Control with Intermittent Sensor Measurements: A New Look at
Feedback Control.

Tomas Estrada Panos J. Antsaklis

Presented at the Workshop on Networked Distributed Systems for Intelligent Sensing and Control
Kalamata, Greece, Saturday, June 30, 2007

Abstract

In many control systems, including networked control systefeedback information is not necessarily contin-
uous or instantaneous, but intermittent, where the loogdadsed for finite time intervals. Intermittent feedback is
not uncommon in applications, but it has not been adequatatiied in control theory. The aim of this work is to
explore theoretically the advantages (and disadvantag@ajermittent feedback.

In this paper, we apply the concept of Intermittent Feeditack class of networked control systems known
as Model-Based Networked Control Systems (MB-NCS). We fiiisbduce the basic architecture for model-based
control with intermittent feedback, then address the castrsoutput feedback (through the use of a state observer)
and with delays in the network, providing a full descript@ithe state response of the system, as well as a necessary
and sufficient condition for stability in each case. Extensiof our results to cases with nonlinear plants are also
presented. Finally, we propose future research directions

. INTRODUCTION

In this paper, we deal with control systems where sensor uneaents are available intermittently. We refer to
this concept as intermittent feedback. Intermittent femtttis displayed in nature and has been applied in a variety
of fields for a long time, but its application to control sys&and, in particular, to networked control systems is
novel.

The basic idea of intermittent feedback is simple: rathanthsing closed loop control all the time, apply closed
loop control only for a certain interval, then go back to opeop. After a certain period of time, apply closed
loop control again, and so on. Essentially, the goal is tg aplply closed loop control when it is needed, and thus
reduce the overall control effort. Its application to cohiis highly intuitive and, in fact, it presents in biologlca
systems. Take, for example, the kind of control one perfowhen driving a car. When in the presence of a
straight road, less attention or control effort is requirbdt when we anticipate a curve, we focus on the road
and apply closed loop control. When the curve has been passktve are once again in a straightaway, we can
change to an "open loop” variety of control. Parting fromsthiologically-inspired concept, then, the transition to
control systems applications is intuitive and natural. Eighows a control system whose feedback loop contains
an interface, which could be a network, for example. Fig Zrjgies a look at the closed loop and open look time
intervals in an intermittent feedback setup. This will b@lained in more detail in Section 2.

The concept of intermittent feedback has been applied ierofineas of study. For example, in applications
to chemical engineering processes, in intermittent feeklia rather prominent. See, for example [23], where
intermittent feedback is used to address turbulence. @idrf24] addresses the issue of "intermittent distillatipn”
using intermittent feedback to address product removad.cidmcept also arises when dealing with product treatment,
such as chlorine disinfection or combined sewer overflowshat the problem is in itself of an intermittent nature
[25]. Most of the articles in this area are very applicataiented and focus on processes such as manufacturing.

In the field of psychology, the use of intermittent feedbackvidespread. The corresponding term often used in
psychology papers is "intermittent reinforcement” andenfarises in the literature regarding education, learning,
and child-rearing. The main idea is that human behaviotskglfi follows this intermittent nature. This does not just
apply to physical processes such as motor control, but tohmdggical pulls to practices, such as work, gambling
[26]. The learning process is another area where intemtifisedback arises very naturally, and where methods
based on it have proven to be very effective. [27] Intermitteedback is also used in regards to motor control,
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Fig. 2. Intermittent feedback - open and closed loop times

such as controlling seizures, epilepsy, etc. [28], [29] Tian idea in terms of psychological aspects of motion
control is that while, initially, continuous control is digd, as the human being learns, and there is growth in
cognitive and associative skills, there is a shift to intiétent feedback and a more automatic nature of motion
control.

Other researchers have considered how these concepts plgyt@amther, more complex areas, such as speech
development [30]. All these ideas are very interesting tonuthat they provide an initial justification as to why
intermittent feedback makes so much sense in nature, andthdry, it would make sense to seek to apply them
in other contexts.

Intermittent feedback has also been used to some exterbinice and mechanical engineering. This makes sense
due to the fact that the visual component of robots is oftesigied to follow a biologically inspired analogous
process. Thus, intermittent feedback arises naturally.ekkample, in [31] Ronco, et al use intermittent feedback
to address a conceptual, and practical difficulty in rotsoticy replacing the continuously moving horizon by
an intermittently moving horizon, they solve a continudinse generalized predictive controller. [32] Koay and
Bugmann also address intermittent visual feedback in feba@nd study how to compensate for the effects of
delays [33], while Leonard and Krishnaprasad [34] use inigent feedback in dealing with motion control of
robots, leading to nonlinear control with fewer state Jalga. Also, because the concept of "learning” in robots
is closely tied in with the learning process in human beirtgs, application of intermittent feedback here makes
sense as well, as has been dealt with in [35] and [36].

