmission delays, and data packet
dropouts. The following lemma shows that the asymptotic stability of the closed-loop
system can be guaranteed if there exist some matrix variables satisfying certain LMIs.
This lemma will play an instrumental role in the controller synthesis.

LEMMA 3.1. Consider the problem of network-based output-feedback stabilization
in Figure 1. Given the parameters h, B, u((f), Pjs 0 and controller matrices A., Aq,
B, C., the closed-loop system is asymptotically stable if there exist matrices P >0,
Z >0, U, W, and a scalar € > 0 satisfying

sym (PA+U) PB-U+WT \/EU \/EATZ PBy
* —sym (W) + eCTA2Cy \/EW \/EBTZ 0
(12) % x -z 0 0 <0,
* -Z \/EZBA
i * * * * —el |
where
- A BC. 5 0 0 10 _
A:{O Ac}’ B_[BCC Ad:|’ BA_[BJ, Ch=[C 0],
(13)
A =diag{oy,...,om}, BzQB—i—(S—i—l)h, and sym(X) =X+ X7,

Proof. First, by substituting (7) into (10), we obtain

C.Cc(t) = Acxc(t) + AdxC(tk - Bk) + BCf (y (tk - Bk)) )

(14)
u(t) = Cexe(t), tp <t < tpyr.

Considering the quantization behavior shown in (3)—(5) and according to [5, 6], (14)
can be expressed as

Be(t) = Acze(t) + Aaze(ty — Br) + Be (I + A (1) y (tk — Br) s

(15)
u(t) = Ceze(t), tr <t <tpt,
where
) A =dig (0, A2 (0, - An ()
Aj(t)E[—Uj,Uj], j=1...,m.
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Let us represent tx — 3, in (15) as

(17) te—Br=1—-p5(),
where

B(t) =t —tk + By
Then, from (2), (8), (9), and (13) we have

0<B(t) < 5.

By substituting (17) into (15), we obtain
as) Zc(t) = Acxe(t) + Agrc(t — B () + B (I +A(t)y(t—B(1)),
u(t) = Cexe(t).

By connecting (18) and (1), the closed-loop system can be written as
(19) E(t) = A& (1) + (B+BaA (1) Ca) E(t = B (1),

where ¢ (t) = [ 27(t) I () ]T and A, B, Ba, Cy are given in (13).
Now, choose the following Lyapunov—Krasovskii functional [13, 14]:

- .
(20) V() = €7 () PE (1) + / g wzinma,

where P > 0, Z > 0 are matrices to be determined. Then, along the solution of the
closed-loop system in (19), the time derivative of V' (t) is given by
t

V) =267 (@0 PE@) + BE (0260 ~ | & 0)ZEN

(21) . ~.T . t .
S SO JUZEORY

TNZEN)dA.

By the Newton—Leibniz formula, we have

/ ENAN =€ () —£(t— B (1))
t—pB(t)

Then, for any appropriately dimensioned matrices M = [Vl{,], we have
t
(22) 20" (t) M [& (t) =&t —=B() ~ / B )ww] =0,
t—B(t

where ¢ (t) = [ €7 (t) €7 (t— B (1)) ]T. Then, from (19), (21), and (22) we obtain

t

Vo <" 0P +BE Wzéw - [ €T zénin

+207 (t) M

(0 -c-p0)- | i m)cu]
23
. <o’ (t) (1“ + BMZ*lMT) o (1)

- ‘/tiﬁ(t) {QST (OM+E Z} z™ [MT¢ (t) + 2¢ (/\)} dA,
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where
PA+ATP P (B+ BaA(t)Ch)

* 0 ’
FQZ[M —M], 1—‘32[14 B—FBAA(Z?)OA}.

=T, 4T+ +p0%205, T, =

By noticing that Z > 0, we have [¢" ()M + £ (NZ)1ZMTo(t) + ZEN)] > 0.
Therefore, from (23) we know that V(¢) < 0 if

I+8Mz*MT <0,
which, by the Schur complement, is equivalent to

Po+To+ 17 (M \Jirtz
(24) * -7 0 < 0.

