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Abstract—This document introduces a new Internal Multi-
Model controller design method for a linear systemwith a
limited variable time delay. This design method is &sed on the
use of a models collection to approximate the syste
functioning using Padé approximations; these modelsare
inversed and multiplied by low pass filters in orde to obtain a
set of controllers that calculate the command valu¢hrough a
fusion procedure. These controllers are obtained bythe
multiplication of a low pass filters and Models inerses, in
order to impose poles and zeros for the considerezystem and
to control the command robustness through the filtes
parameters, which shall confirm a compromise betwee
stability and rapidity. In this paper the  Multi-Mo del
Command controller design method will be describedhrough
six sections; first section introduces the realizedesearch on
this paper, the second section describes Internal ddiel Control
concepts, third section describes effects of presam of a time
delay on systems dynamics, the fourth section shovsiefly
Multi-Model concepts, the fifth section presents tb new
Internal Multi-Model controller design Method and finally
section six deals with the obtained results of theew controller
design method application for a system with a lim&d variable
time delay and the filters parameters variations d&cts.

Index Terms— Internal Model Control, Multi-Model
approach, Internal Mutli-Model Control, System with a
limited variable time delay, Padé approximation, Catrol of
systems with time delay.

|. INTRODUCTION

Systems including time delay are widely present in
industry; systems dynamics imposes a lot of coimtrahat
make the control of such systems difficult. [5]

For this reason control of systems including tinedag
became one of the most attractive research domHifs;
where many command structure were developed taassirp
these constraints in order to obtain an acceptplbeess
behavior, such as Internal Model Control which vk
combined with a Multi-Model approach to control E5Q
process with a limited variable time delay.

This research object is to introduce a new cormroll
design method based on Internal Model control agtbpiith
Multi-Model concepts in order to surpass constgint
imposed by the non linear variation of the timeaglednd to
obtain a robust process behavior.
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Il. INTERNAL MODEL CONTROL DESCRIPTION

Many command structures were developed using the
feedback concept; which uses mathematical appreathe
solve problems related to processes command, these
approaches was implemented by the apparition offithe
calculator.[4] Internal Model Control, noted as IMGses

feedback concept and uses the robust command
characteristics, to ensure an acceptable degree of
performance even on the presence of parameters

uncertainties and/or modelisations errors [1]. Thesic
structure of an IMC command is composed by the gg®c
compared to its model, and a controller as it showifigure

1.[7]
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WhereC(p) is the IMC controllerG(p) the process and
M(p) the process model which is an approximation of the
plant G(p). This command structure applies the command
signalu for both of the process(p) and its modeM(p), d is
a disturbance signal which attacks the output tiremdr is
the reference signal, the output signal of the tplen
compared to the set point signal in order to minanihe
error between the reference and the output.

Internal model Control is one of the most popular
command structure used for its simplicity and dsustness;
this command structure can give a perfect referénaoking
in the case of the use of a controller similar e todel
inverse. [7]

Achieving the inverse of the model is the main jbrob
associated to this command structure, because ef th
denominator order generally greater than the numeen
the model expression or the presence of time deitand
instable zeros. [2]

Figure 1. Basic IMC structure
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I1l. CONSTRAINTS IMPOSED BY TIME DELAY

Systems with delays are found in many industrial
processes and time delay presence is due to mahyda
such as transfer of information, energy or chemieattions.
[5,10] Then delays presence make systems anadysls
controller design more complex, [10] due to theetidelay
effects on the systems behaviors which imposes many
constraints on systems command. Delays constraiatg
cause instability and deterioration on the system
performances especially on closed loop.

