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i. INTRODUCTION

Many technical and industrial processes have time delays.
Common examples on processes where time delays appear
naturallys are systems with product transports and material
flows. For these systems the feature is also referred to as
transport delay. Physicallys a time delay in a system can be
visualized as the time it takes before a change in the
control signal is observed in the output measurement.

Processes with time delays are non-minimum-phase and
infinite dimensional systems. Control engineers hoticed
early that these systems are quite difficult to control with
conventional PID reqgulators.

The invention of the Smith predictor, or contvollers by Otto
Smith in 1925, was a real break—-through for control theory.
This regulator has the property that it is able to control
time delay systems. The tuning of a Smith controller is as
simple as the tuning of a conventional regulator. A
limitation of the regulator is that it is rvestricted to
stable processes. It has another difficulty associated with
it as well - a model of the process time delay has to be
included in the contvoller. Time delays are difficult to
implement using analog techniques: and consequently the
Smith controller is almost exclusively found in computer
based control systems.

The Smith predictor has been subject to much analysis. Among
recent publications we will mention a few. In Astvrdim (1377)
it is shown that the controller gives a large amount of
phase advances a feature which is necessary in the control
of systems with time delays. The sensitivity of control
systems incorporating Smith predictorsy is examined in
loannides et al (1979). Different aspects of implementation
and internal properties are presented in Bengtsson and
Egardt (1778).

The present report is concerned with the parametrization of
the controller. It is shown that the Smith predictor can be
parametrized convehniently in terms of the desired
closed-loop system dynamics. This alternative representation
facilitates tuning and design. A robustness result for the
controllevy based on the general results in
Mannerfelt (1981), is also presented. It is shown that in
reasonable desighsy the closed-loop system bandwidth can not
be much higher than that of the open-loop system.

The paper is organized as followss In Section 2 the Smith
predictor is presented in its usual form. Section 3 is
devoted to the derivation of the alternative



parametrization. Some properties of the control systemy 2.g.
robustnessy are discussed in Section 4. The conclusions are
found in Section Sy and Section & contains the references.



2. THE SMITH PREDICTOR

In this section we will briefly discuss the Swith predictor
in its originally proposed farm. As was previously
mentioned» conventional control of processes with time
delays is not a simple matter. Such a control system
configuration is shown in Fig. 2.1. If the controller is of
the usual Ps PI or PID typess the system perfarmance is
often of very limited quality. The regulator should remember
the history of old control actions in order to iwmprove
performance. This feature is included in the Smith
predictor.

The configuration of a control system using a Swmith
predictor is shown in Fig. 2.2. The process to be controlled
is assumed to be linears time—-invariant and stables and it
has the transfer function GP(s). The Smith controller is

shown inside the dotted rectangle. It consists of several
parts: a model of the process dyhnamics GMCs) and a madel of

the process time delay exp(“sTM). There is also a block
marked BR(s)v which represents a regulator designed to

— o — — b —

control the plant model without time delays i.e. GMCs). The
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has desirable propertiess such as stabilitys acceptable
bandwidth and sufficient damping ete. 0Often GR(S) is chosen

as a PI or PID controller. The tuning of GRC5> can then be

made according to standard rules: wellknown to process
operators and control engineers. The originally difficult
control problem is thus transferred to a simple standard
case by using the Smith predictor.

It can be shown that the Swith controller cancels all the
poles aof the open—-loop system. In some control problems it
is not suitable to use controllers with this propertys: and
consequently the Smith predictor is not always the best
choice. More about this and other theoretical results
concerning the Smith predictor can be found in
Astrtm (1982)y and in the references wmentioned in the
introduction.

In the following sectiony we will rearrange the
configuration of the Smith predictor as it is shown in
Fig. 2.2. This leads to an alternative parametrization that
has some appealing properties. ’

— — — — — — — Process

% Gp




Z. AN ALTERNATIVE PARAMETRIZATION

An alternative representation of the Smith controller will
be dervived. Similar ideas have previously been used e.g. in
the area of Model Reference Control, and in the design of
Self-tuning Poleplacement regulators, see Ast rdm et
al (1978). The discussion is restricted to the discrete time
cases since the sampled version of the contvoller is far
more common and impovrtant than the one in continuous time.

