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The aim of this paper is to provide a set of results in stability of model-based networked control systems with
intermittent feedback, which we intend will serve as a nexus between the study of systems with instantaneous
feedback and with continuous feedback.

We apply the concept of Intermittent Feedback to a class of networked control systems known as Model-
Based Networked Control Systems (MB-NCS). Model-Based Networked Control Systems use an explicit model
of the plant in order to reduce the network traffic while attempting to prevent excessive performance degra-
dation, while Intermittent Feedback consists of the loop remaining closed for some fixed interval, then open
for another interval. We begin by introducing the basic architecture for model-based control, then discuss the
concept of intermittent feedback, its applications in various fields, and its role as a link between instantaneous
and continuous feedback. We then provide our results for the model-based architecture with intermittent feed-
back. We also address the case with output feedback (through the use of a state observer), providing a full
description of the state response of the system, as well as a necessary and sufficient condition for stability in
each case. Extensions of our results to cases with nonlinear plants are also presented. Next, we investigate the
situation where the update times 7 and h are time-varying, first addressing the case where they have upper
and lower bounds, then moving on to the case where their distributions are i.i.d or driven by a Markov chain.
Finally, we study the case of model-based control with intermittent feedback for discrete-time plants, again
providing stability conditions for the basic architecture, the state observer case, and the case with time-varying
parameters.

Keywords: control systems; networked control; networked control systems; intermittent feedback;
model-based control

1 Introduction

A networked control system (NCS) is a control system in which a data network is used as
feedback media. NCS is an important area in control, see for example recent surveys such as
(Baillieul and Antsaklis 2007) and (Hespanha 2007) in the recent Special Issue on Networked
Control Systems, as well as (Nair and Evans 2000), (Took 2002), and (Walsh 1999). The use of
networks as media to interconnect the different components of an industrial system is rapidly
increasing. However, the use of NCSs poses some challenges. One of the main problems to be
addressed when considering an NCS is the size of the bandwidth required by each subsystem.
A particular class of NCSs is model-based networked control systems (MB-NCS), introduced
in (Montestruque 2002). The model-based networked control systems approach is based on the
concept that it is more important to reduce the number of packets sent over the network than
the size of the packets themselves. This is due to the fact that, in the context of networked
control systems, packets usually feature small transport time and big overhead, so that data
compression provides very limited benefits in the use of network. With this in mind, the key
idea then is to use partial information about the plant to our advantage, so as to reduce the
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use of network as much as possible. One of the main advantages of the model-based approach
is that it yields a stabilizing controller even if the plant itself is not stable, which is not the
case in most other NCS approaches; see also (Montestruque 2003, 2004). Related problems have
been studied in (Fridman et al. 2004), which uses an input delay approach to obtain sufficient
stability conditions for sampled-data linear systems.

Here we extend this work by taking advantage of the novel concept of intermittent feedback.
In the previous work done in MB-NCS, the updates given to the model of the plant state
were performed in instantaneous fashion, but with intermittent feedback the system remains
in closed loop control mode for more extended intervals. This notion makes sense as it is a
good representation of what occurs in both nature and industry. For example, when driving
a car, when approaching a curve or hilly terrain, we pay attention to the road for a longer
time, which is equivalent to staying in closed-loop mode, and we only reduce our attention
-switch to open loop control- when the road is once again straight. It is worth noting that
while the application of intermittent feedback to MB-NCS, the concept has been studied in
different contexts, in fields such as chemical engineering (Kim 2001), psychology and behavior
(Salzberg et al 1971, Schmidt 2005), and robotics (Koay and Bugmann 2004, Ronco and Hill,
1999). While intermittent control is a very intuitive notion, its combination with the MB-NCS
architecture allows for obtaining important results and opening new paths in controlling NCSs
effectively. For example, by combining intermittent feedback with the model-based architecture,
we may gradually improve the parameters of the model -in a way, the system is ”learning” or
"adapting”- so that as time elapses, the control performance increases and the required use of
network decreases.

In addition to its application to the MB-NCS architecture, we hope that the study of inter-
mittent feedback will provide a conceptual bridge between continuous feedback -as we study in
classical controls- and instantaneous feedback, as has been studied for example in sampled-data
systems. It is worth remarking that the results presented herein converge to those of the instan-
taneous case when the length of the intervals during which the loop is closed approaches zero,
and to those of continuous time control when the loop is closed approaches h.

In the earlier sections, we provide results for the cases where the plant is continuous-time. Full
proofs are provided in the appendix of this paper. Some of the results have been presented in
previous conference proceedings (Estrada et al. 2006) and (Estrada and Antsaklis 2007, 2008-1,
2008-2), and additional details can found in the technical report (Estrada and Antsaklis, 2008-3).

We then investigate what happens in the case of discrete-time plants as well (Estrada and
Antsaklis, 2008). The results presented in the latter sections are a natural extension of the
corresponding ones in continuous time, to a case where packets of information are transmitted
at discrete intervals. It is important to note that, in the discrete time case, the parameters 7
and h, which correspond to how often the loop is closed and for how long the loop is closed
each time, are different from the sampling time of the digital plant, since they are tailored after
the demands of use of the network, not by the internal clock of the plant. Note also that even
when the loop is closed, information is being sent at discrete intervals, typically at a higher rate
determined by the internal clock of the plant.

The rest of the paper is organized as follows: in Section 2, we introduce our approach for model-
based control with intermittent feedback and study it in detail. We provide a full description of
the output, as well as a necessary and sufficient condition for stability of the system. This section
deals with the case where the intervals at which the loop is closed and the intervals for which
the loop remains closed are both fixed. In Section 3 we extend our results to the case where full
information is of the state is not available, and thus we most resort to output feedback, using a
state observer. Once again, we provide a full description of the output, as well as necessary and
sufficient conditions for stability. We study the case where the plant is nonlinear in Section 4. The
case for time-varying updates is presented in Section 5. In Section 6, we present corresponding
results for discrete-time plants. Finally, in Section 7, we provide conclusion and discuss future
work.
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2 Model-Based Control with Intermittent Feedback, Basic Architecture

Let us start by introducing model-based control with intermittent feedback, in its simplest setup.

2.1 Problem Formulation

The basic setup for MB-NCS with intermittent feedback is essentially the same as that proposed
in the literature for traditional MB-NCS; see references (Montestruque and Antsaklis 2002, 2003,
2004) for more results on MB-NCS.

Consider the control of a continuous linear plant where the state sensor is connected to a linear
controller /actuator via a network. In this case, the controller uses an explicit model of the plant
that approximates the plant dynamics and makes possible the stabilization of the plant even
under slow network conditions.

PLANT

MODEL

u k xhat

|
CONTROLLER

Figure 1. MB-NCS with intermittent feedback - basic architecture

Tau (loop 15 closed) Cpen loop

k- full period

Figure 2. Partition of the time interval into close and open loop intervals

The main idea here is to perform update the model’s state every h seconds using the actual
state of the plant that is provided by the sensor. The rest of the time the control actions is based
on a plant model that is incorporated in the controller/actuator and is running open loop.