* * —7Z
Now, rewrite (24) in the form of (11) with

PA+ATP+U4+UT PB-U+WT \/EU \/EATZ

Y = * -w-wT \/EW \/EBTZ :
* * -7 0
L * _Z
[ PBa
0

Yy = 0 , Be=[0 ACx 0 0], F(t)=A(t)A™"

| /2B,

By Lemma 2.1 together with a Schur complement operation, (24) holds if for some
€ > 0, (12) holds, and the proof is completed. d

It is noted that if the controller matrices (A., A4, Be, C.) are given, the conditions
in Lemma 3.1 are LMIs over the decision variables P > 0, Z > 0, U, W, and scalar
e > 0. However, since our eventual purpose is to determine the controller matrices
(A, Ag, B., C.), the above conditions are actually nonlinear matrix inequalities. Our
main objective hereafter is to transform them into tractable conditions to solve the
control synthesis problem.

THEOREM 3.2. Consider the problem of network-based output-feedback stabiliza-
tion in Figure 1. Given the parameters h, [3, u((Jj), pj, and S, a dynamic controller
in the form of (10) exists such that the closed-loop system is asymptotically stable if

there exist matrices X >0,Y >0, Z = [Z*l gg] >0,U= [gj; gﬂ, W = [%11 %2],

A., Ay, B., C., and a scalar € > 0 satisfying

Wi Wy \/EU Uiy Wy 0

*  Wo BW Wy 0 Uoe
(25) * * -Z 0 0 0 <0,
* * * \1144 \:[145 0
* * * * —el 0
| * * * * * —e 17 i
(26) [ )I( }I/ ] >0,
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where
[ AX + BC. + XAT + CT'BT + U, + Ul A+ AT + U, + UYL
Uy = T T |
I * YA+ ATY + Uz + UJ
B I T e P ) v.—| 0
T AU +Wf B.CO-Us+WE |0 TP T | Be |”
[ Wy —WwE W, - W] XCTA
(27) ‘1/222_ ! ! _Wi_WzT], ‘1’262[ CTA },

*
[\ JBx AT BCT BT BAT 0 BAT
Wiy = \/E —’:\/E c \/E © v Uoy = P Ui
|y
[ Zy—2X  Zy—2I B 0

x 23—2Y]’ Va5 = \/B.
and A andB are given in (13). Moreover, if the above conditions are satisfied, a

desired output-feedback controller is given in the form of (10), with parameters as
follows:

Wyy =

3

Ac=85"1(A. - YAX -YBC.)U ", B.=S"'B,,
(29) e
Ag =5~ (Ad—BCOX) uv—, C.=CU ",
where S and U are any nonsingular matrices satisfying

(29) SUT =T1-YX.

Proof. Suppose that conditions (25) and (26) are satisfied; we will prove that the
controller in the form of (10) with parameters given in (28) guarantees the closed-loop
system to be asymptotically stable. By the Schur complement, (26) implies Y —X ! >
0, and thus I — Y X is nonsingular. Therefore, there always exist nonsingular matrices
S and U satisfying (29). Now introduce the following nonsingular matrices:

X I 1Y
l_11:|: UT 0:|7 H2:|:0 ST :|
Let

(30) P =TL,11; .

Then, it can be verified that

Y S
S

where Y = U1 X (Y — Xfl) XU-T > 0. In addition, we have
T-STy s =8T(I-XY) " (X -Y )T -YX)'S>0,
which implies by the Schur complement that P > 0. From (28), we have

A.=YAX +YBC.UT + SA.UT,
Ay =SB.CX +SA,UT, B.=SB., C.=C.U".
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Define
z=1;"zu;t, v=1utont, w=u;twil

Substituting the above matrices A., A4, B, C. into (25), and by calculation, we have
that (25) is equivalent to

Su S (AU, \JBUTATh,  TEB, 0
oSy (BTwm\/BUTBETI, 0 TTCTA
31) « o« —ITZIL 0 0 0 <0,
o« . 17z, — 2171, \/Eng Bxn 0
—el 0
I * —e1I i

where
¥y = I3 ATl + 07 ATTL, + 0 ot + 0] U,
Y =01 BH, —0lur, + fwhi,
Yoo = —II{ W, — I WTTL,.

