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Compensation-Based Control for Lossy Communication Networks

T.M.P. Gommans, W.P.M.H. Heemels, N.W. Bauer, N. van de Wouw

Abstract—In this paper we are concerned with the stabil-
ity analysis and the design of stabilizing compensation-based
control algorithms for networked control systems (NCSs) that
exhibit packet dropouts. We propose a new type of model-based
dropout compensator, which depends on the local dropout his-
tory, and we provide LMI-based conditions for their synthesis.
The analysis and design framework includes stochastic models
to describe the packet dropout behavior in both the sensor-to-
controller and controller-to-actuator channel. Via examples we
demonstrate the significantly improved robustness with respect
to packet dropouts using the proposed dropout compensator,
compared to using the zero strategy and the hold strategy.

I. INTRODUCTION

Networked control systems (NCSs) are feedback control
systems, in which the communication between spatially
distributed components, such as sensors, actuators and con-
trollers, occurs through a shared communication network.
The use of networks offers many advantages for control
systems, such as low installation and maintenance costs,
reduced system wiring (in the case of wireless networks) and
increased flexibility of the system. However, from a control
theory point of view, the presence of a communication net-
work also introduces several, possibly destabilizing, effects,
such as packet dropout, time-varying transmission intervals
and delays. In this paper we focus on packet dropouts, which
can occur, for instance, if there are transmission failures or
message collisions. As packet dropouts are a potential source
of instability in NCSs, it is of interest to investigate measures
to mitigate the influence of dropouts on the stability and also
performance of a NCS.

In the literature several different strategies have been
proposed to deal with packet dropouts. These strategies can
be categorized into three groups: strategies for dropouts in
the sensor-to-controller channel, strategies for dropouts in
the controller-to-actuator channel and strategies for dropouts
in both the sensor-to-controller and controller-to-actuator
channel. For dropouts in the sensor-to-controller channel,
typically model-based observers are used to alleviate the
effect of dropouts. For dropouts in the controller-to-actuator
channel, a solution proposed in [12] is the zero strategy,
in which the actuator input is set to zero if a packet is
dropped. The hold strategy, in which the actuator holds the
last received control input instead of setting it to zero, is
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used in [11]. Instead of holding the previous control input or
setting the control input to zero, dynamical predictive outage
compensators have been presented in [9]. The latter approach
is related to our approach, but considers only dropouts in the
controller-to-actuator channel. An alternative scheme based
on sending future predicted control values to the actuator was
proposed in, e.g., [1], [2], [3]. For packet dropouts in both
the controller-to-actuator channel and sensor-to-controller
channel, so-called generalized hold functions, which extend
the basic hold strategy have been studied in [10], where the
optimal hold function is found by solving a LQG problem.
The approach in [10] is based on a TCP protocol, and re-
quires acknowledgements of successful packet transmissions.
In [15] Markov chains are used to model the stochastic
packet dropout behavior in both channels. This approach
uses the hold strategy to compensate for packet loss in
both channels, but in addition, designs a dropout-dependent
controller.

In this paper, we provide systematic design methodologies
for a novel dropout compensation strategy that minimizes the
influence of dropouts on the stability of the NCS. This new
compensation strategy applies for NCSs in which both the
controller-to-actuator and the sensor-to-controller channel are
subject to dropouts, and does not require any acknowledge-
ment of successful transmissions. In modeling the dropout
behavior, we consider a stochastic approach that employs
stochastic information on the occurrence of dropouts, given
in the form of the well-known Bernoulli or Gilbert-Elliott
models [6], [7]. For these dropout models we design dropout
compensators, which act as model-based, closed-loop ob-
servers if information is received and as open-loop predictors
if a dropout occurs. These compensators, designed for each
lossy channel, depend only on a single channel’s dropout
history, and hence, we require no additional information to
be sent over the network. The conditions for the stability
analysis and design of the compensators are given in terms of
linear matrix inequalities (LMIs) and can therefore be solved
efficiently. The effectiveness of the proposed compensation
strategy and the design tools will be illustrated through a
numerical example. In particular, we will show that the
designed compensators outperform the zero strategy and
the hold strategy (see [11], [12]) significantly in terms of
robustness of the stability with respect to dropouts.