As mentioned before, the main difference between model-based networked control systems
as have been studied previously, and the case with intermittent feedback, which we are here
discussing, is that in the literature, the loop is closed instantaneously, and the rest of the time
the system is running open loop. Here, we part from the same basic idea, but the loop will
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remain closed for intervals of time which are different from zero. Intuitively, we should be able
to achieve much better results the longer the loop is closed, as the level of degradation of the
information increases the longer the system is running open loop, so intermittent feedback should
yield better results than those for traditional MB-NCS.

In dealing with intermittent feedback, we have two key time parameters: how frequently we
want to close the loop, which we shall denote by h, and how long we wish the loop to remain
closed, which we shall denote by 7. Naturally, in the more general cases both h and 7 can be
time-varying. For the purposes of this section, however, we will deal only with the case where
both h and 7 are fixed.

We consider then a system such that the loop is closed periodically, every h seconds, and where
each time the loop is closed, it remains so for a time of 7 seconds. The loop is closed at times tp,
for k = 1,2,.... Thus, there are two very clear modes of operation: closed loop and open loop.
The system will be operating in closed loop mode for the intervals [tg,tx + 7) and in open loop
for the intervals [ty + 7, tx+1). When the loop is closed, the control decision is based directly on
the information of the state of the plant, but we will keep track of the error nonetheless.

The plant is given by # = Ax + Bu, the plant model by & = Az 4 Bu, and the controller by
u = KZ. The state error is defined as e = x — % and represents the difference between plant
state and the model state. The modelhng error matrices A = A — A and B = B — B represent
the plant and the model. We also define the vector z = [2T eT]T.

In the next subsection we will derive a complete description of the response of the system.

2.2 State Response of the System

We will now proceed to derive the response to prove the above proposition in a direct way. To
this effect, let us separately investigate what happens when the system is operating under closed
and open loop conditions.

During the open loop case, that is, when ¢ € [ty + 7,tr11), we have that

uw= K2 (1)

=[] [z o

with initial conditions Z(ty + 7) = x (t + 7).
Rewriting in terms of x and e, that is, of the vector z :

0= 19 = |51 Bk 4B | o) ®)
(
(

2ty +7) = [i ;’zi:ﬂ = [m(t’“a”_)} LVt € [ty + 7 ths1)

Thus, we have

A+ BK —-BK

2= Aoz, where A, = [[l—l—BKA—BK] , YVt € [ty + Ty tkt1) (4)
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The closed loop case is a simplified version of the case above, as the difference resides in the
fact that the error is always zero. Thus, for ¢ € [tg,tx + 7), we have

Z=AMA.z, where A.= [A +OBK _ﬁK] , tE [tttk +7) (5)

From this, it should be quite clear that given an initial condition z(t = 0) = zp, the solution
of the trajectory of the vector is given by

2(t) =Wz, te(0,7). (6)

In particular, at time 7, z(7) = e®(7) .

Once the loop is opened, the open loop behavior takes over, so that

2(t) = MU (1) = PolmeAe gt e [, 1). (7)

In particular, when the time comes to close the loop again, that is, after time h, then z (tl_) =
er(h—T) eAc(T) 20.

Notice, however, that at this instant when we close the loop again, we are also resetting the

. 10 .
error to zero, so that we must pre-multiply by [ 0 0] before we analyse the closed loop trajectory
for the next cycle. Because we wish to always start with an error that is set to zero, we should
. 1 .

actually multiply by [ 0 8] at the beginning.

So then, after k cycles, going through this analysis yields a solution.

k
10 NN
z(ty) = ([00} eho(h=T)he(7) [OOD 20 =Xz, (8)
_ L0 Ayh—r) A |10
where Y = 00}6 e Ik

The final step is to consider the last (partial) cycle that the system goes through, that is, the
time t € [tg,tg+1). If the system is in closed loop, that is, ¢ € [tg, tx + 7), then the solution can
be achieved merely by pre-multiplying z (¢x) by eMe(t=tx) Tn the case of the system being in open
loop, that is, t € [ty + 7, tk+1), then clearly we must pre-multiply by eho(t=(tet7)) gAe(7)

The results can thus be summarized in the following proposition.

Proposition 2.1: The system described above with initial conditions z (tp) = [93((7)50)] = 29

has the following response:

k
ehe(t—tx) <[ég] > [ég]) 20 , t€ [thtp+7)

eNo(t=(tut7)) gAc(7) ({0 O} » [0 0}) 20 , t €[ty + T, tkt1)

9)

where ¥ = efo(h=T)he(m) A, = [

h.

A+BK -BK | [A+BK -BK P
A+BK A-BK| "¢ 0 0 |tk =

In the next subsection we will present a necessary and sufficient condition for the stability of
the system.
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2.3 Stability condition

We now present a necessary and sufficient condition for the stability of the model-based net-
worked control system with intermittent feedback. We use the following definition for global
exponential stability. (Antsaklis and Michel, 1997)

Definition 2.2: The equilibrium z = 0 of a system described by 2 = f(¢,2) with initial
condition z(tp) = 2o is exponentially stable at large (or globally) if there exists a > 0 and for
any (3 > 0, there exists k () > 0 such that the solution

16 (¢, to. 20| < k (B) |0l e=*="), vt > ¢ (10)

whenever ||zg|| < .

With this definition of stability, we state the following theorem characterizing the necessary and
sufficient conditions for the system described in the previous section to have globally exponential
stability around the solution z = 0. The norm used here is the 2-norm, but any other consistent
norm can also be used.

Theorem 2.3: The system described above is globally exponentially stable around the solution

z= [ ] if and only if the eigenvalues of [0 8] by [é 8] are strictly inside the unit circle, where

53— eholh=7) ghe(r).

The proof may be found in the Appendix.

2.4 Bridging the Gap: Relationship to previous results

Let us now relate these results to the ones for instantaneous feedback. As explained in (Mon-
testruque and Antsaklis 2002), the main idea is once again to perform the feedback by updating
the model’s state using the actual state of the plant that is provided by the sensor. The rest of the
time the control action is based on a plant model that is incorporated in the controller/actuator
and is running open loop for a period of A seconds.

The equations for plant, model, and controller are as follows:

Plant: & = Az + Bu

Model: & = A% + Bu

Controller: v = k()

Also, a state error is defined as e = x — 2 and represents the difference between the plant state
and the model state. The dynamics of the overall system are captured in the following equation:

C) = (AT Bx a0 (0] o
R

=[]
vVt € [tk, tk+1) with tx11 —tk = h.

where A and B represent the error matrices A = A— A and B = B — B. Defining z = [:Z g; ] ,

A+ BK —-BK

and A = A+ BK A— BK]’ the equation above has the form Z = Az.

The complete output description of the above system is summarized in the following proposi-
tion.

)
)
k)
tr)
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Proposition 2.4: The system described in with initial conditions z (ty) = [:E (go)] = zp has

the following response:

k
oAt ([L0] An |10
z(t)=e <[00]e [00 20,

te [tk,tk+1) with Tyl — tp = h.

