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I ntroduction

In high precision positioning applications,tracking accuracyrequirementsrender friction
compensatiornindispensableMany methodshave been developpedto compensatdriction
torquesandforcesactingat positioningdevices.The issueof this paperis the comparisorof
different compensation schemes based on LQG control.

While sectionl introduceshe positioncontrol systemsection2 presentghe differentfriction
compensatioschemesEmphasigs laid on their practicaluseby showingexperimentatesults
of the tracking behaviourwith typical referenceprofiles. Section2 also addressesobustness
againstoiseand modellingerrors,undesiredphenomendrom nonlinearplant characteristics,
and external disturbances. On this basis a concluding assessment is given in section 3.

1. Electromechanical positioning system and contr ol

Figure 1 showsthe setupof the electromechanicgbositioning system(EMPS) which is the

plant in this context. A flexible coupling betweenthe drive and load side with only
approximately known stiffness and damping produces a mechanical resonance at a fiifquency
about100Hz. A backlash-fredall screwunit which producesa relatively high friction torque
servesasa gearfrom screwrevolutionto carriagedisplacementAdditional friction hasbeen
introducedby a friction wheelto improve the clearnessof the experimentalresults.If not
appropriatelycompensatetbr, the resultingfriction torquewill causeconsiderablgositioning
errors.
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Fig. 1 Electromechanical positioning system (EMPS)

Figure 2 presents a measuremertheffriction torque(load-sideplusdrive-side)over carriage
velocity, with dominantkinetic (Coulombic)and viscousfriction at high velocities,and a hint
of boundaryfriction atlow velocitiesandhysteresigrom frictional memory[4]. The maximum
friction torque is about 20% of the maximum motor torque of 0.1575 Nm.
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Fig. 2 Friction torque in the EMPS

Anothersourceof positionerrorsis theloadforce F, actingat the carriage which is contained
in the disturbance input vectay, to the plant subsystem from figure 3.

LQG control was selectedfor high bandwidthposition control. It containsa linear quadratic
regulator (LQR) for feedbackof the EMPS states,the drive-side and load-side angular
displacementsand velocities, and the torque generatecby the DC motor. Thesestatesare

reconstructedy a linear observerdesignedas a linear quadraticestimator(LQE). Its inputs

from the plant measuremenvector y,, are the output voltage Uicno Of @ DC tachometer
attachedto the motor shaft and the load-sideangulardisplacemensuppliedby the counter
value incr of an incremental encod€he resolutionof the digital positionmeasuremergquals
a carriage displacement df25um. The control signalis theinput voltageuseno to the current-

controlled servo amplifier.

A coarsestructureof the control loop with EMPS, LQG compensatoand referenceprofile
generator is given in figure 3.
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Fig. 3 Control structure for the EMPS

The internal structureof the compensatosubsystendependsn the schemeusedfor friction
compensatiorirom section2. Commonto all structuress the usageof referencesignals,the
plant state feedback, and the design procedure.
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The outputy; of the referenceprofile generatormprovidesthe referencetime historiesfor the
load-sideangular position, velocity, and acceleration.They are fed forward to the control
signalto achievea steady-stataccuratecarriagepositionfor up to parabolicpositionprofiles.
The correspondindgeedforwardgainsweredeterminedvith the LQR designfor the plant state
feedbackby augmentinghe linear plantmodelwith anappropriataeferencanodel,wherethe
position, velocity and acceleratiorerrorsof the carriageandthe control signal were usedas
objectivevariablesin the LQR costfunction. The reciprocalvaluesof the allowed (desired)
variancesof thesevariablesservedas the designparametersn the correspondingveighting
matrices.Robustnessgainstdisturbancesnd uncertaintiesn the plant control input pathis

crucial for a successfutompensatormplementationThis was aspiredwith trying to achieve
Input Loop Transfer Recovery (LTR) [1] by using suitable noise intensities as design
parameterdn the LQE design.For moredetailson the control designthe readermay refer to

2].