Time delay can cause a lag on the system phase
especially for its high values [5] and for high duency,
which can be the reason of deterioration or inktalmn the
closed loop. Time delay presence make also thetaiffehe
disturbances not felt until a considerable time akapsed,
the effects of the control action takes some timbd felt in
the controlled variable and the control action tlsaapplied
based on the actual error tries to correct a gitnathat
originated some time before.[5]

Using the IMC structure, the associated contraléer be
used as the inverse of the process model; howe\heicase
of presence of a time delay it gives a predictigatem,
when the inverse is calculated, making the reatimatf this
type of systems difficult. For this purpose a Padé
approximation is used to surpass these constramits,
inversion and realization, and giving a ration@resentation
for the process make possible the inversion ofpitoeess
model. But this approximation gives an alternatite
modelisations errors which can deteriorate system
performances and drive its behavior to the ingtgibtb face
these constraints we use on our command struatere we
use two Padé order approximation; a first orded, asecond
order approximation to decrease the effects of higatmns
errors by elevating the approximation order to hawedels
that can behave as the original process for higbuincy.
The obtained models using Padé approximation wiluged
to calculate the Internal Multi-Model Command cofiér,
and section V objective is to give a command apgrdhat
can solve the realization problem of the IMC colfgro

IV. MULTI-MODEL COMMAND CONCEPTS

This section describes briefly concepts of a MMlGeel
controller. Multi-Model concepts are used on masilbn
for the non linear systems and the uncertain systehe
main purpose of using Multi-Model approach is téadithe
best representation for the system dynamics byulzing
validity coefficients and then realizing commutaticr
fusion between these models.

These concepts were generalized for the design of a
controller, that uses different commands at theeséime
and selects the best one for the process using many
parameters and or algorithms in order to obtairoptmal
behavior for the considered process. [3] Multi-Mode
approach is based on a collection of models thaesents
system dynamics on several operating point for logar
system, then calculates models validities and zeslithe
fusion of these collected data using specified owsh[3]
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Then a Multi-Model controller uses these concepts i
order to obtain a robust command that ensures aptim
performances for the considered process.

In fact Multi-Model controller uses a collection of
models and their validities to calculate the beshimand for
the process by using an algorithm for the fusiotwben
these data.

For this purpose many fusion method were develaped
satisfy the Multi-Model controller requirements [8gre the
designer uses different algorithms to obtain thest be
command that allows a robust behavior for the gece

In this document we will use a Multi-Model contell
combined with Internal Model Control concepts whighi
be generalized as Internal Multi-Model Controllbatt uses
commutation between controllers as a fusion methodhe
command of a linear system with a variable limitede
delay which will be described on the next section.

V. INTERNAL MULTI-MODEL CONTROLLER DESIGN
PROCEDURE

This section describes the design method of the new
Internal Multi-Model Controller which is based dretuse of
different low pass filters associated to each maufethe
considered process.

In fact the new Internal Multi-Model controller dgs
method is a combination between, the Internal Model
Controller design method described on [8,9] and tMul
Model approach; this new command structure can be
described by this figure:
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Figure 2. Internal Multi-Model Control structure

This command structure applies the same command for
the process (a linear process with a variable tdatay

considered as non linearity) and its modMg(p)...M,(p),

then calculates validity coefficient which will be used to
compute the command value; that will be selectethfone
of the associated controlleiS, (p)...G, (p)that receives the

difference between the reference and the outputiseofised
models in order to minimize the errors. In fact thsed
command is based on the commutation between models
using a validity coefficient which indicate aboubet
controller to use; this validity coefficient is calated by
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realizing the differences between the process oytpnd its
models outputy,...y, then the model which has the
minimum difference will be used for the commandusyng
its index as a validity coefficient, then this iy
coefficient will be used to select the approprizdatroller.

Each one of these controller€ (p)is achieved by
multiplication of a low pass filteff;(p) and the inverse of
the modeM;(p) and can be written as:

C(p)= 1 (P)x M (p) @

(i=1...q), wheref;(p) is associated to the model inverse
M, (p) and each filterf,(p) contains instable zeros that can
appear on the process model expressiQ(p) .
Then for each Controlle€, (p) the used filterf (p) can be
written on this form [6]:

in"
fi(p)=-"—o

@+ap) @

Where:

Zijj represents the instable zeros that can appeareon th
j=0

process modeM, (p) .

n: is a natural integer chosen to make the coetrd (p)
proper.

a :is a float used to adjust the performance ofciwtrolled
process.