The reference (Montestruque and Antsaklis 2002) also provides a necessary and sufficient
condition for stability, which is presented here for completeness.

Theorem 2.5: The system described above is globally exponentially stable around the solution

z = [az] = [0] if and only if the eigenvalues of [I O} eAh [I 0] are inside the unit circle.
e 0 00 00

Please see (Montestruque and Antsaklis 2002) for the corresponding proofs.

If we compare the above results to the ones obtained in the previous section, we observe that
our results for intermittent feedback converge to those of the instantaneous case when the length
of the intervals during which the loop is closed approaches zero. Furthermore, when 7, the time
that the loop is closed, approaches h, our results converge to those for continuous time control.
Numerical examples are presented in (Estrada and Antsaklis, 2006) which illustrate how the
behavior of the stability margins ranges between those of the instantaneous case and those of
the continuous time case depending on the percentage of time that the loop is closed.

3 Model-Based Control with Intermittent Feedback, Observer Case

In the previous section we considered plants where the full vector of the state was available at
the output. When the state is not directly measurable, we must resort to a state observer. In
this section we extend our results to this situation.

3.1 Problem formulation

As in the architecture used in (Montestruque and Antsaklis, 2002) for instantaneous model-
based feedback, we assume that the state observer is collocated with the sensor. We use the
plant model to design the state observer. Our configuration is based on the analogous setup for
model-based control with output feedback, proposed by Montestruque.

In (Montestruque and Antsaklis, 2002) it is justified that the sensor carry the computational
load of an observer by the fact that, typically, sensors that can be connected to a network have
an embedded processor (usually in charge of performing the sampling, filtering, etc.) inside. The
observer has as inputs the output and input of the plant. In the implementation, in order to
acquire the input, which is at the other side of the communication link, the observer can have a
version of the model and controller, and knowledge of the update times 7 and h. The controller
and the observer are also synchronized.

The observer has the form of a standard state observer with gain L. It makes use of the plant
model.

In summary, the system equations are the following;:

Plant: © = Az + Bu, y = Cz + Du
Model: & = AZ + Bu, y = Cx + Du
Controller: ©u = K&
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PLANT STATE OBS.

MODEL

u k xhat

|
CONTROLLER

Figure 3. MB-NCS with intermittent feedback - state observer

Observer: @ = (A — LC)z + [B— LD L] [Z]
Controller model state: &

Observer’s estimate: T
When loop is closed: e =0

Error matricess A=A— A B=B-B,C=C-C,D=D-D
We will derive the state response of the system in the following subsection.

3.2 State response of the system

To find the state response of the system, we proceed in the same fashion as we did before.
During open loop case, that is, when ¢ € [ty + 7, tr11), we have that

u=Kz (12)
SO
= Az + BK#% (13)
i =(A+ BK)#
and
t=(A-LC)z+[B-LDL] [wang] (14)
X
=[LCBK + LDK A-LC] | &

I
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We define z = | z | with initial condition & (t;) = = (t) .
(&
Thus,
Z2=Aoz (15)
A BK —BK
where A, = | LC A~ LC + BK + LDK —~BK — LDK
LC LDK — LC A—-LDK
and
x(ty +7) x(ty +71)”
2t +71)= |2t +7)| = [Tt +7)
e(ty +7) 0

Similarly, for the closed loop case, that is, when ¢ € [tg,tx + 7), we have

2= Az (16)
A BK —BK
where A, = | LC A—LC+ BK + LDK —BK — LDK | because the error is always zero.
0 0 0

From this, it should be quite clear that given an initial condition z (¢ = 0) = zy, then after a

certain time t € [0, 7), the solution of the trajectory of the vector is

2 (t) = MWz, t e 0,7) (17)
In particular,
2 (1) = PNy (18)
Once the loop is opened
2(t) = Pz (1) = MMMz |t e [ t) (19)
We close the loop again at t = h.
z (tl_) = lolh=T)he(T) (20)
100
But we must reset the error to zero, so we pre- and post-multiply by [0 70
After going through k cycles, we find that noo
z () = F 2 (21)
100 100
where X = | 010 | ere(h=T)eAe(T) [ 0T 0
000 000

Taking into account the last (partial) cycle,
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e 20, E[tk7tk+7’)
= 22
z (1) {er(t—(tk—H'))eAc(‘r)ZkZO tE [t T br) (22)
100 100
where X = |00 | ete(h=TeAe(™) 0T 0|, and A,, A, as before.
000 000
We summarize the result in this proposition.
Proposition 3.1: The system described above has a state response:
e 20, t € [te, i +7)
= 2
z(t) {er(t(tk+‘r))€Ac(‘r)EkzO e . (23)
100 100
where by = 010/ er(h=Tele(™) [ 0T0], and A, =
000 000
A BK —BK
LC A—LC + BK + LDK —BK — LDK |,
LC LDK — LC A~ LDK
A BK —BK
Ae=|LCA—-LC+BK+ LDK —BK — LDK
0 0 0

In the next subsection, we obtain a necessary and sufficient condition for stability.

3.3 Stability condition

As before, we provide a necessary and sufficient condition for stability.

Theorem 3.2: The system described above is globally exponentially stable around the solution

x
z= | x| =0 if and only if the eigenvalues of 3 are strictly inside the unit circle, where where
e
100 100
Y= [010]|erer=TeA) 1 0T0]|, and Ay, A, as before.
000 000

4 Nonlinear Systems

In the previous sections we have restricted our study to the cases where the plant is linear. Let
us now lift this restriction and seek to find the corresponding stability properties for nonlinear
plants with intermittent feedback.

The setup and procedure that follows closely mirrors that proposed by (Montestruque and
Antsaklis, 2003) for traditional MB-NCS. The sufficient conditions obtained relate the stability
of the nonlinear MB-NCS with the value of a function that depends on the Lipschitz constants
of the plant and model as well as the stability properties of the compensated non-networked
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model. The results are obtained by studying the worst-case behavior of the norm of the plant
state and the error, thus leading to conservative results.

4.1 Stability of a class of nonlinear MB-NCS

Let the plant be given by:

&= f(z)+g(u) (24)

We use a model on the actuator side of the plant to estimate the actual state of the plant.
The controller will be assumed to be a nonlinear state feedback controller. The control signal
u is generated by taking into account the plant model state . The plant state sensor will send
through the network the real value of the plant state to the model (that is, the loop will be
closed) every h seconds, and the loop will remain closed for 7 seconds during each cycle. During
these times, the state of the model is set to be the same as that of the plant. We will assume
the plant model dynamics are given by:

&= f(z) + 9 (u) (25)
And the controller has the following form:
u=h(2) (26)

We define as the error between the plant state and the plant model state, e = £ —Z. Combining
the above, we obtain:

i = f(z)+g(h(®)=f(z)+m)
@=f(z)+g(h(@)=f(z)+m() (27)

Assume also that the plant model dynamics differ from the actual plant dynamics in an additive

fashion:
FQ =1+ () (28)
m (¢) = m (¢) + 6m (¢)
Thus:
i = f(x)+m() (29)
&= f(x) + 10 (&) + 67 (£) + 6 (2)

Assume that f and § satisfy the following local Lipschitz conditions for with x,y € B, a ball
centered on the origin:

1f (@) = f (W)l < Kyl =y (30)
16 (x) =0 ()l < Ks llz -yl

It is to be noted that if the plant model is accurate the Lipschitz constant K will be small.
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Assume that the non-networked compensated plant model is exponentially stable when Z (¢g) €
Bg, % (t) € By, for t € [tg,tg + 7) with Bg and B, balls centered on the origin.