All compensatorffom section2 were designedn the continuousime domainanddiscretized
for implementatiorusingMATLAB andthe Control SystemToolbox, followed by an analysis
of robustnesdo parametewariations,noise and implementationeffectsby simulationof the
closed-loopsystemfrom figure 3 with discretecompensatoand nonlinearplant model with
SIMULINK. If it hadturnedout to be worth, a compensatotogetherwith the reference
profile generatomwasdigitally implementedor experimentatiorusingthe dSSPACETDE [3].
A samplingperiodof 300us turnedout to be sufficientto coverthe fastestclosed-loopsystem
modes.

Two setsof referencetime historiescalled track | andtrack Il are usedto investigatethe
performance ofhe differentfriction compensatioschemesTheyareshownin figures4 and5
scaledto the position, velocity and accelerationon the carriageside. Both tracksrequirea
control signal closeto the servoamplifier saturationbounds.While track | representsimple
uni-directionalmotion, track Il containsa motion reversalwhich, dueto the sign changeof
static friction with the velocitiy crossingzero (seefigure 2), is more demandingfor precise
position control with friction.
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Fig. 4 Carriage reference position, velocity, and acceleration for track |

3/25



m/sec”"2

Fig. 5 Carriage reference position, velocity, and acceleration for track |1

These tracks commanded to a LQG control with feedback of the EMPS stafesdfodvard
of the referencesignals,but without any friction compensationresultedin the positionerror
measurements presented in figure 6.
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Fig. 6 Positioning errorswithout disturbance compensation for track | (top) and track I1
(bottom)

It wasfound by simulationwhich yielded resultsvery closeto the abovemeasurementthat
friction is the only sourceof the significant steady-stategpositioning errorsin all tracking
phases.Thus, the compensationof friction is indispensable.The different compensation
schemes added to the above LQG control will be discussed in the following section.

4/25



2. Friction compensation

Variousapproacheto reducefriction-dependenpositionerrorscanbe found in the literature
[4]. This paperconcentrateon observer-basedchemeson the basisof the LQG control
mentionedn sectionl. Its gain matricesk, for feedforwardof the referencenput andK, for
the feedbackof the plant state estimatex., (seefigure 7) are containedin all investigated
schemesTheseschemesoriginate from the basic LQG control structureby augmentations
rangingfrom simpleintegralfeedbackof the positionerror (Pl statefeedback}to model-based
estimationand compensationExperimentalresultsand a discussionof robustnessssuesfor
the resulting overall compensators are given in the following subsections.

2.1 Integral feedback of the position error

Integral feedback is a simple and widespread measure to cope with steady-state enairs. Its
advantageis that it counteractsagainstall errors which becomevisible in the controlled
variable at the integratorinput, regardlessvhetherthey are causedby externaldisturbance
inputs, nonlinear plant behaviour,or parametervariations. Therefore integral feedbackis
particularly suitableif the sourcesof errorsare not well known or are not easyto model.
Figure7 showsthe compensatostructurefor friction compensationvith integralfeedbackof
the load-side angular position errqr,avhich is the difference of the reference argland the
load-sideangulardisplacementp, of the screw.The gain K, hasbeencalculatedduring the
LQR design by using an augmented plant model provittiegtegralof the load-sideposition
errorasan outputvariable.This variablehad beenaddedto the list of objectivevariablesfor
designandweightedby a suitableentry to the correspondingelementof the outputweighting
matrix [5]. While it shouldbe ashigh aspossiblefor good disturbanceejection,the value of
the weighting elementas design parameteris limited by an increasinglynoisy control and
position signal. The observer for the platdtess givenwith equation(C1) from the appendix
and the observer gain matrix from LQE design.
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Fig. 7 Compensator with integral feedback of position error

Figure 8 showsthe measurementsf the positioningerrorswith the integral control. Friction
compensatiomnd steady-stataccuracyis achievedor bothtrack| andll. The errorreaches
its maximum after rapid changesof friction when the drive startsto move with high
acelleration from standstill (track I) or changes its direction of motion (track II).
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Fig. 8 Positioning errorsfor track | (top) and Il (bottom), compensator with integral
feedback of position error

The achievedgradeof LTR of this LQG control canbe checkedby its open-loopbodeplots.