Let the sampled process dynamics have the pulse transfer
oparator

where 1:1--1 is  -tha backward shift operator that represents a

time delay of one sample interval h. A discrete time model
of the process is given by

GM(q_l)q_k (3.2)

where GM(-) ¥ 0y i.e. BM(q_l) contains a direct feed-through

term. The factor q_k is the pulse transfer operator of the

time delay model: and consequently TM = k-h.

A block diagram of the discrete time control system is
analogous to the one shown in Fig. 2.2. The regulator GR is

designed to control the process model without time delay GM.

To derive the alternative regulator parametrization,
introduce the desired closed-loop model system

The transfer function HMCzaih should haves in addition to

suitable dynamics:s a unity steady state gain., 1i.e.

HM(l) = 1.



It is now straightforward to rearrange the control system
according to Fig. 3.1. 1In this configuration the control
signal is computed as

-1 -k
u=HIG ( -yl + ul (3.4)
MM Yc y q

The regulator can thus be parametrized ohly in terms of the
process model and the desired closed-laoop system HM.

When using the usual Smith controller configurations shown
in Fig. 2.2y the structure of the regulator GR has to be

specified a priori. The parameters of GR must be either

tuned to properly control GMs or computed to give the

resulting closed—-loop system HM suitable properties. In most
applications GR is chosen as a PI or PID controllers which
in fact is an unnecessary limitation.

The alternative representation proposed in this paper: is
parametrized in terms of the desired clossd—-loop system.
This gives a process operator new possibilities to directly
ohn line specifys or altews the closed-loop system
performance. There is no longer any need to bother about the
structure of the “"internal" regulator GR. For sxample. it is

possible to specify a 2:nd order closed-loop wmodel HM as in
the Bandwidth Design method, see Astrdm (1977). Such a model

contains only two parametersy bandwidth and damping. The
corresponding regulator GR may have many more parameters if




the model GM is of high order.

It is intuitively appealing to see that the regulator (3.4)
can be interpreted in terms of model following control. The
control signal is the sum of a feed-forward sighal from the
command inputs and a feed-back signal from the output ervor
between the model and the process:

-1 -1 -k
u=06 H + G H EG u - vl (3.5
M Myc M M Mq Y
The regulator (3.4) uses the inverse process model G —1.

This transfer function is unstable if the process model G

is non-minimum phases i.e. if it has zeros outside the unit
circle. In order to avoid this problems it is necessary to
include the non-minimum phase zeros of GM in HM. The

combined transfer function G _lH » relevant in the regulator
realization (3.4) is then stable, and the problem is solved.

A short summary of the previous results: the Smith predictor
can be parametrized as (3.4)y where the non-minimum phase
zeros of GM are alsa restricted to be zeros of HM' The

corresponding factors must be cancelled before the
controller is implemented in order to wmaintain stability.
This is a feature that is in comman for all control system
designss and nothing special for the Smith controller. The
proposed parametrization is well suited for modern process
controlsy and facilitate regulator tuning for the process
operator. In the next section» some properties of the

control system will be analysed.
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4. PROPERTIES

In this section we will investigate some properties of a
control systems using a Smith predictor. The results of
course are independent of the parametrization of the
controller. Howevers they can conveniently be expressed in
terms of the process model without time delay GMs and the

desired closed-loop transfer function HM.

The Smith predictor is used mainly when solving two
particular problems: to give the control system a specified
sarvo performancesy and to eliminate steady state and slow
disturbances. To investigate the sevvo propertiesy we form
the input-output relation of the closed-loop system. The
open—loop relation

=G_u 4.1)
Y P

and the control law

-1 -k
u=HTIG ( - y) + ul 4.2
MEOM yc Yy q

together give

-1
G HG
y = P“": =y 4.3
{1+ GHG -HGq .
PMM M
If the process model is correct, i.e. GP = GMq-k; this
relation becomes the ideal
-k
y =Hq vy 4.4)
M c

This can not be expected in general, since there are always



i1

modelling errors in GM. It is howaver interesting to see

that the closed-loop transfer function in (4.3) always has
unity steady state gain:

-1
GP(1)HM(1)GM(1)

H(1)

Il
I

-1
1+ GPCI)HM(I)GM(I) o HM(l)

-1
GP(I)GM(l)

I}
i}
[

=1 4.5
G, (136, (1)

where it has been used that HM(i) = 1. This indicates that
the servo properties are acceptable at least for low
frequencies. The reason why (4.5) is true irvespectively of
Gps is that the Smwith controller has integral action.