12 ()] < a |z (to)|| e ?¢ ) with a, 3> 0. (31)

Theorem 4.1: The nonlinear MB-NCS with dynamics described above, and that satisfies the
Lipschitz conditions described and with exponentially stable compensated plant model is asymp-
totically stable if:

(1 -« <e_ﬁ(h_7) + (er(h_T) - e_ﬁ(h_T)) <KKj_ 5))) >0 (32)
f

4.2  Stability for a more general class of non-linear MB-NCS

We now extend the results to a nonlinear system whose plant dynamics are given by

&= f(z) +g(zu). (33)

As above, we will follow the procedure used in (Montestruque and Antsaklis, 2003).
The model and controller are given by

Substituting, we get:

8
I
~

() +g(x,k(2) = f(2) (35)

+
(&) + 3 (&, k (2) = [ (&) + (2,

3
—~
j‘?

=
~—

Ko
Il
~»
NaY
ISH
~—

Again, let us assume that the uncertainty between the plant and the model is of the additive
type:

FO=F(Q)+3(C) (36)
1 (¢) = m (¢, €)=+ 0m (€)

So, the error dynamics between the plant and the model are:

1S (2) = F ()l < Ky [l —yll (38)

Im (2, 8) = m (y, )| < Km () lz =y (39)
105 (2) =07 (I < K5, ||z =yl (40)
16m () = m (W) < K5, [l =y (41)
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Define also K, max = maxsepy (K (s)) for Bg, where Bg is a ball centered at the origin.
Assume as well that the non-networked compensated plant model is exponentially stable when
Z (to) € Bg, & (t) € B;, for t € [tg,to + 7) with Bg and B; balls centered on the origin.

& (8)] < allé (to)l] e 7" with o, 8 > 0. (42)

The following theorem states a sufficient condition for stability.

Theorem 4.2: The nonlinear system with dynamics described above and that satisfies the
Lipschitz conditions described and with exponentially stable compensated plant model satisfying
the above is asymptotically stable if:

ah_ _ a(h_ Ks. + K
1— B(h—) (K4 K max) (h=7) _ o=B(h=T) i m 4
( o' (e + (e e ) ; e >0 (43)

5 Stability of MB-NCS with Intermittent Feedback and time-varying updates

Until now we have only considered the case where the parameters 7 and h are constant. Let us
now take a closer look at what happens when these parameters vary with time. The definitions
for Lyapunov stability and mean square stability used throughout this section are the same as
those in (Montestruque and Antsaklis, 2004).

5.1 Lyapunov stability with bounded intervals

We shall first analyse the case where the parameters are time-varying, but their probability
distributions are unknown. Let the plant, model, and controller have the same dynamics as
described in Section 2. The following result describes the state response of the system. The
derivation of this result is analogous to that for constant 7 and h.

Proposition 5.1: The system described above with initial conditions z = [:c (go)] = 2o has

the following response:

¢

k
oMo (t—t1) <H M(ﬂ)) 20 , tE [tg,tp +7)
J=1

k
o (t=(trt7)) gAc(7) (H M (j)> <0,
7j=1

tety+ 7, tetr)

3= O er)—ri) ey [ L0 _ |A+BE -BK _
where M (j) = [00]6 e 00l A, = A+ BK A BK | A, =

A+ BK —BK . .
[ BE D ],tm—tk:hw),and¢<y><h<y>.

The proof is presented in the appendix.
We now present a condition for Lyapunov stability of this system.

Theorem 5.2: The system described above is Lyapunov asymptotically stable for h €
[Amin, Pmax] and T € [Tmin, Tmax) (With Tmax < hmin) if there exists a symmetric positive def-
inite matriz X such that Q = X — MXMT? is positive definite for all h € [Rmin, hmax] and

. _ 10| Ahr) A |10
T € [Tmin, Tmax), where M = [0 O] e e 0ol
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Again, the proof is presented in the appendix.

5.2 Mean square stability of continuous MB-NCS with IF with i.i.d update times

Now, let us consider the case where 7 is constant, but h (k) are independent identically distributed
with probability distribution F' (k). This corresponds to the situation where we might not know
how frequently we can access the network, but when we do obtain access to it, we continue to
have access to it for a fixed amount of time, so as to, for example, complete a given task or
transmit a certain set of packets. We present a stability condition for this case:

Theorem 5.3: The system described above with update times h(j) independent identically
distributed random variable with probability distribution F (h) is globally mean square asymp-

totically stable around the solution z = 8 ifK=F [(e‘_’(AO)(h*T))Q} < oo and the mazimum
singular value of the expected value M™T M, HE [MTM] H =q (E [MTM]) 18 strictly less than

_ |10 Ayh—r) Ay |10
one, whereM—[OO]e e 001"

The proof may be found in the Appendix.

5.3 Mean square stability of continuous MB-NCS with IF with Markov chain-driven
update times

We now consider the situation where the parameter h is driven by a Markov chain and provide
a stability condition.

Theorem 5.4: The system described above with update times h(k) = hy,, # oo driven by
a finite state Markov chain {wy} with state space {1,2,...,N} and transition probability ma-
triz I' with elements p;; is globally mean square asymptotically stable around the solution

z= |2t eT]T = 0 if there exist positive definite matrices P (1), P (2), ..., P(N) such that

N
Spig (HOTPGYH @) - P @) | <0¥ijel,..N
j=1

. . 10
— Ao (hi—7) Ac(T)
with H (i) = e e [OO] .

The proof follows that in (Montestruque and Antsaklis, 2004) for the case of instantaneous
feedback.

6 Discrete-time plants

6.1 Problem Formulation

The basic setup for discrete-time MB-NCS with intermittent feedback is essentially the same as
that for continuous time; see also (Estrada and Antsaklis, 2008-2). We make the same assump-
tions as in (Montestruque and Antsaklis, 2004) for the instantaneous feedback case, where both
the sensor and actuator sides are synchronized and updates occur at the same instants of time.

Consider the control of a discrete linear plant where the state sensor is connected to a linear
controller /actuator via a network. In this case, the controller uses an explicit model of the plant
that approximates the plant dynamics and makes possible the stabilization of the plant even
under slow network conditions.
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Figure 4. Basic MB-NCS architecture

In dealing with intermittent feedback, we have two key time parameters: how frequently we
want to close the loop, which we shall denote by h, and how long we wish the loop to remain
closed, which we shall denote by 7. Naturally, in the more general cases both h and 7 can be
time-varying. Unlike the continuous time formulation, A and 7 are both integers here, as they
represent the number of ticks of the clock in the corresponding interval.