Finally, while intermittent feedback, per se, has not beeminently featured in electrical engineering research,
or in systems and control theory, in particular, similar ogpts do arise in the literature. Consider, for example,
[5], [18]. Also, in the field of information theory, Kramer es intermittent feedback in [37], by employing a
feedback communication scheme where the feedback chanoelly used to inform the transmitter, at specified
times, which message the receiver considers most likelgit-igh the information is used to modify the transmission
according to a rule known by the receiver.

In particular, the potential of intermittent feedback inwerked control systems is of special interest to us. The
concept is extremely appealing in that it effectively adgdes one of the key concerns, that of saving bandwidth
by reducing the use of network as much as possible. Yet, thefite of intermittent feedback may not limit
themselves to this. As discussed above, intermittent feedis closely associated with the learning process, and,
when adapting these ideas to control, we can begin to seesidpaificant improvements may be possible. For



example, by combining intermittent feedback with the mdukeded architecture, we can gradually improve the
parameters of the model -in a way, the system is "learning”aalapting”- so that as time elapses, the control
performance increases and the required use of network ase Additionally, the fact that in an intermittent

feedback setting there are times when the loop is closed ms@&d:loop control is being applied suggests that
results from classical, continuous-time control theory @& useful here and may be able to give us additional
insight into the nature of networked control systems, ad.v@hally, when dealing in networks, the notion that

when one has access to the network, one will send all thenration possible (as opposed to just one packet) is
intuitively appealing and consistent with the notion ofeimhittent feedback.

Throughout this paper, we apply intermittent feedback tariqular class of networked control systems known as
Model-Based Networked Control Systems (MB-NCS) and obtlaéncorresponding state responses under different
setups. We obtain stability conditions in each case as Weédl.focus on MB-NCS because this architecture has
proven to work well and makes sense in this context; alsoysigeof the model allows us to derive concrete, useful
results. Our main goal is to take advantage of the concepttefmittent feedback as applied to MB-NCS to bridge
the gap between instantaneous feedback and closed-lodml¢cahus providing a new look at feedback control.

The rest of the paper is organized as follows. In Section 2pre®ide the initial setup for model-based control
with intermittent feedback and provide a complete statpamse of the system, as well as necessary and sufficient
condition for stability. In Sections 3 and 4, we do the sametfe cases with output feedback (using a state
observer) and with delays in the network, respectively. \ftered our results to nonlinear plants in Section 5.
Finally, in Section 6, we briefly discuss our ongoing work.

[I. MB-NCS WITH INTERMITTENT FEEDBACK: BASIC SETUP

Let us start by introducing model-based control with intétent feedback, in its simplest setup. The problem
formulation is as follows.

The basic setup for MB-NCS with intermittent feedback iseesgiglly the same as that proposed in the literature
for traditional MB-NCS. Please see references [10], [112] [for more results on MB-NCS.

Consider the control of a continuous linear plant where tatessensor is connected to a linear controller/actuator
via a network. In this case, the controller uses an expliatleh of the plant that approximates the plant dynamics
and makes possible the stabilization of the plant even usider network conditions.
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Fig. 3. MB-NCS with intermittent feedback - basic architeet

The main idea here is to perform the feedback by updating theeiis state using the actual state of the plant
that is provided by the sensor. The rest of the time the cbatiion is based on a plant model that is incorporated
in the controller/actuator and is running open loop for aqekepf & seconds.

As mentioned before, the main difference between modeddbastworked control systems as have been studied
previously, and the case with intermittent feedback is thahe literature, the loop is closed instantaneously, and
the rest of the time the system is running with input basedchemtodel of the plant. Here, we part from the same
basic idea, but the loop will remain closed for intervalsiofe which are different from zero. Intuitively, we should
be able to achieve much better results the longer the loofméed, as the level of degradation of the information



increases the longer the system is running open loop, somittent feedback should yield better results than those
for traditional MB-NCS.

In dealing with intermittent feedback, we have two key timargmeters: how frequently we want to close the
loop, which we shall denote by, and how long we wish the loop to remain closed, which we shetiote byr.
Naturally, in the more general cases batland r can be time-varying. For the purposes of this paper, however
we will deal initially with the case where both and ~ are fixed.

