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Abstract

The prefilter based control relevant identification scheme
proposed by Rivera et al.[14], for single input single
output(SISO) system gives a model of the systemwhich
matchesthe true systemin a range of frequenciesthat are
important for closed loop performance. However, it may
also be desirableto have small mismatchat the steadystate
conditionaswell. This is specificallytrue when the desired
closedloop speedof responsds much higher than the open
loop speedf responseHerea methodis proposedo estimate
a control relevant model that, in additionto having a small
mismatchin the control relevant frequenciesalsohasa good
steadystategain match, with that of the true system. With
sucha controlrelevantmodelhaving steadystategain match,
the closedloop internalmodel control (IMC) basedsystemis
shawn to give satishctory responsesven with higherdesired
speedof response. Also, a control relevant identification
schemefor multi input single output(MISO) system,having
steadystategain matchis proposedusinguncorrelatednputs.
Application of these identified models to a feed forward
control schemehasbeenconsideredo demonstratesuperior
performancevith thesemodels.Similarly, with combinedeed
forward/feedbaclcontrol, the model having steadystategain
matchgivesanimprovedperformancevenwith higherdesired
speedf closedloopresponse.

1 Intr oduction

Theemegenceof modelbasecdontrolhasgivenimpetusto the
ideaof estimatingmodelswhoseend useis for the designof
the controller This controllerwhenappliedto thetrue system
is expectedto give satishctory performancdrom the system.
The branchof systemidentificationwhich dealswith sucha
stratgy is calledcontmwol relevantidentification The focusof
researclpublicationdrom Riveraandco-workers[3, 4, 10, 11,

Munbai - 400076, | ndi a.

12,13, 14, 15, 16, 17, 18, 19], Kwok and Shah[§, Shooket
al.[21], and VandenHof and Schrama[2022] areall mainly
centeredon control relevant identification. In traditional
systemidentification,the objective is the minimizationof bias
andvarianceerrorof the estimatednodelwith thatof thetrue
system;whereasn control relevantidentification,the interest
is to minimize the model plant mismatchat thosefrequencies
which aremostrelevantfrom closedlioop performanceRivera
and Gaikwad[1§ have discussedthe modeling issuesfor
obtaining satistctory closed loop performanceusing the
controller designedbasedon an estimatedmodel. Rivera
and co-workers [11, 12, 13, 14, 15, 17] have focusedon
prefilter basedmethodsfor control relevant identification of
SISO systemsfor the designof feedbackand combinedfeed
forward/feedbackontrol, andalsodiscussedssuesrelatedto
input design. Kwok and Shah[§ hase proposeda method
whereinthe control relevant modelis estimatedwith terminal
matching condition which makes computation easy for a
generalizedpredictve control scheme. Van den Hof and
Schrama[2p have shavn that when the estimatedmodels
exhibits minimum mismatch with the true systemin the
closedloop frequenciesof interest,the resultingmodelbased
controller gives a better closedloop performance. Schrama
and Bosgrahave proposed[2D an iterative identificationand
controldesignmethodologyin frequeng domain,usingclosed
loop datawith co-primefactorperturbations.
BanerjeeandShah[] have shovn thatthesmallgaincondition
for stability will never be violatedif the steadystategain of
modelexceedsalf of the steadystategainof thesystem.Thus
the accurateestimationof the steadystategain of the system
within certainboundsis importantfrom closedloop stability
andperformancgointof view. Fromapractitionerssiew point
aswell, it is desirableto estimatea model, which not only
matcheghe frequeng responsef the true systemat control
relevantfrequenciedut alsogivesagoodmatchatsteadystate.
This paperexaminesissuesrelatedto the role of steadystate
gain (mis)matchon the closedloop performancan a control
relevant context. Examplesare presentedo shov that the
control relevant identification methodologywithout regardto
steadystategain match could yield models, that makes the
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3.1 SISO feedbackcontrol

To estimatethe control relevant model having a steadystate
gain match with that of the true system,it is desiredthat

the data used for estimation also contain low frequeng

componentsin addition to the control relevant frequencies.
Hence,a low frequeng signal, of appropriategainis applied
to the plant,alongwith thefilteredregularinput. Theresultant
input to the plant andthe outputfrom the plantarerecorded.
For generatinganuncorrelatedow frequeng signalthatneeds
to be addedto the regular input, a delayedversionof same
regularinput, fed throughalow pasdilter (Ipf), is used.A first

order discretemodelwith unit delayis fitted to this effective

input andthe output, recordedfrom the plant. It is obsened

that, proper choice of gain and cutoff frequeng of the low

frequeng signal, makes the steadystategain of the model

estimatechearlyequalto thatof thetrue system.