We consider then a system such that the loop is closed periodically, every h ticks of the clock,
and where each time the loop is closed, it remains so for a time of 7 < n ticks of the clock. The
loop is closed at times ng, for £k = 1,2, .... The system will be operating in closed loop mode for
the intervals [ng,nx + 7) and in open loop for the intervals [ny + 7, ngy1), with ngy1 — ng = h.
When the loop is closed, the control decision is based directly on the information of the state of
the plant, but we will keep track of the error nonetheless.

As mentioned in the introduction, it is important to note that the parameters 7 and h are
different from the sampling time of the digital plant, since they are tailored after the demands
of use of the network, not by the internal clock of the plant. It is also important to keep in mind
that even when the loop is ”closed”, information is being sent at discrete intervals, the duration
of which is determined by the internal clock of the plant.

The plant is given by = (n + 1) = Az (n) + Bu (n), the plant model by Z (n 4 1) = Az (n) +
Bu (n), and the controller by u (n) = K (n). The state error is defined as e (n) = z (n) — & (n)
and represents the difference between plant state and the model state. The modelling error
matrices A = A — A and B = B — B represent the plant and the model. We also define the
vector z = [T 7.

In the next section we will derive a complete description of the response of the system as well
as a necessary and sufficient condition for stability.

6.2 State Response of the System and Stability Condition

We will now proceed to derive the response to prove the above proposition. The approach is
similar to that we used in (Estrada and Antsaklis, 2008-1) for the continuous time case. To this
effect, let us separately investigate what happens when the system is operating under closed and
open loop conditions.

6.2.1 State response of the system

During the open loop case, that is, when n € [ng + 7,1441), we have that

u(n) =Kz (n) (44)
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SO

St = [0 4% Bxc) [5600) )

with initial conditions Z(ny + 7) = x (ng + 7).
Rewriting in terms of x and e, that is, of the vector z :

A(n+1)= [ﬁég:ﬂ _ (46)
AT B A K] e
xmh+ﬂ]:[$mk+7)]’

2k +7) = [e(nk +7) 0

Vn € [ng + 7, np41) (47)

Thus, we have

A+ BK -BK
z(n+1) = Apoz(n), where Ap,= [[l +BK A - BK] ’

Vn € [ng + 7, np41)

The closed loop case is a simplified version of the case above, as the difference resides in the
fact that the error is always zero. Thus, for n € [ng, ng + 7), we have

z(n+1) = Apcz(n), where Ap. =

[A+BK —BK} 7 (49)

0 0

n € [ng,ng +7)

. This should be clear in that the error is always zero, while the state progresses in the same
way as before.

From this, it should be quite clear that given an initial condition z(n = 0) = zp, then after a
certain time n € [0, 7), the solution of the trajectory of the vector is given by

z(n) = Ap.z0, n € [0,7). (50)

In particular, at time 7, 2(7) = A],.20.
Once the loop is opened, the open loop behavior takes over, so that

2(n) = A, Va(r) = AB, T ADz0, € [rom). (51)
In particular, when the time comes to close the loop again, that is, after time h, then z (n1) =
h=T) s 7
AP .

Notice, however, that at this instant when we close the loop again, we are also resetting the

. 1 .
error to zero, so that we must pre-multiply by [ 0 8] before we analyse the closed loop trajectory
for the next cycle. Because we wish to always start with an error that is set to zero, we should

actually multiply by [é 8] at the beginning.
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So then, after k cycles, going through this analysis yields a solution.

k
10  (hr),r [10
- (1 7 1]

k
101 (10
=([vo]=[os]) = ®
where ¥ = AT

The final step is to consider the last (partial) cycle that the system goes through, that is, the
time n € [ng,ngyq). If the system is in closed loop, that is, n € [ng,nk + 7), then the solution
can be achieved merely by pre-multiplying z (ng) by A([;Lc_ ") Tn the case of the system being in
open loop, that is, n € [ng + 7,nx41), then clearly we must pre-multiply by A%l()_(n"JrT))ABC.

The results can thus be summarized in the following proposition.

Proposition 6.1: The system described by (48) and (49) with initial conditions z (ng) =

[:13 (SLO)] = 29 has the following response:

Nk, Nk +
2(n)= (n—(ni+7)) [klcf T)Io F (53)
L n € [ng + 7, ngs1)
. A+BK —-BK A+ BK —BK
where £ = A8 78 Ao = |57 B a4 x| o= |1 T andmia—m =

h.
6.2.2 Stability Condition
We will present a necessary and sufficient condition for the stability of the system.

Theorem 6.2: The system described above is globally exponentially stable around the solution

z= [aé] = [8] if and only if the eigenvalues of [é 8] by [é 8] are strictly inside the unit circle,

where X = Ag;O_T)ABC.

Extensions of these results to the case with use of state observer are also available. See (Estrada
and Antsaklis, 2008-2).

6.3 Time-Varying Results

Until now we have only considered the case where the parameters 7 and h are constant. Let us
now take a closer look at what happens when these parameters vary with time. The definitions
for Lyapunov stability and mean square stability used throughout this section are the same as
those in (Montestruque and Antsaklis, 2004).

6.5.1 Lyapunov stability with bounded intervals

We shall first analyse the case where the parameters are time-varying, but their probability
distributions are unknown. The following result describes the state response of the system. The
derivation of this result is analogous to that for constant 7 and h and is included for the sake of
completeness.
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Proposition 6.3: The system described in (48) and (49) with initial conditions z = [m (no)] =

zo has the following response:

k
Agbc—”k) <H M(])) 20 , NE [nk,nk +Tk)
z(n) = =1 .
Ag;(nk+7))A%c I1 M(])) 20 , N E Mg+ Ty Niy1)
j=1
where M (j) = [OO} Ag)o )(])AD(Z) 00}, Ap, = [A+BKA—BK ., Ap. =
A+ BK —BK ) .
AP == b0, and 1) < 43,

We now present a condition for Lyapunov stability of this system.

Theorem 6.4: The system described in (48) and (49) is Lyapunov asymptotically stable for
h € [hmin; hmax] and T € [Tmin, Tmax] (With Tmax < hmin) if there exists a symmetric positive
definite matriz X such that Q = X — MXMT is positive definite for all h € [hmin, hmax] and

) B 10 (h=—7) s 10
T € [Tmins Tmax), where M = [0 O] Ap, 'Ap, [O 0] .

6.3.2 Mean square stability of discrete MB-NCS with IF with i.i.d update times

Now, let us consider the case where 7 is constant, but h (k) are independent identically dis-
tributed with probability distribution F' (k). This corresponds to the situation where we might
not know how frequently we can access the network, but when we do obtain access to it, we
continue to have access to it for a fixed amount of time, so as to, for example, complete a given
task or transmit a certain set of packets. We present a stability condition for this case:

Theorem 6.5: The system described in (48) and (49) with update times h(j) independent
identically distributed random variable with probability distribution F (h) is globally mean square

2
asymptotically stable around the solution z = [8] ifK=F (A%;T)) < 0o and the mazimum
singular value of the expected value M™T M, HE [MTM] H =0 (E [MTM]) 1s strictly less than

_ 10 (h—T) T 10
one, where M = [OO] Ap, "ADb, [00}

The proof is similar to that for the continuous case.