Performing a congruence transformation to (31) by diag {Hl_l, Hl_l, Hl_l, Hl_l, 1, I}
with the consideration of (30) and by a Schur complement operation, we obtain

sym(PA+U) PB-U+WT \/EU \/EATP PBy
% —sym(W) + eCTA2Cy \/EW \/EBTP 0
* * -7 0 0 <0.
% % * Z —2P \/EPBA
* * * * —el ]

(32) -
From (Z — P)Z7'(Z — P) > 0 we know that —PZ~!P < Z — 2P. This together
with (32) leads to

sym(PA+U) PB—-U+WT \/EU \/EATP PBy,
% —sym(W) + eCTA2Cy \/EW \/EBTP 0
* * -7 0 0 < 0.
% * x  —PZ7lp \/EPBA
* * * * —el ]

(33)
Performing a congruence transformation to (33) by diag {I, 1,1, P~*Z, I}, we readily
obtain (12). Therefore, from Lemma 3.1, we know that the closed-loop system is
asymptotically stable, and the proof is completed. O

Theorem 3.2 transforms the nonlinear matrix inequalities in Lemma 3.1 into a set
of solvable conditions. It is worth noting that when the positive scalar € is given, the
conditions in Theorem 3.2 are LMIs over the decision variables X > 0,Y > 0, Z > 0,
U, W, and A., Ay, B., C., which can be solved via standard numerical software.
When these conditions are solvable, a desired output-feedback controller can readily
be constructed based on (28). It is worth noting that the synthesis procedure is
different from [11] and is much easier to solve than [11].
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S -
f

Fia. 3. A satellite system.

4. Illustrative example. In this section, we provide an example to illustrate
the output-feedback controller design method proposed in the above section.

Suppose the physical plant in Figure 1 is a satellite system shown in Figure 3
(borrowed from [2, 7]). The satellite system consists of two rigid bodies joined by
a flexible link. This link is modeled as a spring with torque constant k and viscous
damping f. Denoting the yaw angles for the two bodies (the main body and the
instrumentation module) by 6; and 02, the control torque by wu(t), and the moments
of inertia of the two bodies by J; and Js, the dynamic equations are given by

J101(8) + f(01(t) — 02(1)) + k(01 (1) — 02(1))) = u(t),
Jafa (1) + f(01(t) — B2(t)) + k((61(t) — (1)) = 0.
A state-space representation of the above equation is given by
b1 (8) + F(61(8) — 0a(8)) + ((O1(0) — 6:(0) = u(),
J202(t) + f(01(t) — 02(t)) + k((02(¢) — 02(¢))) = 0.

A state-space representation of the above equation is given by

01(t) 0 0 1 0 01 (t) 0
el AR A R
B (t) ko =k f —f 05(t) 0

Here we choose J; = Jo = 1, k = 0.09, and f = 0.04 (the values of k and f are chosen
within their respective ranges). It is assumed that only 62 (¢) can be measured online.
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Then, the corresponding matrices are given by

0 0 1 0 0
0 0 0 1 0

A=1 000 009 —004 o004 | B=|1] C€=l0 10 0]
0.09 —0.09 004 —0.04 0

The eigenvalues of A are —0.04 + 0.42245, —0.0400 — 0.42245, 0, 0; thus, the above
system is not stable. Our purpose is to design an output-feedback controller in the
form of (10) such that the closed-loop system is asymptotically stable. The following
network-related parameters are assumed: the sampling period A = 10 millisecond
(ms); the network-induced delay bound in (2) is given by 3 = 15 ms; the maximum
number of data packet dropouts § = 2; the parameter for the quantizer f(-) is assumed
to be p = 0.9; and ug = 2.

By solving the feasibility problem in Theorem 3.2 for ¢ = 1, we obtain the follow-
ing matrices (for space consideration we do not list all the obtained matrices here):

[ 36.8636 —6.0262 —8.4119 —4.9553
x_ | —6:0262 388203 44085 —4.4118
T | —8.4119 30.2706  4.4085 —3.1743
| 49553 —4.4118 -3.1743 5.1433 |
6.0718 —4.0657 —1.2830 —4.4878 ]
v _ | 40657 62637 25465 —2.4444
T | 12830 —2.5465 49.6595 —6.5841
| 45878 24444 —6.5841 45.3082 |
[ —0.2677 —0.0654 0.3329 —0.0297 |
1| 00112 —0.0800 —0.0064 0.2436
c= | 09668 —0.2173 —0.3326 0.0463
| —0.0376 —0.5688 0.3339 —0.2509 |
0.2548  0.0618 —0.2398 —0.0577 |
i 0.0059 —0.0483 —0.1022 —0.1349
471 00163 0.2324  0.3340 —0.0847
0.0574 —0.3850 —0.3528  0.2695
[ —0.0063 —93.0578 17
_ ~0.9172 ~ —0.8367
Be=1 _goars |* = | _o49581
| —0.0113 —0.3397

Thus, according to (28), the matrices for the output-feedback controller in (10) are

given by

[ —0.6155 —0.0445 0.8316 —0.0967
A —0.1861 —0.2324 0.1923  0.1093

“ | —-1.1054 0.0156 —0.5318 —0.0530
—0.7230 —-0.9523 0.6846 —0.1081

[ 0.1252 —0.8541 —0.0869 0.1006

Ay = 0.1093 —0.7373 —0.0763 0.0868
0.0598 —0.4079 —0.0417 0.0480 |’

| 0.3203 -2.1761 —0.2219 0.2555
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State Response

L L L L
~o 10 20 30 40 50 60
Time (s)

Fic. 4. State responses of closed-loop system.