3.2 SISO combinedfeedforward/feedback control

In the following a methodology for control relevant
identification of plant and disturbancetransfer functions is
presentedfor the designof feedforward and combinedfeed
forward/feedbackcontrol. To get accurateidentification of
plantanddisturbancéransferfunctions theperturbatiorinputs
for the two elementsmust be uncorrelated. Here, the use
of a pseudorandombinary sequence(PRBS)nd an inverse
repeatsequence(IRS)|5, 9] signalsis proposedastheinputs
to the plant and disturbancetransferfunctions respectiely.
To estimatecontrol relevant models of the plant and the
disturbanceransferfunctionsthefollowing stepsarefollowed:
Theinputsto theplantanddisturbancelementsarefiltered by
the respectie prefiltersgiven by Equations(2) and(3). The
resultingprefilteredsignalsare appliedto the systemandthe
effective outputfrom thesystems recorded A MISO modelis
fitted for thisfilteredinputsandthe output,andcontrolrelevant
modelsof plantanddisturbancdunctionsareobtained.

To achieve good feed forward control, the plant and
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Figurel: Schematidor control relevantestimationwith gain
match,MISO systems

the disturbancetransferfunctions needto be estimatedwith
accuratesteadystategainin additionto controlrelevantsense.
In the proposedMISO identificationschemea low frequeny

signalof appropriateyainis addedo bothof theregularinputs,
asshavn in Figurel. Theselow frequeng signalsneedto be
uncorrelatedrom eachotherandwith therespectieinputsinto
which they areadded.Thesearethereforegeneratedrom the
delayedversionof eachof the respectie inputs. Theresulting
inputsto the plantandthe disturbancdunctionsandthe output
from the system(U1 4, Ua24¢, andygqy) areusedto fit a MISO
model. The estimatedlantandthe disturbancenodelsexhibit
goodsteadystategainmatchwith thatof thetrueplantandthe
disturbanceransferfunctions.

4 Simulation results

To illustratethe significanceof steadystategain matchof the

estimatedmodels,resultsfrom two casestudiesare presented
in this section. The first casestudy concernsthe feedback
control performanceanalysisof a SISO systembasedon

i)nominal model, and ii) control relevant models with and

withoutsteadystategainmatchfor two differentdesiredspeeds
of response.In the secondillustration, plantand disturbance
modelsare estimatedin a MISO structure. Here, the feed

forward and the combinedfeed forward/ feedbackcontrol

performancesre comparedisinga controllerdesignedased
on i) nominalmodel,andii) control relevant modelwith and

without steadystategain match,for a higherdesiredspeedof

closedlioop responsél second).

4.1 Examplel

The SISO systemconsideredor illustration of the proposed
methodis givenas,
25+1

P(5) = 50 T 6552 + 165 1 1

This systemhasanopenloop speedf response(dominatitne

constant)of 16 secondsanda steadystategain of unity. The

samplingtime assumeds 0.1 second. The input outputdata
are collectedfrom the systemby exciting the plant with a

suitablydesigned®RBSsignal. The nominalmodelestimated
by directly fitting a first order with unit delay modelto this

input outputdatais given by, ppom(2) = %. This

model has a steadystategain of 2.1151. In the following

theresultsobtainedfor the two desiredspeed®f responseare
presented.