A. Nomenclature

The following notational conventions will be used. Let
R and N denote the field of real numbers and the set
of non-negative integers, respectively. For a square matrix
A e R"™ we write A = 0, A >0, A<0and A <0
when A is symmetric and, in addition, A is positive definite,
positive semi-definite, negative definite and negative semi-
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definite, respectively. For z € R"™ we denote the Euclidean
norm as ||z]|2 := VaTz. For a matrix A € R"*™ we denote
its transpose by A”. For the sake of brevity, we sometimes
write symmetric matrices of the form [g gT] as [g é} We
use diag(A;, As,...) to indicate a block diagonal matrix
with matrices A;, Ao, ... on its diagonal. With some abuse
of notation, we will use both (zg, 21, ...) and {z };en with
z1 € R", 1 € N, to denote a sequence of vectors in R". Let
X and Y be random variables. We denote by P(X = x)
the probability of the event X = = occurring. The expected
value of X is denoted by E(X ). The (conditional) probability
of event X = x occurring, given event Y = y, is denoted by
P(X = z|Y = y). The conditional expectation of X given
the event Y = y is denoted E(X |Y = y).

II. PROBLEM FORMULATION

This section has the following outline. In Section II-A,
we define the NCS with the lossy communication links. In
Section II-B, we present stochastic dropout models for the
lossy communication links. In Section II-C, we discuss and
develop the novel dropout compensation strategy. Finally, in
Section II-D we define the problem considered in this paper.

A. Description of the NCS

In this paper, we consider a NCS consisting of a plant and
a controller communicating over a network, see Fig. 1. The
plant is given by a discrete-time linear time-invariant system
of the form

1
Yz Czy, M

where z;, € R" is the state, uf € R™ is the input to the
actuator and y;; € R” is the output measured by the sensor,
at discrete time k£ € N. The controller is given by a discrete-
time static output feedback law

C: wuj =Ky, )

73:{ Tpr1 = Az + Buf,

where yj is the information of the plant output available
at the controller and uj, is the desired actuator command
computed by the controller, at time £ € N. The reason
for introducing both y® and y¢, and both u¢ and u®, is the
fact that, due to a non-ideal communication network, y° and
y¢ (and u® and u®) are typically not equal. Therefore, we
sometimes call y° the networked version of y® and u® the
networked version of u°. In this paper, we are interested in
the situation where the differences between y® and y¢, and
u® and u®, are caused by the fact that the network links
between the controller and the actuator, and between the
sensor and the controller, are lossy, meaning that packet loss
can occur. To model packet loss, we introduce the binary
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Fig. 2.

Po,o

P11

Gilbert-Elliott model of a lossy network link.

variables d;, € {0,1} and Ay € {0,1}, k& € N. In case of
a successful transmission in the sensor-to-controller channel
at time k € N, A; = 1, and otherwise Ay = 0. Similarly in
case of a successful transmission in the controller-to-actuator
channel, §, = 1, and otherwise §, = 0.

Using the binary variables 0 and Ag, k£ € N, we can
now relate y¢ to y°, and u® to u®. If a transmission over
a channel is successful at time & € N, the networked
version of a signal will be equal to the original signal, i.e.,
yi = vy incase Ay = 1 and uf = uf in case 6 = 1. If
however, the transmission fails at time k, there are multiple
strategies for selecting the values yj, and uj,. Some basic and
existing strategies, such as the “zero” strategy and the “hold”
strategy, are used in [11], [12]. In Section II-C, we will
propose a novel “compensation-based” strategy. The latter
strategy employs observer-like compensators on both sides
of the network to mitigate the effect of packet loss on the
stability of the NCS as much as possible. However, before
doing so, first we provide models for the dropout behavior.

B. Dropout Models

In describing packet dropouts in both network links,
stochastic models are used. The simplest stochastic model
of random packet losses over each of the network channels
is to describe the packet loss as a Bernoulli process [12].
In this case, a packet sent over the network from controller
to actuator can be lost with probability p® € [0, 1] and can
arrive with probability 1 — p®, ie., P(dy =0) = p* and
P (0 =1) =1 —p® k € N. Similarly for the packets sent
from sensor to controller, we have P (A, = 0) = p°, p° €
[0,1] and P (A =1) = 1 —p°, k € N. This setup models a
memoryless channel, since the probability of dropouts at a
certain time instant is independent of the channel’s dropout
history.