For this, the control loop from figure 3 with all linear subsystemgwithout saturationand
friction) hasto be cut directly at the plant input, leadingto a wrong input (the compensator
output insteaaf the plantcontrolinput) to the observelin figure 7. The open-loopbodeplots

of thetransferpathfrom the plantcontrolinputto the compensatooutputof this systemhave

to be comparedo thoseof a systemwithout an observerwhereall statesare assumedo be
measurable, i.e. with LQR for static state feedback only. Since LQR control is robust providing
aninfinite gain marginand a significant phasemargin, the dynamicstatefeedbackwith LQG
compensatowill be robustif its loop transfer,given by the open-loopbode plots, at least
around crossover is close to recover that of the LQR-controlled system.

100 |- - -

TaTaTaTir T o T

1
(] 1
I R T T T T et At e Y I I T e My e B A R
1 1 [} RN 1 1 L

- R N R R I = 19 = =1 =1t 1

1
1

e 1 [ e R R R R ) 1 [
=11 tritirF = A =1=1
1

1111 1 1 1 1 L1 1 L
1 0 1 2 3 4

10 10 10 10 10 10
rad/sec

= L. - R S U [ N N Iy

;200 [ - o T T T T T R ™ A N A T T T T T

TR 11 1
1 0 1 2 3 4

10 10 10 10 10 10
rad/sec

Fig. 9 Open-loop bode plots for system with LQR (thin lines) and compensator (bold lines)
with integral feedback of position error

6/25



As it becomes clear from figure 9, the compensator figure 7 (without saturation)rovides
agoodLTR androbustnessf the linear control systemagainstdisturbancesinduncertainties
in the plant control input path. Full LTR with identicalbodeplots canonly be achievedwith
the observer gains tending to infinity [6] which is only of theoretical use.

As known from the literature, e.g. [7], integral control may lead to limit cycles for the
nonlinearsystemwhenhigh staticfriction anda rapid transitionto a lower kinetic friction are
present.Theseconditionsare not given with the friction characteristicof the EMPS from
figure 2. Even with unfavourablefriction parameterdn simulation it was not possibleto
produce a limit cycle with the integral position error feedback.

More simulation of the nonlinear control system with chantpag-sideinertiaandstiffnessof
the couplingbetweendrive andload in a rangeof +20 % revealeda high gradeof robustness
against variation of these parameters which are also uncertain in practice.

A drawbackof the control with integral feedbackof the position error is that it showsan
undesirablyweak responseto disturbing forces | . This becomesespeciallyclear in the
experimentwhenthe ball screwis manuallytwisted, but canalsobe recognizedn simulation.
Figure 10 gives a simulation result for a force step of 150 N at 0.01 sec appliethfuutlie.
The weak disturbance rejection is indicated by the slow decay of the position error.
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Fig. 10 Position error for force step input, compensator with integral feedback of position
error

An attempt to improve this disturbancerejection by a strongerintegral feedback with

increasingthe weighting of the position error integralin the LQR designresultedin a poor
robustnessand, finally, in an unstablecontrol system.This camealong with an increasingly
noisy control and position signal in the experiment.

2.2 Linear moddl-based distur bance estimation and feedforward

If controlerrorsoriginatefrom an externalinput signal,anothemmethodfor compensatioris a
suitable feedforwardof this input to the control signal. For linear control designwith a
linearized plant model, Coulombic friction can well be modelled by a constantexternal
disturbancenput to the plant. Becausehis input cannotbe measuredan estimateis required
for feedforward.This can be providedby an observerwhich is designedfor the linear plant
modelaugmentedy a suitabledynamicmodel at the disturbancanput (seeappendixA). A