1. Desired speedof responseequal to 5 seconds: For a
specifiedclosedloop speedof responseof 5 secondsa
prefilter basedcontrol relevant modelis estimated. The
control relevant model estimatedis given by p..(z) =
00058 which hasa steadystategain of 2.4375. The
closedloop performanceusing the nominal and control
relevantmodelsexhibit stableresponsesyith the control
relevantmodelexhibiting betterresponsavhich is closer
to the specification. A modelis estimatedas proposed
in this paper which hasits steadystategain closeto the
true system. The resultingmodelfor this specification,

is estimatedas pym, (2) = zg'g.%%%7 which hasa steady
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stategain of 1.1193. The Bode and the Nyquist plot
comparisonof all the threemodelswith that of the true
system,as well as closedloop performanceevaluation
with thesethreemodelsareshownn in Figure2. However,
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Figure 2: Resultsfor 5 secondsspecification: i) left top:
Bode magnitudecomparison;ii) left middle: Bode phase
comparisoniii) right top: Nyquist plot comparisona) ‘solid’

True plant; b) ‘dot-dot’ control relevant model with Steady
state match; c¢) ‘dash-dash’control relevant model without
steadystategainmatch;d) ‘dash-dot’'Direct estimatednodel;
andClosedloop responseomparisoniv) right middle: using
directestimatedmodel; v) left bottom: using control relevant
modelwithout steadystategain match;vi) right bottom: using
controlrelevantmodelhaving steadystategain match.

for this specificationthe steadystategainmatchdoesnot
give ary significantimprovementn the performanceand
the controlrelevantmodelestimatioraloneis sufficient.

2. Desired speed of responseequal to 1 second: The
controlrelevantmodelandthemodelhaving asteadystate
gainmatchis now estimatedor a higherdesiredspeedf
closedoopresponse($econd) Theestimatednodelsare
givenas,

0.0035

() = 0009
Z—1.0027° Pom\?

Per(2) = = 2 —0.9947

The steadystate gain of the control relevant model is
-1.2967andalsoits poleis locatedoutsidethe unit circle.
The model with steadystate gain match, has a steady
stategain of 1.1193andis stable. The Bode and the
Nyquist plots comparisonof different modelswith that
of the true plant, as well as closedloop performance
evaluationwith thesemodelsare shavn in Figure 3. It
canbeseenthatbothnominalandcontrolrelevantmodels
exhibit an unstableclosedloop response.However, the

Nyquist Diagrams
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Figure 3. Resultsfor 1 secondspecification: i) left top:
Bode magnitudecomparison;ii) left middle: Bode phase
comparisonijii) right top: Nyquistplot comparisona) ‘solid’
True plant; b) ‘dot-dot’ control relevant model with Steady
state match; c¢) ‘dash-dash’control relevant model without
steadystategainmatch;d) ‘dash-dot’'Direct estimatednodel;
andClosedloop response&omparisoniv) right middle: using
directestimatedmodel;v) left bottom: using control relevant
modelwithout steadystategain match;vi) right bottom: using
controlrelevantmodelhaving steadystategainmatch.

closedoop performanceisingthemodelhavingits steady
stategainnearlymatchingthatof thetrue systemis stable
andsatishictoryasperspecification.

Thus, control relevantidentificationwithout steadystategain
match resultedin unstableperformancewhen higher closed
loop speedf performances specifiedhowever, incorporating
steadystategainin controlrelevantidentificationyieldedstable
and satisactory performanceaven at higher desiredspeedof

closedlioopresponse.

4.2 Feed forward control and combined feed

forward/feedback control performanceanalysis

For illustrationof thesignificanceof steadystategainmatchof
theplantandthedisturbancéransferfunctionsfor feedforward
control, an examplewith the following plant anddisturbance
transferfunctionsis considered.

(s) _ 2s+1

PA) = 5055 + 6552 + 165 + 1
S

pd(s)

T 40s% + 3852 + 11s + 1
The open loop speed of response of this system is
approximatelyl6 seconds.The steadystategain of the plant
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is unity andthedisturbances zero. The samplingtime chosen
is 0.2 seconds.The excitation signalsusedfor the two inputs
area PRBSandan IRS signal designedappropriately With
thesesuitably designednputs,the out put is recordedandthe
nominalplantandthe disturbancemodelsare estimatedising
MISO identificationroutines.Thenominalmodelsfor theplant
andthedisturbancdransferfunctionsestimatedaregivenas,

0.00076 0.00049
z —0.9998’ z —0.9998

It can be seenin the above that, the steady state gain of
the nominal plant model is 3.5128 and that of the nominal
disturbancemodelis 2.2567. The estimationof the control
relevantmodelsandthe modelshaving steadystategainmatch
resultedthe following plant and disturbancemodels, with a
specificatiorfor closedloop responsef 1 second.