0.015
% 0.01 “
5
S ooos
Time (s)
Fic. 5. Network-induced delays.
T
0.0220 —23.0578
0.0190 —0.8367
B. = 0.0105 |’ Ce = —24.2581
0.0562 —0.3397

Simulations are carried out by connecting the above-obtained output-feedback
controller to the physical plant. The initial condition is assumed to be [0.2 0.3
—0.3  —0.2]T. The state responses are depicted in Figure 4, from which we can see
that all the four state components of the closed-loop system converge to zero. In the
simulation, the network-induced delays and the data packet dropouts are generated
randomly (uniformly distributed within their ranges) according to the above assump-
tions and shown in Figures 5 and 6. The measurement y(¢) and the successfully
transmitted signal arriving at the ZOH (denoted as yzom (t)) are shown in Figure 7
where we can see the discontinuous behavior of the transmitted measurements.
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Fic. 6. Data packet dropouts.

Measurements

2 ! ! ! ! !

0 10 20 30 40 50 60
Time (s)

F1G. 7. Measurements and transmitted signals.

5. Conclusions. This paper considers the problem of designing a dynamic linear
controller to stabilize an linear time-invariant (LTT) plant. The physical plant and
the dynamic controller are in continuous time, and a communication channel exists
between the output of the physical plant and the input of the dynamic controller.
Attention is focused on the design of dynamic output-feedback controllers, which
guarantee the closed-loop networked control systems to be asymptotically stable for
all admissible measurement quantizations except time stamps, signal transmission
delays, and data packet dropouts, which appear typically in a networked environment.
LMI-based conditions have been formulated for the existence of stabilizing output-
feedback controllers. If these conditions are satisfied, a desired controller can be
readily constructed. A satellite system is exploited to illustrate the applicability and
effectiveness of the controller design methodologies proposed in this paper.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



2]

3]

[4]

[5]

[6]

(8]
[9]
[10]

[11]

[12]

NETWORKED OUTPUT-FEEDBACK STABILIZATION 3657

REFERENCES

. ANTSAKLIS AND J. BAILLIEUL, Guest editorial. Special issue on networked control systems,

IEEE Trans. Automat. Control, 49 (2004), pp. 1421-1423.

. M. BIERNACKI, H. HWANG, AND S. P. BATTACHARYYA, Robust stability with structured real

parameter perturbations, IEEE Trans. Automat. Control, 32 (1987), pp. 495-506.

. BOUKARIM, S. WANG, J. CHOW, G. TARANTO, AND N. MARTINS, A comparison of classical,

robust, and decentralized control designs for multiple power system stabilizers, IEEE Trans.
Power Syst., 15 (2000), pp. 1287-1292.

. EL1A, Remote stabilization over fading channels, Systems Control Lett., 54 (2005), pp. 237—

249.

. EL1A AND S. MITTER, Stabilization of linear systems with limited information, IEEE Trans.

Automat. Control, 46 (2001), pp. 1384-1400.

. Fu AND L. XIE, The sector bound approach to quantized feedback control, IEEE Trans.

Automat. Control, 50 (2005), pp. 1698-1711.

. GAHINET, A. NEMIROVSKII, A. J. LAUB, AND M. CHILALI, LMI Control Toolbox User’s

Guide, The Math. Works, Natick, MA, 1995.

. Gao AND T. CHEN, Network-based Hoo output tracking control, IEEE Trans. Automat.

Control, 53 (2008), pp. 655-667.

. Gao, T. CHEN, AND J. LAaM, A new delay system approach to network-based control, Auto-

matica, 44 (2008), pp. 39-52.

. Gao, J. LaM, AND C. WANG, Robust energy-to-peak filter design for stochastic time-delay

systems, Systems Control Lett., 55 (2006), pp. 101-111.

. Gao, J LaMm, C. WANG, AND Y. WANG, Delay-dependent output-feedback stabilisation of

discrete-time systems with time-varying state delay, IEE Proc. - Control Theory Appl.,
151 (2004), pp. 691-698.