good choiceto model Coulombicfriction asa constantexternalinput is a simple integrator
with appropriate initiatondition.With this modelfor the dominantioad-sidefriction torqueas
an elementof the plantdisturbanceanput vectoruyg , the LQE designfor the EMPSyields an

augmentedlant observemwhoseadditionaldisturbancemodel statexeq providesan estimate
for the friction torque. The correspondingeedforwardgain K4 to compensatehe friction-

dependenposition error is computedwith the LQR designfor the augmentedlant model.
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Figure 11 illustratesthe resultingcompensatostructure wherethe observerfor the plantand

disturbancestatesis given by equations(A4a-c) in the appendix. Since this disturbance
estimationdoesnot differ friction from other disturbingtorquesat the load side, the scheme
also compensateposition errorsdue to the externalforce F at the carriage,which can be

consideredas an equivalentexternaltorque at the screw. For designdetailsthe readermay

refer to [2].
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Fig. 11 Compensator with linear model-based disturbance estimation and feedforward

Tracksl andll commandedo the control systemwith the abovecompensatoproducedthe
position error measurementfom figure 12. Again, the position error reachests maximum
after rapid changesof friction with the start of motion from standstilland with the motion
reversal.
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Fig. 12 Positioning errorsfor track | (top) and Il (bottom), compensator with linear model-
based disturbance estimation and feedforward

On a first look, comparedto the results from the integral feedbackin section 2.1, the
improvementseemnot to be dramatic.Disturbancefeedforwardresultsin slightly decreased
peakvaluesof the positionerrorsand smallerfall times,i.e. the timesthe errorstake to get
from their peak values to zero the first time, especially for track Il with the meN@nsakand
associateasign changeof static friction. However, disturbancefeedforwardshowsa strong
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rejectionto externaldisturbancesas it becomesclear by the fast decay of the simulated
position error from a disturbance input step in figure 13.
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Fig. 13 Position error for force step input, compensator with linear model-based disturbance
estimation and feedforward

Regarding the robustnessof the nonlinear control system against changesof friction
characteristicsjt was not possibleto producea limit cycle in the simulation, even with
unfavourabléfriction parametersAlso its robustnessgainstvariation of the load-sideinertia
and stiffness of the coupling turned out to be very good.

The robustnes®f the linear control systemagainstdisturbancesnd uncertaintiesn the plant
control input path again is expressed by the open-loop boddqidke systemwith LQR and
LQG compensator from figure 14. LTR is nearly achieved.
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Fig. 14 Open-loop bode plots for systemwith LQR (thin lines) and compensator with linear
model -based disturbance estimation and feedforward (bold lines)
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2.3 Disturbance estimation and feedforward with residual

A drawbackof the previouscontrol schemess the delayedgeneratiorand feedforwardof the
signalfor friction compensatiorfrom the integratoror disturbancemnodelin the observer A
promising approachto increasethe speedof disturbanceestimationand to decreasethe
position error peak values is suggested in [8]. It uses the residual vector

r=y -y =me(xp-_ep)=9pm§ @)

Zpm Zem

with the original and estimatedmeasuremenvectorsy,n and yem , the plant measurement
matrix C,n , and the plant state x, and its estimatex., , to estimatea constantexternal
disturbance vector to the plant

gepd = M |]i (2)