The situation in which packet losses occur in bursts can
not be captured with this memoryless model [7]. Therefore,
in this paper we also consider the packet losses in each
of the two channels being governed by different two-state
Markov chains, as depicted in Fig. 2. This model is known
as the Gilbert-Elliott model for fading channels and consists
of a good and a bad network state, see e.g., [6], [7]. The
probability of packet loss at a certain time instant now
depends on the success or failure at the previous transmission
instant, i.e., for k € N,

P01 =60k =6") = p§ 5, 3)
PApt1 =A | Ay =A7) = pi- A
where Ps- s and PA- A denote the transition probabilities

in the controller-to-actuator and sensor-to-controller channel,
respectively, for 4,07, A, A~ € {0, 1}. Obviously, p§_ , +
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Fig. 3. Scheme of the compensation-based strategy NCS.

Py, =1andp} 0—|—pA,1—1f0ra115 A~ e {0,1}.
As for each channel the packet loss is modeled by a separate
Gilbert-Elliott model, we can use that

Po—.a- 0.0 =P0rp1=0 NAp1=A]0r=0" NAR=A")
= P(Sp =5 | Sk= 0 )P(Ap 1= A | Ag=A)
= D5~ sPA- A “)

where 6,67, A, A~ € {0,1}.

C. Compensation-Based Strategy

In addition to the existing basic dropout compensation
strategies such as the zero strategy and the hold strategy,
in this paper we propose a new compensation-based strat-
egy consisting of two packet loss compensators situated
before the controller and the actuator, denoted by C. and
Cq, respectively (see Fig. 3). The main idea behind the
functioning of the compensator is that if a packet arrives,
the compensator just forwards the packet and, additionally,
acts as a model-based closed-loop observer, i.e., the received
signal information is also used to innovate the compensator’s
estimate of the state of the plant. In case of a packet drop, the
compensator acts as an open-loop predictor and, additionally,
forwards its best prediction of y; or uj, based on its estimate
of the plant state. To formalize this idea, we propose to give
the compensators C. and C, the following structures:

Thpr = Axj+ Bug + ApLS (yz — Cx%)
Ce: c Cuxy, (: yz) if Ap =1 ©)
Yk _{cx; it Ap=0,
Thi = Awg + Bug +6,L5 (uf — KCxf)
Co: o { Kyf (= uf) if op =1 (6)
Yk T KCat if 6, =0.

In (6), we use the fact that the compensator C, is col-
located with the actuators and, hence, has access to the
true implemented control signal uj, which is beneficial for
the closed-loop observer design. This is not the case for
compensator C., which is collocated with the controller C,
and, consequently, can only employ the controller output
at time £ € N. Note that uf is typically not equal to the
true control signal uj, that is implemented at the actuators
at time k € N. This complicates the closed-loop observer
design considerably. The gains Lj and L“ are designed
to improve the robustness of the stablhty “of the NCS in
the presence of dropouts. Note that in (5) and (6) these
gains are only effective (i.e. innovation is applied) at time
k € N, if a packet is received, i.e., Ay = 1 or dp = 1.
Moreover, these compensator gains depend on the counters
Ek_l and 31@—1, which are related to the number of successive

dropouts that occurred just before and including time k& — 1,
in the controller-to-actuator channel (7x_1) and sensor-to-
controller channel (j;_1), respectively. More specifically,
the cumulative dropout counters after the latest successful
transmission are defined as
i = min{l* e N|dp_ja =1,
Jk = min {lc eN | Ap_je =1,

kE—1% > -1},

for k € N, where we set 6_1 := 1 and A_; := 1. However,
the gains LC and L" do not depend directly on ¢;,_; and
Jk—15 but on saturated” versions of 7;_1 and j;_; denoted
by ix—1 and jr_1, respectively. We will explain next the
reasons why and introduce 7, and j;, formally.

The adopted Gilbert-Elliott models allow for the occur-
rence of an infinite number of successive dropouts in the
controller-to-actuator channel if p§ , # 0, and in the sensor-
to-controller channel if pj, # 0. Having compensators
depending on the counters 75 and j; would lead to designing
infinitely many compensator gains L{ and L}, i € N, j € N.
Clearly, for practical reasons it is desirable to have a finite
number of compensator gains, and therefore we choose the
compensators to depend on saturated dropout counters i), and
Jx subject to the saturation levels 6 and A, respectively, i.e.,

min(ig, 6~),
min(jx, A),

i =
Jk =
for k € N, where i;, and j; are defined as in (7). The number

of compensators gains, L¢, 1 € {0,...,d}, and L% j €

{0,...,A}, to be demgned for each channel is now finite.
The exact number can be chosen freely by selecting dand A
in a desirable manner. A direct consequence of these choices
is that for all i), > 6, k € N we apply the same gain L~ in

(6). Similarly, for all j, > A, ke N we apply the same
gain L% in (5). Increasing 6 and A increases flexibility of
the compensators, however, the complexity of the synthesis
problem also increases.