We consider then a system such that the loop is closed peaibdieveryh seconds, and where each time the
loop is closed, it remains so for a time ofseconds. The loop is closed at timgs for £ = 1,2, .... Thus, there
are two very clear modes of operation: closed loop and opep. [Bhe system will be operating in closed loop
mode for the interval$t;, ¢, + 7) and in open loop for the intervalg, + 7,tx1). When the loop is closed, the
control decision is based directly on the information of ghate of the plant, but we will keep track of the error
nonetheless.

The plant is given byt = Az + Bu, the plant model by?c = A# + Bu, and the controller bys = K. The
state error is defined as = = — & and represents the difference between plant state and tdelratate. The
modeling error matricest = A — A and B = B — B represent the plant and the model. We also define the error
e(t) =z (t) — & (t) and the vector = [z ¢].

The state response of the system can be summarized in tbeifol proposition.
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Proposition 1: The system described above with initial conditiongg) = [

] = 29 has the following
response:

z(t) = 1)

) A+BK —-BK A+BK —BK
= Ao(h 7-) AC(T) = ~ ~ A ~ =
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We now present a necessary and sufficient condition for l#tabi

:| , andtgyq —tp = h.

Theorem 2: The system described above is globally exponentially stabbund the solution = [ "Z } if and

only if the eigenvalues o{ é 8 } ) [ é 8 ] are strictly inside the unit circle, whet@ = efe(h—7)ehe(7),

1. MB-NCS WITH INTERMITTENT FEEDBACK: OUTPUT FEEDBACK CASE(STATE OBSERVER

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

As in the architecture used in [12] for instantaneous mddsled feedback, we assume that the state observer
is collocated with the sensor. We use the plant model to detsig state observer. Our configuration is based on
the analogous setup for model-based control with outputifaek, proposed by Montestruque.

In [12] it is justified the sensor carry the computationalda# an observer by the fact that, typically, sensors
that can be connected to a network have an embedded procassatly in charge of performing the sampling,
filtering, etc.) inside.

The observer has the form of a standard state observer with/gdt 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:v = K%

Observeri = (A~ LC)z+ [ B— LD L | { Z ]
Controller model statef:

Observer’s estimater
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Fig. 4. MB-NCS with intermittent feedback - state observer

When loop is closede = 0

Error matricesA=A—- A, B=B-B, C=C—-C,D=D-D

The state response of the system is summarized in the folgppioposition.
Proposition 3: The system described above has a state response:

eAC(t_t")ZkZO , t e [tk,tk + T)
z(t) = { Aottt AT SR o0t e [ty 4 7 ) (2)

I 0 0 I 0 0
wherex = | 0 I 0 |etehDeAem) | 0 T 0 |, and
0 0 O 0 0 0

A BK —BK
Ao=| LC A-LC+BK+LDK —-BK-LDK |,
LC LDK — LC A— LDK
A BK —BK
Ac=| LC A-LC+BK+LDK —-BK — LDK
0 0 0
The following gives a necessary and sufficient conditiondiability.
X
Theorem 4: The system described above is globally exponentially stabbund the solutioa = | z | =0 if
e
I 00 I 0 0
and only if the eigenvalues &f are strictly inside the unit circle, whele= | 0 I 0 | efe(h=TerD | 0 T 0 |,
0 0 O 0 0 0

andA,, A. as before.

IV. MB-NCS WITH INTERMITTENT FEEDBACK: CASE WITH DELAYS

In the previous sections, we have assumed that the delapg ingtwork are negligible. However, in reality, this
is usually not the case. We now consider the case where delaihe network are present. Although in real-life



plants delays might be variable, for the sake of analysis wllecansider the case where delays are constant and
known.
Consider the following setup:
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Fig. 5. MB-NCS with intermittent feedback - delay case

The corresponding equations are as follows:

Plant:& = Az + Bu

Model: 7 = Ai + Bu

Controller:u = Kz, t € [ty trt1)

Propagation unit¥’ = A% + Bu, t € [ths1 — Ta» tos1]

Update law:i «— x, t =tx11 —7q ; T+— &, t =1

This setup follows the original one proposed my Montestaufpr the case with instantaneous feedback. See
[13] for more details.

The state response of the system is given by the followinggsition.