And each controllerC, (p) can be computed using this

method:

M;(p) = NZS(I;))E:;IZI(P) 3)
MT®) = e @)
fi(p) = g2 5)
Ci(p) = fi(p) ;<(pl\)/li_1(p) o
Nzs(p)x(1+ap)"

Where:
Nzs(p): is the stable zeros on the numerator of the pce
modelM;(p).
Nz (p) : is the instable zeros that can be present on the
process modedl; (p).
D(p): represent the denominator of the process model
M;(p).
n: is a natural integer chosen to make the coetr@toper
Ci(p)
a: is a float used to adjust the system performances

In this command structure, the aim of using a Multi
Model approach is to surpass constraints due teahation
of the time delay, besides the combination betwdeilti-
Model concepts and Internal Model Control is touzaghe
robustness of the command in spite of disturbamesgnce
and modelisation errors. In fact this command s$tmec
allow us to impose the poles and zeros of the gotteough
the filters parameters, such as the filters ordéms, filters
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poles or the filters zeros, these characteristitmvathe
designer to control the robustness level of thernamd by
choosing parameters that ensures the best compmgromis
between robustness and rapidity.

Then for each filter the choice of its pole mustfaon an
acceptable compromise between stability and rapidite
filter pole can be chosen using these recommendatio

if a=0 the system response will Hg- optimal [6]

if a is chosen greater than the poles of the controlled
system the filter dynamics will dominates the ctbdeop
response of the system [6]

and ifa is chosen inferior to the poles of the system the
filter effect will not dominates the closed loopspense of
the system.[6]

Then the filter parameter allow us to control the speed
of the closed loop response then the adjusting & the
same as adjusting the speed of the closed loopmesp[6]

VI. OBTAINED RESULTS FOR A VARIABLE TIME DELAY FIRST
ORDER SYSTEM USING DIFFERENPADE APPROXIMATION

This section shows the obtained results of the
simulations of a linear process with a non lineariation
time delay functioning; using the new command stms
the considered process is characterized by thisesx';mn'

G(p) = =

(t(®) < 4 Zs) its variation is described by figure 3.
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Figure .3 Time delay variation

This time delay will be estimated using four modsdsh
one of them will be calculated far= 1s, T = 2s, T = 3s
andt = 4s, then the considered process will be estimated to
four systems with a fixed time delay expressed(}qyp) =

ey 2P = Ga(p) = H ,Gy(p) =— then for

each one of these transfer functions a first oadrera second
order Padé approximations will be used to obtairdet®
expression. This section contains two subsectithes first

one shows the obtained results of using a firserofhdé
approximation to calculate system models and therske
one shows the obtained results of using a secaddr ®adé
approximation to calculate system models.

A. Obtained results using a first order Padé approxiom

The considered process is estimated to four systgths
a fixed time delay, then a first order Padé appnakion will
be used to calculate system models described by:

— 1-p
Ml(p) m fort=1s, M (p) —1+6p+5p2 for
- _ 1 -
T =25, M;(p) = Trospiran? for T = 3s,
M4(p) = m fort = 4s.
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Then a filter f;(p) will be associated to each model
M;(p); that contains instable zeros of each modelsiiat
be eliminated from the controllél;(p) expression which
will be calculated as it was described on the previsection
by multiplying the modeM;(p) inverse and low pass filter
fi(p).

Then the used filters and the calculated cont®lkme
expressed on the table below:

TABLE I. LiST OF FILTERS AND CONTROLLERS FOR EACH PROCESS

MODEL
Mi(p fi(p) Ci(p) = fi(p) X M; ' (p)
M _b 1+ 5.5p + 2.5p?
i f(p)=1—2 G =—(1f E P
1 (1 + ap)? ap
M, (p 1-p 1+ 6p + 5p?
2, (p) = A+ ap)? C,(p) = A tap)?
3 2
M;(p 1-5p () = 1+6.5p+ 72.5p
f3(p) = A+ ap)? (1+ap)
M, (p 1-2p 1+ 7p + 10p?
R B e