6.3.8 Mean square stability of discrete MB-NCS with IF with Markov chain-driven update
times

We now consider the situation where the parameter h is driven by a Markov chain and provide
a stability condition.

Theorem 6.6: The system described in (48) and (49) with update times h (k) = hy, # o
driven by a finite state Markov chain {wy} with state space {1,2,..., N} and transition probability
matriz I' with elements p; ; is globally mean square asymptotically stable around the solution

z = [aT eT]T = 0 if there exist positive definite matrices P (1), P(2), ..., P(N) such that

(ZXipis (HGOT PG HG)) = P @) <0Vij €1, N with H (i) = Ay Ap, [é 8]

Once again, the proof follows that of the continuous case.
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7 Conclusions

We have introduced the concept of model-based control with intermittent feedback. We proposed
a basic architecture, focusing first on the continuous time case, and derived a complete description
of the output of the system, as well as necessary and sufficient conditions for stability. We have
then extended our results to cases with state observers and nonlinear plants. Extensions of our
results to cases with delays can also be found in our previous work. Additionally, we considered
the situation where the update times 7 and h are time-varying, first addressing the case where
they have upper and lower bounds, then moving on to the case where their distributions are i.i.d
or driven by a Markov chain, providing stability conditions in each case. We also obtained an
analogous set of results for the discrete-time case.

The focus of the present paper was on stability, but the area of performance of networked
control systems, both under the model-based architecture and otherwise, remains a relatively
unexplored ground for research. In future work, we expect to provide results on performance
of model-based networked control systems with intermittent feedback, and will consider other
issues, such as robustness, tracking, filtering, and improving control as time elapses (that is,
to use intermittent feedback to improve performance, by updating the model during the times
when the system is running closed loop, with the aim of enabling the user to run the system
closed loop for progressively shorter intervals), as well.
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Appendix A: Proofs

A.1 Proof of Theorem 2.3

Proof Sufficiency. Taking the norm of the solution described as in Proposition 2.1:

k
Ao(t—tr) 1o Ao(h—7) JAc(T) 10
e ([0 O} e e [O 0 20

k
IO Ayher) Ay |10
H([o 0] ‘ ‘ 00

Notice we are only doing this part for the case when ¢ € [t,tx + 7), but the process is exactly
the same for the intervals where ¢ € (tx + 7,tx + 1). Analysing the first term on the right hand
side:

1] = (A1)

Izl

J— 2 _ —
1 (—t) o (A + LTI et < o0 Z g (A2)

Ac(t—tr)
He ' 21

where 7 (A.) is the largest singular value of A.. In general this term can always be bounded
as the time difference t — t; is always smaller than 7. That is, even when A, has eigenvalues
with positive real part, HeAC(t_t’f) H can only grow a certain amount. This growth is completely
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independent of k.

We now study the term H <[é 8] eho(h=7) ghe(7) {I 0}) . It is clear that this term will be

00

bounded if and only if the eigenvalues of [é 8] eo(h=7) ghe(7) [é 8] lie inside the unit circle:

k
Ao(h=7) Au(r) [ 10
(58] exenero[30])
with Ky, a1 > 0.

Since k is a function of time we can bounded the right term of the previous inequality in terms
of t:

< Kope~ ik (A3)

_ P e § &1 o1 _
Koe™®F <« Koe™ ™% = Koene nt = Kse (A4)

with Kg}Oé > 0.
So from (Al), using (A2) and (A4) we conclude that:

(=) (| L O] Auth—r) ac(r) | L0 ’
00 00

Necessity. We will now provide the necessity part of the theorem. We will do this by contradic-

IO A hr) A(r) |10 -
00l€ e 00 has at least one eigenvalue

outside the unit circle. Let us define X(h) = e’("=7)eA«(")  Since the system is stable, a periodic

sample of the response should converge to zero with time. We will take the samples at times

{41, that is, just before the loop is closed again. We will concentrate on a specific term: the

state of the plant z (t,;rl) , which is the first element of z (t,;rl) . We will call = (t,;rl) , (k).
Now assume () has the following form:

Iz = < KiKse ™ |lzol| - (A5)

tion. Assume the system is stable and that

Now, the values of the solution at times ¢, |, that is, just before the loop is closed again, are

W wm) o] [ W) o
(tei) = [m) (W (h))* 0] o= [Y(h) (W(n))* o} & (A7)

We also know that [é 8} eho(h=7)ghe(7) {é 8] has at least eigenvalue outside the unit circle,
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which means that those unstable eigenvalues must be in W (7). This means that the first element
of z (t,; +1) , which we call £ (k), will in general grow with k. In other words we cannot ensure
¢ (k) will converge to zero for general initial condition .

e ()| = Nl ) = [|(W () o] 00 as ke — o0, (A8)

which clearly means the system cannot be stable. Thus, we have a contradiction. O

A.2 Proof of Theorem 3.2

Proof Sufficiency. We will perform the proof for [ty,t; + 7), but this holds true for the other
interval as well.

Iz (0)] = [tz | (A9)
< [ler< = | =01
Ault—t2) (t—t)”
et <14 (¢ - t) o (M) + 4 (A10)
_ Tt < B0 Z [,
100] 1007\"
And 010/ eroh=meAe() |00 is clearly bounded if and only if the eigenvalues
000] 000
of ¥ are within the unit circle.
100 1007
010t 10710]|| < Koe ®F, Ky,aq >0 (A11)
000 000

Since k is a function of time, we can bound the right term in terms of ¢.

ng_alk < ng_al% < ngal/he_alt/h = ng_at , Ks,a1 >0 (A12)
Thus,
Iz (0)) = [tk | < KKyt 0 (A13)
100 100
Necessity. Assume that |01 0| efe(h=TeAe() | 0T 0| has at least one eigenvalue outside
000 000

the unit circle. We will take samples... as we did in the case without the observer. Let’s call
> (h) = eteh=T)eAe(7) We will concentrate on & (k) = [w (t’”l)] .

Tty
Wi (n) Wa (n) X1 (n)
Assume % (n) = | W (n) Wa(n) X2 (n)
Yi(n) Ya(n) Z(n)

—~~
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For simplicity, let’s call
Wi (n) W (n)} [Xl (n)}
W (n) = , X (n) = , Y (n) =Y Y Al4
(77) [W3 (n) Wiy (n) (77) X5 (1) (77) [ 1(n) Yo (77)] ( )
Then we can express z (t) as
100 1007\"
M=t L LoT0|S(h)[0T0]| ] 2
000 000
- 0
W (t—t,) X (t— tk)] (W (h))*
= _ _ 0] | 20 (A15)
W (1 ) (W () [
= k 0 20
LY (t—t) (W () 0
100 100
We know [070| X (h)|0I0]| has at least one eigenvalue outside the unit circle, thus those
000 000

unstable eigenvalues must be in W (k) . This means that the first two elements of z (¢, +1) , which
we call £ (k), will in general grow with & (if one selects initial condition zy along the eigenvector
of the corresponding eigenvalue).