Pnom (z) = Pdnom (Z) =

(= 00072 (5~ 00w

Perl2) = 000722 Pom'¥) = 09899
() = —0-00095 () = _0:00006

Paer\Z) = """0.0074> Phm*) = 00899

The steadystategain estimatedor the control relevantmodel
of the plantis 2.7618andthatof the plantmodelestimatedo
have a steadystategain matchis 1.1064. The corresponding
values for the disturbancemodel are respectiely, -0.3662
and 0.0062. The Nyquist plots for different plant and
disturbancemodelsare comparedwith thoseof the true plant
and disturbancefunctions, are shavn in Figure 4. With
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Figure 4: Nyquist plot comparisoni) left: plant transfer
functionandii) right: disturbancdransferfunction; a) ‘solid’

full order, b)‘dashdot’ nominal model, c)'‘dashdash’ model
estimatedusingprefiltereddata,d)‘dot dot’ modelwith steady
statematch
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Figure 5: i) left: Feedforward control performanceand ii)
right; Combinedfeed forward/feedbaclcontrol performance
a) top: usingdirectestimatednodel,b) middle: usingprefilter
basedmodel, ¢) bottom: using model with steadystategain
match

control, the control relevant modelswith steady state gain
match gives superior performance. However, unlike in
illustration 1, the control relevant model which do not have
steadystategain match,gave stableperformance.

5 Conclusion

The control relevant identification technique based on
prefilteringinput outputdatais seento give large differences
in the steadystategain of the estimatednodel. However, as
long as the desiredspeedof responsds not too fast, when
comparedwith openloop speedof responsegven with this
difference,the IMC basedclosedloop systemis shavn to
exhibit acceptableesponsewith the control relevant models.
In this paper it is shown thatif the desiredspecificationfor
closedloop speedof responsds much higherthan the open
loop speedof responsethenthe steadystategain of the model
could be significantly differentfrom that of true systemand
thus,the prefilterbasedcontrol relevantmodels,maynotyield
adequateclosedloop control performance Here,a procedure
is proposedvhich enablegnatchingof the steadystategain of
theestimatednodelwith thatof truesystem.lt is demonstrated
thatthe modelhaving steadystategainmatchexhibitsanIMC
responseavhich is stableand meetsthe desiredspecifications.
Similarly, when feed forward control is usedto compensate
for measuredlisturbanceghecontrolrelevantmodelobtained
with no regardto steadystategain, resultedin large offset.
Relatively smalleroffsetsareobtainedby usingmodelshaving

feed forward control, and combinedfeed forward/feedback steadystategainmatch.

control the performanceevaluation is carried out using i)
the nominal modelsand ii)the control relevant modelswith
and without steadystategain match. The performancewith
different models are obtainedas showvn in Figure 5. The
simulationresultsobtainedclearly shav thatin caseof feed
forwardcontrol,themodelhaving steadystategainmatchgives
superior performancethan that obtainedwith the other two

The methodology proposedis based on the addition of
a appropriately scaled delayed versions of the regular
perturbationsignal passedthrough a low passfilter, to the
filtered regular perturbationsignal, and using the resulting
superimposedsignal as input to the plant. A systematic
approachthat suitably biasesthe model to reflect control
relevant as well as lower frequeng(steadystate) properties

models. Similarly, with the combinedfeed forward/feedback of the plant would require further study Also, the MISO
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structure basedcontrol relevant identification of plant and
disturbancemodels proposedhere is useful in extending a
similar approactfor control relevantestimationof multi input
multi outputsystemsfor decoupletbasedmulti loop control,
consideringthe interacting brancheson each SISO loop as
measuredlisturbanceslements.
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