. GoopwiN, H. HammovicH, D. QUEVEDO, AND J. WELSH, A moving horizon approach to

networked control system design, IEEE Trans. Automat. Control, 49 (2004), pp. 1427—
1445.

. He, M. Wu, J. H. SHE, AND G. P. L1u, Delay-dependent robust stability criteria for uncer-

tain neutral systems with mized delays, Systems Control Lett., 51 (2004), pp. 57-65.

. HE, M. Wu, J. H. SuE, AND G. P. Liu, Parameter-dependent Lyapunov functional for

stability of time-delay systems with polytopic-type uncertainties, IEEE Trans. Automat.
Control, 49 (2004), pp. 828-832.

. IsHi1 AND B. FRrRANcIS, Limited data rate in control systems with networks, Lecture Notes

in Control and Inform. Sci. 275, Springer-Verlag, Berlin, Heidelberg, 2002.

. LiaN, J. MOYNE, AND D. TILBURY, Modelling and optimal controller design of networked

control systems with multiple delays, Internat. J. Control, 76 (2003), pp. 591-606.

. Lu, L. Xie, aAND W. CaA1, Ha controller design for networked control systems, Asian J.

Control, 6 (2004), pp. 88-96.

. NarR AND R. EVANS, Ezponential stabilisability of finite-dimensional linear systems with

limited data rates, Automatica, 39 (2003), pp. 585-593.

. SEILER AND R. SENGUPTA, An Hoo approach to networked control, IEEE Trans. Automat.

Control, 50 (2005), pp. 356-364.

. SiNopOLI, L. SCHENATO, M. FRANCESCHETTI, K. POOLLA, M. JORDAN, AND S. SASTRY,

Kalman filtering with intermittent observations, IEEE Trans. Automat. Control, 49 (2004),
pp. 1453-1464.

. TATIKONDA AND S. MITTER, Control under communication constraints, IEEE Trans. Au-

tomat. Control, 49 (2004), pp. 1056-1068.

. TATIKONDA, A. SAHAI, AND S. MITTER, Stochastic linear control over a communication

channel, IEEE Trans. Automat. Control, 49 (2004), pp. 1549-1561.

. TipsuwaN AND M. CHOw, Control methodologies in networked control systems, Control

Engrg. Pract., 11 (2003), pp. 1099-1111.

. WaLsH, H. YE, AND L. BUSHNELL, Stability analysis of networked control systems, IEEE

Trans. Control Syst. Technol., 10 (2002), pp. 438-446.

. WanG, D. W. C. Ho, AnxD X. Liu, Variance-constrained control for uncertain stochastic

systems with missing measurement, IEEE Trans. Syst., Man and Cybernet. Part A, 35
(2005), pp. 746-753.

. WaNg, F. Yang, D. W. C. Ho, aND X. Liu, Robust finite-horizon filtering for stochastic

systems with missing measurements, IEEE Signal Process. Lett., 12 (2005), pp. 437-440.

. XIE, Output feedback Hoo control of systems with parameter uncertainty, Internat. J. Con-

trol, 63 (1996), pp. 741-750.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



3658 H. GAO, X. MENG, T. CHEN, AND J. LAM

[28] F. YaNG, Z. WANG, Y. HUNG, AND M. GANI, Hoo control for networked systems with random
communication delays, IEEE Trans. Automat. Control, 51 (2006), pp. 511-518.

[29] T. YANG, Networked control system: A brief survey, IEE Proc. - Control Theory Appl., 153
(2006), pp. 403-412.

[30] M. Yu, L. WaNnG, T. CHu, AND F. HAo, Stabilization of networked control systems with data
packet dropout and transmission delays: Continuous-time case, Eur. J. Control, 11 (2005),
pp. 40-55.

[31] D. YUE, Q. HAN, AND J. LAM, Network-based robust Hoo control of systems with uncertainty,
Automatica, 41 (2005), pp. 999-1007.

[32] L. ZHANG, Y. SHI, T. CHEN, AND B. HUANG, A new method for stabilization of networked
control systems with random delays, IEEE Trans. Automat. Control, 50 (2005), pp. 1177—
1181.

[33] W. ZHANG, M. BRANICKY, AND S. PHILLIPS, Stability of metworked control systems, IEEE
Control Syst. Mag., 21 (2001), pp. 84-99.

[34] P. ZHIVOGLYADOV AND R. MIDDLETON, Networked control design for linear systems, Automat-
ica, 39 (2003), pp. 743-750.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