Thus, we cannot ensure £ (k) will converge to zero for a general condition.

|

This means the system is unstable; thus we have a contradiction.

] = e = Jov g [ 2] - oo ask - 0 (A16)

A.3 Proof of Theorem 4.1

Proof We will now analyse the behavior of the plant state norm when the loop is open. The
stability of the system can be guaranteed if ||« (¢)|| decreases such that ||z (¢ + 7)|| > ||z (tx+1)]l,
where t; + 7 is the time the loop is opened and ¢y is the next time the loop is closed, with
thor —th+7=h—T.

In general, we see that in any interval [ty + 7, tx+1) the following holds true:

[zl = N2 + el < [[2[] + lle]
lle (tx +7)| =0 (A17)
[ (¢ + Il = 12 (& + 7))

So, we can guarantee that ||z|| will decrease over the interval [ty +7, tx11) if || 2]+ ||e|| decrease.
We know that:

é=i—a=f(x)-f(2)-4(2) (A18)
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Thus:
t
e(t)=e(tr+ T)/ (f (@ (s)) = f(&(s)) — (& (s)))ds (A19)
te+7

The last equality holds since at t; + 7 the plant model state is updated and the error is equal
to zero. We will now use the Lipschitz condition to bound the norm of the error.

le (B é/t (IS (@ (s)) = £ (@ (I + N0 (2 (s)]) ds (A20)

kT

< /t (K [[(z (s)) = (& ()]l + K5 [|2 (s)]]) ds

k+T

_ K, / I () — G ) llds + K5 [l (s)]ds

kt+T tp+T7

t t
K, / le (s)] ds + K / 13 ()] ds, ¥t € [te + 7 1)
tk+’T thr’T

Then:

le (Bl §Kf/t+ ||€(8)||d8+Ka/t 12 (s) ds (A21)

k+T

t t
Ky [ Ne@lds+ K [ alla bt r)|e s
btT tr+T

t
Ky [ le@lds+ Koo (7 (1= e H0) Ve )
te+7

We now use the Gronwall-Bellman Inequality [] for the following step. This inequality states

that if a continuous real-valued function y(t) satisfies y (t) < A\ (t) + f;u (s)y (s)ds with A(t)
and pu(t) continuous real-valued functions and p(t) non-negative for ¢ € [a,b), then y(t) <

At) + f;)\(s),u(s) el v gs over the same interval. So, we assign y(t) = lle@®)|, A(t) =
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K512 (te + 1)l (1- e‘ﬂ(t_t’ﬂLT)), and p (t) = Ky, and thus obtain:

e Ol < K55 1 (4 7)]| (1= e 07 (A22)
t X4 —B(s—tx+7) K (t—s)
+ Ks— |12 (te + 7)|] (1 —e " ) K9 s (A23)
tk+T ﬁ

t

— Kg% & (te + 7)) <1 — e7AltAT) 4 / (1 - e—ﬁ<s—tk+f>) Kfer(t_s)ds>

tp+T

t

= Kég & (tr + 7)|| eKrlt=s) _ eﬂ(sthrT)er(tS)ds)

5 1— e*ﬂ(t*tk+‘r) + Kf/

tk+T

t
= K55 o Dl (1- e 2 ey [

er(t—s) _ ert_KfS_ﬂS+ﬁ(tk+7—)ds>
tk--f—T

(efﬁu*(tw)) _ K= (tit

Ky

— @4 _ o Blt—te+T) ;1 K (t—(th+1))
K(Sﬁ”l'(tk—FT)H(l e +Kf< (1 e >+Kf+ﬁ

| — e Blttr) _q 4 Kl K1 (efﬁ(tf(tﬁf)) _ er@(tw))))
Kf + 73

o o - T - - T K
= K (1 )l (K00 — s (1 Kfig>

— K;|é Ko=) _ =Bt (@
K |2 (b + 7)1l (e ¢ ) (Kf+5> V€ [tr+ 7 1)

Note that he error signal will be zero if the update time h — 7 = t311 — (tx + 7) is zero (or if

the model is perfect, that is, same dynamics as the plant). With this bound over the error signal
we can proceed to calculate the bound over the plant state.

[l @] < 12 O + lle @)

< @l (tg + )l e POAT) K 3 (1 + )| (57004 — e Bli—(bt)) <“>

Kf + 6
(A24)
=a||z (ts +7)| <€—B(t—(tk+7)) + (er(t—(tHT)) _ e—ﬁ(t—(tﬁﬂ)) (KKj—ﬁ>> (A25)
f

, Vt € [tk—l-T,tk)

For stability, we need||Z (tx + 7)|| > ||Z (tx+1)]||. Therefore, we require:

& (tg 4+ 7)|| — || (tg + 7)) <e_’6(h_7) + (er<h—T> - e_ﬁ(h_T)) (Kfjﬂ» >0  (A26)

K,
i — [ e Ph=7) Kp(t—(to+7)) _ —Bh—7)) [ 226
bl <1 <e +<e ‘ ) <Kf+6>>> =0

(1 B <e—6(h—r) N (em(h—f) B e—ﬁ(h—f)) <KKi 5))) >0
f
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A.4 Proof of Theorem 4.2

Proof Note that the error can be bounded as follows:

O < [ (0 + Ko 0 (5) = & ()] + (K, + K,.) 13 5) ) ds . Ve € 7).

kT
(A27)
The rest of the proof is done as in the previous theorem. O

A.5 Proof of Theorem 5.2

Proof The proof is similar to the corresponding development for constant h and 7. On the closed
loop interval, the system response is:

2 (t) = ["zgﬂ — oAelttn) [”” (gk)} _ M (1) VEE [ty + 7). (A28)

And on the open loop interval, the response is:

2O | L Attt Aclt—t) | TER) | Aot (txtr)) Ac(t—te)
z(t)—[e(t)]—e e 0 | =e¢ e z (tx) , (A29)
Vt € [t + 7, tks1)
Now, note that at times ?j , the error is reset to zero, which corresponds to pre-multiplying
10
by 00l

Using the above, we obtain

I 0 —T T
L (ty) = [00] AN AT (1)

Then, with initial conditions ¢(0) = to, 2 (to) = 20 = [360} :

2 (t) = ePett) 2 (1)

_ At [I

. ] er(h(k)—T(k))eAcT(k)z (tk_1)

0
0
_ Aelt—t) [ég] Ao (h(R)=(k)) A (k) [ég} Ao (hUr=1)=r(k=1) Acr(b=1), (1, )

k
=M T M () | 20, t € [tinti +7)
j=1

where

- [r0 ) Ay [10
M () = [00} Ao(h() () A () [00}

And similarly for the interval ¢ € [ty + 7, tr11). O



March 10, 2009 1:13

International Journal of Control tomasijc

International Journal of Control 27

A.6 Proof of Theorem 5.3

Proof Note that the output norm can be bounded by

k
j=1

k
SHe/\o(t—(twﬂ)H HeAc(T) T2 G| llzol
j=1
k
< e Aoma=Tmin || A(D|| ) TT M ()| |20
j=1