by multiplying the residualvector by a constantdisturbancedilter matrix M . A derivationis
given in appendixC. This methodto reconstructan external disturbanceinput assumesa
constant(non-zero) steady-stateresidualr and estimationerror e , which resultsin the
following drawbacks.A non-zeroestimationerror contradictsthe goal with the use of an
observerj.e. to getan error-freeestimateof the plant states With the trackscommandedo
the EMPS, which produce rapid changes of the values of frietitim externalforcesactingat
the carriageaswell asprocessandmeasuremenmntoiseexcitingthe controlledsystem alsothe
assumptiorof a constantdisturbancenput and steady-statestimationerror (€ =0) is hardly
to hold. Finally the approachis extremly sensitiveto measurementoise. This is due to the
directfeedthroughof the noisy measurementectory,n to the disturbanceestimateu.,qy andto
the control signaliseno by the disturbancdeedforwardgain Ky . Despitethe directfeedthrough
of the measurementectorto the disturbanceestimate the separatiortheoremholds,andthe
LQR andLQE canbe separatelydesignedasusual.However,the resultingLQG compensator
for the EMPS with estimationof the load-sidefriction torque correspondingo the above
formulasandits compensatiorby the feedforwardgain Ky showeda very poor LTR of the
linear control system.Simulationof the nonlinearsystemprovedits poor robustnessagainst
measuremennhoise, especiallyagainstnoise and ripple on the tachometersignal. Without
measuremendisturbancesyhile tracking,the steady-statestimationerrorin the statevector
feedbackproduceda considerablesteady-stat@ositioningerror which variedwith the level of
the kinetic friction. Additionally, the simulationshowedlimit cyclesaroundstandstill. Thereal
systembecameunstable,thus no useful results could be achievedin the experiment.This
behaviourcould not be improvedby the soleuseof the lessdisturbedresidualof the load-side
position mesaurement for friction compensation.

In [9] the combinationof the aboveresidual-basedndthe linear model-baseastimationand
feedforwardfrom section2.2 is suggestedor friction compensationThis givesremedyto the
undesiredsteady-stateestimationerror with the purely residual-base@pproach.Figure 15
illustrates the associated compensataucturewith the plantmeasuremenmnatrix C,, andthe
disturbancdilter matrix M . As in section2.2 the observeffor the plantanddisturbancestates
is given by equations (A4a-c) from the appendix.
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Fig. 15 Compensator with residual-based plus linear model-based disturbance estimation
and feedforward (observer with direct feedthrough in dashed frame)

While the residual-basedisturbancesstimationshowsa fast reactionandis effective at small
times,the model-base@stimationbecomesctiveat largertimeswith the estimationerror and
the residual-base@stimatetendingto zero [9]. Due to the use of the residualvector, the
observerfor the plant state and friction (blocks in the dashedframe) again has a direct
feedthrough(without filtering) and amplification of the measuremenhoise to the control
signal. When the filter matrix M for the residual-basedstimateis designedfor the two
residualsof the tachometeandincrementakncodemeasuremenianda load-sidedisturbance
input upg for friction andthe force i , the control producesan awful position error for any
track commanded to the system. Simulation revealed that this is mainly caused by thadoise
ripple on the tachometersignal,andto a minor degreeby the servoamplifier noise and the
guantizationof the encodersignal. Also this control systemhasa poor LTR and showslimit
cycles around standstill.

The effect of tachometemoiseto the control signal could be eliminatedby only using the
residual of the position measurementor the fast reconstructionof the load-sidefriction.
Equation (2) then becomes

uepd - [O m] D— - [O m] qum - melep) ) (3)
where m is
m:(gﬁ’]cr(Lpgpm _Ap)_lppd)_l . (4)

In (4) A, is the dynamicmatrix, byq the columnof the input matrix which correspondso the
externaldisturbancénput uyg , and ¢l is the row from the measuremenmatrix of the linear

plant model producingthe position measuremenbutputincr. L, is the submatrixfrom the
augmente@lant observergain matrix couplingthe residualsto the plant states(seeappendix
C).
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With the residual-basedisturbanceestimationfrom equationg3) and (4), the robustnes®f
the linear systemrecovers,which becomesevidentby LTR bode plots closeto thosefrom
figure 14, but with a slightly lower phase. However, simulation shantegh sensitivityof the
nonlinearcontrol systemto a variation of the stiffnessof the coupling when friction was
presentn the plant model. A reductionof the stiffnessby 20% alreadyresultedin instability.
For re-stabilization the disturbancefilter gain m hadto be reducedto 70% of the nominal
value from design. For a stable experiment even a reductimorefthan50% wasneccessary.
This reduction strongly dependedon the actual friction characteristicwhich varies with
temperatureand other environmentakonditions.Althoug the real systemwas stablewith the
reduceddisturbancefilter gain, it still was very sensitive.This was indicated by vibrations
which occurredin the experimentwhen the ball screwwas tried to be clampedor twisted
manually. Around standstilllimit cyclesoccuredin the experimentand simulation, which by
simulationturnedout to be stronglydependenbn friction and other plant parameterskFigure
16 presentghe bestresultswhich could be achievedwith the compensatofrom figure 15 for
tracks | and .
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Fig. 16 Positioning errors for track | (top) and Il (bottom), compensator with residual- plus
linear model-based disturbance estimation and feedforward