The simulations results will be shown on figure Hene
the controllers are used for different value of filers
parametero to show its variation effects on the process
behavior.
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Figure 4. System evolution for different valuesiof
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It can be seen that the new Internal Multi-Modehal
structure show a robust behavior characterized tagtaset-
point tracking even on the presence of the varidine
delay, which can be seen on the system step respoasthe
command signal fou=3; where the filter effects dominates
the system behavior and modelisations errors affeick not
dominate the process behavior. However using svadlies
of a could make the effects of modelisations errors
dominates the system behavior; which is remarkahl¢he
system response fer=2,1 were the process shows dumped
oscillation on the transition phase before pursuithg
reference after 30 seconds. In addition using taajbes ofo
could make the system response slow and not rclgstis
the case ofa=7 were the process response pursue the
reference after 40 second which is not acceptable.

B. Obtained results using a second order Padé
approximation

As it was done on the previous section .The process
estimated to four systems with a fixed time delagnt a
second order Padé approximation will be used topcien
system modeldl;(p); described by:

__+_
M =—2%312 - 1=1s,
1 (p) 1+5.5p+%p2 +15—2p3
1-p+P2
—p+2-
M,(p) = ————2—— fort = 2s,
1+6p+5.33p2+§p3
3 .3 2
1—-5p+-p
M;(p) = ——2—=*—— fort=3sand
1+6.5p+8.25p2+Tp3
4 2
1-2p+5p
M,(p) = > fort=4s.

After this a filterf;(p) will be associated to each model
M;(p); which contains instable zeros of these models tha
will be removed from the controllet;(p) expression; the

used filters are described by:

2
1P P°
f,(p) = (1+zap1)23 for M, (p),
2
1—p+p—
B(P) = s 0T Ma (P,
3.3 5
1-sp+-p
fs(p) = i forMs(p),
1—2p+1p2
andf,(p) = W for M,(p). Then the controllers can be

computed as it is described on section V, and aseribed
by: Ci(p) = f;(p) x M; "(p) for i=1, 2, 3 and 4 where

312,53
C (p) _ 1+5.5p+op“+5p
1 (1+ap)3 !
5
1+6p+5.33p%+-p°
Co(p) =
2 (1+ap)3 !
1+6.5p+8.25p2 +2p3
Cs(p) = —
3 (1+ap)3 !
44 5 20 3
1+7p+—-p“+—5p
and C4(p) =__ - 3 3

(1+ap)3

The simulations results will be shown on figure &rev
the controllers are used for different value of filers
parametera to show the effects of its variation on the
process behavior.
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Figure 5. System evolution for different valuesiof

It can be noted that by using a second order Padé
approximation, modelisations errors effect decreabi&h
give us the opportunity to use valuesxaflose to the models
poles, but these values give dumped oscillation ttom
transitory phase such is the case of the procegsomee
characterized by the command signal and the ouigugl
for a=1,1 were these dumped oscillation can deteridfee
process components and the filter effects had ootirhte
the system behavior. Then using a higher value obuld
give an acceptable process behavior such is tleeafassing
a=3 were the filter dynamics dominates the systehabier

and the process shows a robust behavior even on the

variation of the time delay; characterized by & &&t-point
tracking which can be seen on the output signal ted
command signal. However the use of much higherevafa
could make the system response slow and not rahistan

be seen on the casewf7 were the system response became
slow and not robust.

VII. CONCLUSION

In this work a new command structure was develdped
the control of linear system with a limited variablime
delay. This command structure is based on the awatibn
of Multi-Model concepts and Internal Model Contrioi
order to obtain a robust system behavior. Unfotilgaa
collection of models, that was calculated using éPad
approximations, are used to approximate the process
expression and their inverses will be associatedato
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collection of low pass filters; in order to obtain set of
controllers, composed by the multiplication of Iquass
filters and models inverses.

This new Internal Multi-Model Command design method
gives interesting results for a linear process withimited
variable time delay, shows a robust behavior;almvs the
designer to control the robustness level of the mand
through the variation of the filters parametersonder to
obtain an acceptable compromise between stabilitg a
rapidity which is the main advantage of this comchan
structure.
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