That is, since ee(t=(E+7) hag finite growth and will grow for at most from 7yin t0 Amax, then
convergence of the product of matrices M (j) to zero ensures the stability of the system. Such
convergence to zero is guaranteed by the existence of a symmetric positive definite matrix X in
the Lyapunov equation. O

A.7 Proof of Theorem 5.4

Proof Let us begin by evaluating the expectation of the squared norm of the system. Note that

we are doing this for the interval t € [ty,tx + 7%) , but the proof is the same for the interval
t € [tr + Thy try1)-

2
k
o (t=(tkt7e)) gAe(Tr) H M (5) | 2o (A30)
j=1
T
k T k
A H M (j) <€Aﬂ(t7(tk+7—k))€Ac(m)> oo (t=(te 7)) A (Ti) HM(j) 20
j=1 J=1
r T
T k k
5 <(6Ao<t<tk+m>>em(m>) eAaa(tkm))eAc(m)) A(Ivo) (116
i=1 j=1
[ 9 k T k
(ea(onhfr)(kH)) A M G) 122 G) | 2
j=1 j=1

Now that the expectation is all in terms of the update times, we can use the i.i.d property of
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the update times and the assumption that K is bounded:

k r k
E (66(Ao)(h—7)(k+1))2 T H M (j)) HM () | 20 (A31)
j=1 j=1
L .
=KAE HM(j) M (k)T M (k) (HM(j) 20
j=1 j=1
[ k T k
=kAE [ T[MG)| EM M| T[MG)]] =
j=1 Jj=1
k T k
<Ko (EMM)ALE|([IMG)| [TIMG) || 2
j=1 J=1

We repeat the last three steps recursively to obtain

2
k
E et TTM () | 20
j=1
<K (o (E[MTM])* L 2

From here, we can see that if HE [MTM} H =,0 (E [MTMD < 1, then the limit of the expec-
tation as time goes to infinity approaches zero. O

A.8 Proof of Theorem 6.2

Proof Sufficiency. Taking the norm of the solution described as in Proposition 6.1:

k
n—mng 10 h—7) T 10
A(Dc ) <|:0 0:| A(Do ) Dc |:0 O:|> 20

10 - [T0]Y"
00| Do “Dcipg

Notice we are only doing this part for the case when n € [ng, nx +7), but the process is exactly
the same for the intervals where n € (ny + 7,ng + 1). Analysing the first term on the right hand
side:

lz(n)]| = (A32)

<[5

Izl

5.

< (3 (Ape)™™ < (& (Ape))” = Ky (A33)

where 6 (Ap.) is the largest singular value of Ap.. In general this term can always be bounded
as the time difference n — ny is always smaller than 7. That is, even when Ap. has eigenvalues

A, ™

with positive real part, ‘ can only grow a certain amount. This growth is completely

independent of k.
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. It is clear taht this term will be

k
10 (h—7) s + 10
We now study the term H ([O 0] Ap, "AD. [0 0])

bounded if and only if the eigenvalues of [é 8] A%;T)AB . [é 8] lie inside the unit circle:

101 o) yr [T0])"
00| Do “Deipg
with K5, a1 > 0.

Since k is a function of time we can bounded the right term of the previous inequality in terms
of t:

< Koe ¥ (A34)

&1

K2€—Oélk' < KQB_alnT_l = KQE%Q_TH = K3e_an (A35)

with K3 o > 0.
So from the above, we conclude that:

Iz(n)]]

k
n—my 10 h—T) A7 10
ASDC ) <|:0 0:| A(Do )ADC |:0 O:|) 20

< K1 K3e " HZ()” . (A36)

Necessity. We will now provide the necessity part of the theorem. We will do this by contradic-

I0]| ,(h—m7) 10 :
0 0] Ay, AD, [0 O] has at least one eigenvalue

outside the unit circle. Let us define X(h) = A(Dho_T)ABC. Since the system is stable, a periodic

sample of the response should converge to zero with time. We will take the samples at times

ng+1, that is, just before the loop is closed again. We will concentrate on a specific term: the

state of the plant x (ngy1), which is the first element of z (ng41). We will call z (ng41), & (k).
Now assume (7)) has the following form:

tion. Assume the system is stable and that [

A=) ([ég 5 (h) [égbkzo (A37)
_ [W(n — i) X(n— nk)} {(W(h))k o] -
Y(n—nk) Z(n—ny) 0 0
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Now, the values of the solution at times n;_ ,, that is, just before the loop is closed again, are

W (h) (W (h))"* 0]
Y (h) (W(h)F 0] ™

:[ (W ()" O]zo (A38)

10

We also know that [ } A([};O_T)AB has at least one eigenvalue outside the unit circle,

10

00 €100

which means that those unstable eigenvalues must be in W (h). This means that the first element
of z (ng+1), which we call £ (k + 1), will in general grow with k. In other words we cannot ensure

& (k + 1) will converge to zero for general initial condition zg.

o ()| = ll€ e+ DIl = || (W (1) | — o0
as k — oo, (A39)

which clearly means the system cannot be stable. Thus, we have a contradiction. O

A.9 Proof of Theorem 6.4

Proof The proof is similar to the corresponding development for constant A and 7. On the closed
loop interval, the system response is:

z(n) = [x (n)} = A(Dnc_n’“) {x (nk)] = Aglc_n’“)z (ng) , Yn € [ng, ng + 7). (A40)
And on the open loop interval, the response is:

Z(?’L) — |:x(n):| — A(D’ﬂo—(nk-i-T))A(g)lc—nk) [x(g/k)] — A(Dno—(nk-FT))A(D”c—nk)z (nk) , (A41)

Vn € [ng + 7, ng41)

Now, note that at times ny , the error is reset to zero, which corresponds to pre-multiplying
10
by [ 0 0] .

Using the above, we obtain
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Then, with initial conditions n(0) = to, 2z (ng) = 20 = ﬁ)o] :

2 (n) = AL 2 (ny)

IO nN—\Nk 1Tk n—myg
- {00} Ay " TIABTz (nga)

10 (”—(nk+7k)) (n nie) |10 (n—(m 1+75-1)) A (R—75 1)
|:00:| A A 00 A ADc Z(nk_g)

k
:Ag;nk) HM(j) 20, n € [ng,ng + i)

where
. 10 10
M(j) = [00} AB=TI) A7) [00}
And similarly for the interval n € [ng + 7, 7p41)- O

A.10 Proof of Theorem 6.5

Proof Note that the output norm can be bounded by

A([T)LO n+) HM 20
k
n— nk—H' .
< [a; bell | TT M G) | 1zl
j=1

k

- hmax_ min
<o (Algym ) 1AB IT G =1

That is, since A(n (mt7)) has finite growth and will grow for at most from 7y t0 Amax, then
convergence of the product of matrices M (j) to zero ensures the stability of the system. Such
convergence to zero is guaranteed by the existence of a symmetric positive definite matrix X in
the Lyapunov equation. O