The other task of the regulator is to eliminate constant and

slowly drifting disturbances. When analyzing this property.

it is convenient to utilize the linearity of the control

systems and with no loss of generality we regard the command

input vy as being zero. Assume that the process is described
c

by the relation

y = GPu + v 4.6

where v is a disturbance. The control signal is given by
equation (4.2). The ocutput of the control system is then
given by

1 - qu_k
y = —— i ” v (4.7)
1 +6BHG -Hqg
PMM M

Because of the integral action of the controller it follows
that constant disturbances are totally eliminated in the
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output. At higher frequencies, howevers the relation (4.7)
shows that disturbances wmay in fact be amplified by the
ragulator. Suppose for example that the process model is

corrects i.e. C-iMq_k = GP. The relation (4.7 in this case
becomes

y = [1 — HMq_kJ v (4.8)

For some frequency wy the magnitude of the corresponding
transfer function will be 1 + |HM| which obviously is larger

than unity.

Another measure of the output due to the disturbance is

L+ IH
M1
liyll £ livil 4.7
* L - BHB -Hag ®
PMM Mq i
Here ||-|] is a notation for signal and operator horm. A

necessary condition for acceptable disturbance rejection is
that the norm

-1 -k
GHG -H €4.10)
I B Mq ll1

is small. This is implied if either the modelling error

e, - GMq"‘u1 4.11)

is smalls or if the norm of the ratio between the
closed~loop and open~loop model transfer functions

H 6 ) 4.12)
MM 1

is gmall. We thus concludey that if the disturbances at the
process output have considerable contents at high
frequenciesy it may be important either to have a good
process model or to reduce the gain of the desired
closed-loop system.
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It follows from equation (4.2) that the poles of the
regulator are the zeros of the transfer function

-1 —k
GMHM £1 - =z HM] 4.13)

The regulators ability to suppress slow disturbancess is
mainly determined by its low frequency gain. It is possible
to impose restrictions on HM, such that the transfer

function
1 -z %4 (4.14)
M .
has several zeros at z = 1. In this way the regulator may be

designed to have a suitable number of integrators.
Robustness

We saw previouslys that in order to get acceptable system
performahce with high frequency disturbancess either the
modelling error or the gain of the closed-loop system had to
be small. These items are also important for the stability
of the closed-loop system. We analyse the robusthess
properties of the control system with the general robustness
results in Mannerfelt (1981).

Since both the process G_ and the process model G q—k are

assumed to be stable, straightforward application of the
robustness results to the configuration shown in Fig. 3.1,
give that the closed-loop system is stable if the inequality

IGPHMG;i— HMz_kl <1 (4.15)

is satisfied on the unit circle |z|] = 1. The inequality can
also be expressed as

6 -6z %] ¢ |G /H | (4.16)
P M M M

Whaen both GM and HM are of the same magnhitude it is thus

possible to tolerate moderate wmodelling errors. At higher
frequenciess where the modelling errors inevitably become
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larges it is necessary not to demand too much of the desired
closed-loop system HM. Specifically, at the frequency

interval where the process model G q—k is uncertains the
gain of HM should be decrsased considerably in order to
guarantee that the robustness inequality is satisfied.

This result agrees well with the results we derived

concerning disturbance rejection. The only thing that
differs is that different norms are involved.
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S. CONCLUSIONS

The problem of parametrization of the Swmith predictor is
adressed. An alternative representation of the controller,
in terms of the desired closed—loop system» has been
derived. The proposed regulator is simple to tune:
especially if the desired model HM has few parameters.

We have also briefly examined some properties of a control
system using a Smith controller. Both the servo properties
and the disturbance rejection are acceptable for low
frequencies. At higher frequencies it may be necessary to
have a good process model in order to get good control. The
robustness properties of the control system have also been
analysed. It was shown that at low and medium high
frequenciess where usually the open-loop and desired
closed-loop system transfer functions are of the same
magnitudes the wmodel accuracy is not critical. For higher
frequencies where modelling errors become pronounced, it is
necessary to decrease the gain of the closed-loop system in
order to get robustness.

The Smith predictor is a simple and easily implemented
controllery desighed to solve a difficult econtrol problem.
It has several disadvantages: mainly a limited capacity to
eliminate disturbances. There are alternative choices of
more complex regulators with superior performance to solve
the same problems such as pole-placement regulators and
observer modelssy see Astrdém et al (1978). Neverthelesss the
simplicity of the Smith predictors still wmakes it an
gconomically interesting and attractive solution to the
problem of time delay system control.
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