Remark 1: Note that the compensator proposed in (6)
is more complex than the controller. If the actuator has
enough computational power to run the compensator, the
controller could also be collocated with the actuator, thereby
effectively removing the controller-to-actuator channel. As
a consequence, packet loss between the controller and the
actuator is eliminated. In this paper we discuss the general
case of a non-collocated controller, i.e., the link between the
controller and actuator is subject to packet loss. The situation
where a controller collocated with the actuator is used is a
simpler problem, which fits as a special case in the general
framework and analysis described in this paper.

®)

D. Problem Formulation

The main objectives of this paper are to study the stability
properties of the NCS with the compensation-based strategy,
as presented in Section II-C, for the stochastic dropout
models, as presented in Section II-B. In addition, we aim
at deriving effective design conditions for the compensator
gains L% and L< leading to the largest regions of stability in
terms of the largest dropout probabilities that can be allowed
while still guaranteeing stability.
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A+ BKC —(1-6)BKC
Ag?A,i,j = Onxn A—-SLYKC
‘ Onxn —(1-0)BKC

—6(1—A)BKC
§(1—-A)LIKC
A+(1-06)(1—A)BKC — ALSC

(10)

III. MARKOV JUMP LINEAR SYSTEM MODEL

In this section, we combine the NCS (Section II-A), the
compensation based strategy (Section II-C) and the dropout
models (Section II-B) to obtain a Markov Jump Linear
System (MIJLS), see, e.g., [5].

To obtain a closed-loop model for the control system
including the compensators, we denote the estimation errors
at time k£ € N corresponding to the compensators C. and C,
as ej, := xr} —xy, and e} := x) — x7, respectively, and define
the augmented state & = [ 1 (e?)T (e§)” |T. The
closed-loop dynamics for the compensation-based strategy
can then be given by

_ Acb
€k+1 o A5k7Ak,%k71,3k71§k’ ®)

with Angm as in (10), for § € {0,1}, A € {0,1}, i €

{0,...,6} and j € {0,...,A}. We also define

fik = (O, Dk ik—1, k1) € M, (1D

where M = {0,1}2 x {0,...,6} x {0,..., A}. This allows
a compact representation of (9) as

o1 = AL &

Consider now the closed-loop representation (12) and note
that not all transitions from fi; € M to jix41 € M are
possible. In fact, for £ € N, it holds that

12)

13)
(14)

i1 = Ga Gk, Ak)
A1 €40,1},

zk-i-l = gs(zka 6k)7
or+1 € {0,1},

where the parameterized set-valued map
gr:40,...,7} x{0,1} = {0,...,r} for r € N is given by

0 782:1

Jr(s1,82): =% s1+1, so=0, s €{0,....,r—1}, (15)
s1 , 80=0, s1=r.
We combine the maps in (13) and (14) to obtain
fiet1 € G A (k) (16)

for all k£ € N, where the set-valued map Gg, A M = M is
defined for i = (0, A,,7) € M as
GS,A([L) = {07 1}2 X {%(%5)} X {gﬁ(]vA)} .
A final step to model the complete NCS with the
compensation-based strategy using the compensators C. and
Cq,, as defined in (5) and (6), respectively, is to include
the transition probabilities from fiy, to fig+1 € Gy & (fur)
based on the Gilbert-Elliott models for the dropout behavior
in each channel. These probabilities combined with (12)
and (16) will lead to a MIJLS model. To obtain these
probabilities, observe that the probability of going from
A = (Oks Agyik—1,Jk—1) 0 figr1 = (Oha1, Dkg1s %k, Jk)
is completely determined by the probability of going from

a7)

O to k41 and Ak to Agyq as already expressed in (4). As
a consequence, the probability p;- ; of going from f~ =
(0, Ai7,j7) € Mt = (6,A4,5) € Gg,A([F)
is given by p?,ﬁ 5pCA,1 A» and thus we obtain the transition
probabilities
) p5spa-a when [im €M, ieGsA(AT),
Pamp = 0 ,when fimeM, e M\Gj (i)
(18)
Note that with these probabilities a Markov chain with state
i1 € M is obtained. The discrete-time system (12) with Aff
as in (10) combined with the Markov chain (18) forms the
overall model of the NCS in the form of a MJLS, with initial
conditions &y € R3" and 19 € M. We denote this MILS for
brevity by Y MILS-

IV. STABILITY ANALYSIS

In this section, we provide conditions to analyse stability
of Xprs.