Proposition 5: The system described above has a state response:

Fort € [ty tx, +7)

2(t) = Mel=sh oy ot e [ty ty + 1) )
FOFtE[tk+T,tk+1—Td)
I 0 O
z(t):eA"(t_(t’“J”)) 0 I 0 |er5kz, t € [t + 7y tkr1 —74) 4)
0 0 0
Fort € [tpi1 — Ta, try1)
I 0 O I 0 0
2(t) = etolmln=mad) | g g 0 | M 0 T o0 | ereTER, (5)
0 I I 0 0 O
where
I 00 I 00 I 00 I 00
S=1]107T 0|0 0 0|0 T 0|0 T 0]. (6)
0 0 0 0 I I 0 0 0 0 0 0



We also provide a necessary and sufficient condition forilgtab

Theorem 6: The system described above is globally exponentially stabbund the solutioa = =0if

Q> O 8

and only if the eigenvalues af are strictly inside the unit circle, wheie is defined by (6) and,, A, are defined

as before.

V. NONLINEAR PLANTS

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

The setup and procedure that follows closely mirrors thappsed by Montestruque [ [10]] for traditional MB-
NCS. The sufficient conditions obtained relate the stabditthe nonlinear MB-NCS with the value of a function
that depends on the Lipschitz constants of the plant and hasdeell as the stability properties of the compensated
non-networked model. The results are obtained by studyiegmorst-case behavior of the norm of the plant state
and the error, thus leading to conservative results.

Let the plant be given by:

&= f(x)+9g(u) ()

We use a model on the actuator side of the plant to estimatadhel state of the plant. The controller will
be assumed to be a nonlinear state feedback controller. dimeot signalu is generated by taking into account
the plant model state . The plant state sensor will send gitrdbe network the real value of the plant state to
the model (that is, the loop will be closed) eveéryseconds, and the loop will remain closed foseconds during
each cycle. During these times, the state of the model isosbetthe same as that of the plant. We will assume
the plant model dynamics are given by:

&= f(x)+3(u) 8)
And the controller has the following form: )
u=h() 9)

We define as the error between the plant state and the plarglmtade,c = x — Z. Combining the above, we
obtain:

i=f@)+g(h@) = f (@) +m(@)

b= f@) +3(h@) = f (@) +m (@) (10)
Assume also that the plant model dynamics differ from the&algblant dynamics in an additive fashion:
FO=F(C)+6:(¢) (11)

m (¢) =m (¢) + 6m (C)
Thus:
&= f(x)+m(l) (12)
&= f () + 1 (&) + 67 (&) + 6 (2)
Assume thatf andé satisfy the following local Lipschitz conditions for with,y € By, a ball centered on the
origin:
If (@) = f Wl < Ky ||lz =y (13)
16 (x) =6 (Wl < Kslloz -yl

It is to be noted that if the plant model is accurate the Lijigctonstantis will be small.
Assume that the non-networked compensated plant modelpsnextially stable whe (¢y) € Bg, % (t) €
B;, for t € [ty,to + 7) with Bg and B, balls centered on the origin.

2 @) < a ||z (to)]| e P ) with a, 8 > 0. (14)



Theorem 7: The non-linear MB-NCS with dynamics described above, aadl shtisfies the Lipschitz conditions
described and with exponentially stable compensated piaate! satisfying is asymptotically stable if:

<1 _ <e—5<’H> + <er<h—T> - e—WH)) <KLL5>>> >0 (15)
f

V1. ONGOING WORK

In addition to the previous results, there is ongoing worktgiring to model-based control and intermittent
feedback. We will complement the above results by investigastability properties for cases with time-varyimg
andh and with discrete-time plants.

Another aspect we are addressing is performance. Throughlaions, we have observed that intermittent
feedback yields excellent benefits in performance, whenpemed to instantaneous feedback; in particular, the
benefits are especially significant in the cases when the In®dépoor quality, that is, its values are very different
from those of the plant. While these simulations give ugahihsight into the effect of intermittent feedback on
performance, we are also addressing this issue from a sgdtgranalytical perspective.

Closely tied to this are the issues of optimal control andustiess. We hope to obtain results on controller
design meeting robustness or optimality demands consigiiéim the intermittent feedback setup.

Another potential benefit of intermittent feedback is thed,time may pass, the model may be updated during
the closed loop intervals -through system identificatiarhigques, for example- so that, as time elapses, the system
needs progressively less feedback to achieve satisfastabyjlity and performance margins. We are currently
investigating this issue as well.

Throughout this research, we keep the aim of bridging thebgdween instantaneous feedback and full feedback
control.
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