Definition 1 ([4], [13]): The MJILS given by X5 is:

1) mean-square stable (MSS) if for every initial state
(€0, f10), kILH;oE(||§k||§ |0, f0) = 0;

2) stochastically stable (SS) if for every initial state
(0. o). E(5% 164113 €0 fio) < oo

3) exponentially mean square stable (EMSS) if for every
initial state (o, fip), there exist constants 0 < « < 1
and 8 > 0 such that for all & > 0, E(||&/13 | o, fi0) <
Ba* &3

4) uniformly exponentially mean square stable (UEMSS),
if it is EMSS with « and g independent of £y and fig;

5) almost surely stable (ASS) if for every initial state

(&0, fip), we have that P <klim 1€kl = O> =1.
—00

It is shown in [4] that the first four stability properties in
Definition 1 are equivalent and any one implies almost-sure
stability, i.e.,

MSS & 5SS« EMSS & UEMSS = ASS.  (19)

In the remainder of this section, we present conditions under
which Y5 is EMSS. To do so, we observe that in the
closed-loop description of the resulting NCS, as given in
(12) with A% given in (10) for ji = (6,A,4,j) € M, the
states ej; 11 and ej, 4 are independent of x. Therefore, we
can split (12) in two subsg:stems, one related to x, the other
to e := [(e)T (e§)T]", for k € N. This yields the two
subsystems

(20a)
(20b)

Tpt1 = Azp + wp,

€k+1 = Eék,Akﬁ;ﬁh;k—l k>
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P A—-0L¢KC
50 = | _ (1-46)BKC

O p,.— | DiA—ORIKC

8,A i) = _(1 — 6)P£JBKC

§(1—A)LIKC o

A+ (1-0)(1—A)BKC — ALSC
5(1— A)RUKC .
P{ A+ (1=6)(1 - A)P§ ;BKC — ARSC 27

where wy, 1= Bék;Akek’ keN,
A:= A+ BKC,
Bsa:=[ —(1-6BKC -6(1-A)BKC],
A €{0,1},6 € {0,1},

21
(22)

and where Ej is given in (23) for fi € M. To prove that
Yavrs is EMSS, we use that (20) is in the form of a
cascaded system. In Theorem 1, we will provide a result that
can be used to conclude that if A = A+ BKC is a Schur
matrix and if the e-system (20b) with (18) is EMSS, then
the system Xzy1s given by (20) with (18) is EMSS. Note
that all stability properties in Definition 1 can be defined
similarly for (20b) with (18). In Theorem 2, we will present
necessary and sufficient matrix inequality conditions for
EMSS of the e-system (20b) with (18), which are proven in
[4]. Combining Theorems 1 and 2 will result in EMSS of
Y murs as will be formulated in Theorem 3.

Theorem 1 ([8]): Consider system (20a) where {wy }ren
is a sequence of random variables such that for some ¢; > 0
and 0 < p < 1 it holds that, for any wy € R?", E(|lwg|3) <
c1pf||lwol|3, k € N. If A = A+ BKC is a Schur matrix,
then there exist co > 0, ¢c3 > 0 and 0 < r < 1 such that

E([lzkl3]20) < cor® ol + esr®llwoll3  (24)
for all zq,wq, k € N.
Theorem 2 ([4]): The MJLS given by (20b) with (18), is

EMSS if and only if there exists a set {P;|ji € M} of
positive definite matrices satisfying

Pie — > pp- @Bl PiE; -0, i € M.
AeG;s x (A7)

(25)

We now combine Theorem 1 and Theorem 2 to obtain the
main result of this section, which formulates conditions
under which X5 is EMSS. For the proof see [8].

Theorem 3 ([8]): Consider system X775 given by (20)
with (18). System X 57715 is EMSS if and only if there exists
a set {P;|ji € M} of positive definite matrices satisfying
(25) and A = A+ BKC is a Schur matrix.

V. COMPENSATOR SYNTHESIS
Using Theorem 3, one can analyse sta‘t{ility of YaLs
for given compensator gains LZ and L;, 1 € {0,...,0},
je {0,..., A} Since we are interested in designing Lg and
L to obtain stability with a large robustness with respect
to dropouts, Theorem 4 will state LMI-based conditions for
the synthesis of L¢ and LE, based on Theorem 3.

Theorem 4 ([8]): Consider the system s given by
(20) with (18). Suppose A = A+ BKC' is a Schur matrix,
and there exist a set {P;|i € M} of symmetric matrices,
with P of the form P, = diag (Pe P5;)s e M
and a set {Rj|fi € M} of matrices, with R; of the form
R; = diag (Rg, R;s) . fi € M satisfying

[ Pi- f_)]>o, pmeM (26

Ei(am)  Ea(p
with for i~ = (6, A",i",j7)

Ep(fi) = diag(Po,o,Ejv Po,l.i,jv Pl,o,%.ja P1,1.,E,j)v
where i = §3(i17,07), j = §a(j~, A7) and Q as in (27).
Then Xazyzs is EMSS for the compensator gains L and L;
given by

L¢ = (P%) 'R, i=0,...,0,
L= (PR j=o..,A  ®
$ = ( 173) 7 7=0,...,A.

Remark 2: In case dropouts only occur in the sensor-to-
controller channel (see also Remark 1) the above result can
be improved as there is no need to enforce structure on P
and Rj, i€ {0,1} x {0,..., A}

VI. NUMERICAL EXAMPLES

In this section, we illustrate the presented theory using
a well-known benchmark example in the NCS literature
consisting of an unstable batch reactor [14]. Here, we will
assume that the full state can be measured. We sample the
unstable batch reactor as presented in [14] at 100 Hz to
obtain a discrete-time plant of the form (1) with

1.0142  —0.0018 0.0651  —0.0546
A= —0.0057 0.9582  —0.0001 0.0067
= 0.0103 0.0417 0.9363 0.0563 |°
| 0.0004 0.0417 0.0129 0.9797
[ 0.0000 —0.0010
| 0.0458 0.0000 .
B = 0.0123 —0.0304 | C=1.
| 0.0123  —0.0002

In our analysis, based on Section IV, we will assume that
the state feedback gain K in (2) is designed a priori, more
specifically, K is designed such that all the eigenvalues of
A+ BKC are 0.9.
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Fig. 4. Results for various dropout compensation strategies where K is
designed such that all eigenvalues of A + BKC' are placed at 0.9.

We assume that the dropouts in the sensor-to-controller
and controller-to-actuator channels are governed by Gilbert-
Elliott models. For illustrative purposes, we assume that
pl =S, =:ps— s fors,s7 € {0,1}. To obtain maxi-
mal robustness of the stability property for the compensation-
based strategy, we design the compensator gains based on
Theorem 4 for various values of p,- 4, 5,5~ € {0,1}. If
we satisfy Theorem 4 for certain p,- 5, then the NCS can
be rendered stable by the compensator gains as provided
in (28). Note that Theorem 4 provides sufficient conditions
for the existence of stabilizing compensator gains due to the
imposed structure on the Lyapunov function. We compare the
obtained results for the zero strategy and the hold strategy
to the compensation-based strategy for counter saturation
levels 6 = A = 1. To compute the stability regions of
the zero strategy and the hold strategy we apply a result
similar to Theorem 2, which provides necessary and suf-
ficient LMI-based conditions for stability, see, e.g., [13].
This leads to Fig. 4, in which we compare the region for
which stability can be proven for the different strategies.
The results are based on analysing an equidistant grid of
Ps—s» 5,5 € {0,1}, ie, poo € {0,0.01,...,0.99,1},
p11 € {0,0.01,...,0.99,1}, po1 = 1 —poo and p1o =
1 — p1,1. Closed-loop stability is guaranteed for all the grid
points to the left of each line. Even though the results
for the compensation-based strategy are based on sufficient
conditions, we observe that the region for which stability can
be guaranteed is (much) larger than the regions for the zero
strategy and the hold strategy. Hence, for this example it is
clear that the compensation-based strategy is providing more
robustness against packet dropouts (at the price of higher
computational requirements for the implementation).

VII. CONCLUSIONS

In this paper, we presented a new compensation-based
strategy for the stabilization of a networked control system
(NCS) with packet dropouts. The main rationale behind the

novel dropout compensators is that they act as model-based,
closed-loop observers if information is received and as open-
loop predictors if a dropout occurs. These compensators
were considered for Bernoulli and Gilbert-Elliott models
describing the dropout behavior. For these stochastic dropout
models, we derived necessary and sufficient conditions for
(exponential) mean square stability of the closed-loop NCS.
In addition, we developed LMI-based conditions for the
synthesis of the compensator gains that result in a robustly
stable closed-loop system. By means of a numerical exam-
ple, the significant improvements in robustness of stability
with respect to packet dropouts for the compensation-based
strategy compared to the zero strategy and the hold strategy
were demonstrated.
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