In additionto the poor robustnes®f the nonlinearcontrol systemwith friction andthe limit

cycles, the above error measurementsepresentno improvementcomparedto the results
achievedwith the purely linear model-basedlisturbanceestimationfrom figure 12. Therefore
the residual-base@pproachfor friction estimationis consideredo be lessuseful for highly
dynamical and precise position control of the EMPS. Als@to the observererrordynamics,
with steplike changeghe valid friction estimatesare still delayed.Thus, further potentialto

improve the compensations given by a betterreconstructionof the sign changeof friction

with the motion reversal of track Il.
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2.4 Nonlinear model-based distur bance estimation and feedforward

An ideato overcomethe drawbacksof the previous compensatiorschemesrom delayed
feedforwardand noisy estimateof the disturbingfriction is to approximatelypre-compensate
the friction inthe plantby the useof a nonlinearfriction model.Sincethe reconstructiorof the
sign change of friction aerovelocity is of majorinterest,a simplemodelshouldbe sufficient.
The slow changesof friction with velocity can still be estimatedfollowing the linear model-
basedapproachfrom section2.2. This shouldyield further reductionof the position error,
when the drive starts to move from standstill with treekdespeciallyfor the motionreversal
of track Il. Figure 17 shows the selected compensator structure.
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Fig. 17 Compensator with nonlinear model-based disturbance estimation and feedforward

The pre-compensationf the friction torquein the EMPSis performedby feedforwardof the
nonlinearfriction modeloutput My . For a positive or negativereferencevelocity ¢, , this

signalis the positive or negativebreak-away(static)friction torqueMs. or Ms_, respectively.
If zero referencevelocity is commandedo the system,Mys is setto Ms. , Ms. or zero
dependingon whether the load-side position error e, is positive, negativeor zero. The
reciprocalof the servoamplifier gain Kseno (gain betweennput voltage useno and motor torque
Mg) servego adjustthe torqueMg s to the control signal. To avoid undesiredswitchingof the
nonlinearfriction output,the referencevelocity insteadof a noisy measuremersignalis used
as input to the friction model. This substitutionis possibledue to the sufficiently strong
positionfeedbackandthe feedforwardof the referenceand disturbancesignals,which lets the
load-side plant states closely follow the reference sighhlsabovepre-compensatiorelieves
the linearmodel-base@stimationandfeedforwardn the way that this hasonly to compensate
for a smallerremainingdisturbanceseenby the linear observerfor the plant and disturbance
states (see appendix A).

A good knowledgeof the break-awayfriction torquesMs. and Ms. is crucial for a proper
operationof the aboveschemeTheseparameter®f the nonlinearfriction modelhaveto be
adaptedo the real valueswhich vary with the operatingconditionof the EMPS. This is done
with the aid of the linear model-basedlisturbanceestimatex.q asa third input to the friction

1325



model. The adaptionprocedurefor Ms. and Ms. can easily be explainedwith the flow chart
shown in figure 18.
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Fig. 18 Flowchart of friction model parameter adaption

The algorithm described by the flow chart is executed every sampling pefiiothe reference
velocity i = ¢, is in a specifiedinterval (-fg , ig) aroundzero,but not equalto zero,andthe
carriageis deceleratingthe estimatex.q will be takento updatea discretefirst orderlag with
time constantt for the positive or negative break-awayfriction torque, respectively.This
filtering is requiredto suppressthe noise containedin the friction estimateand to obtain
smoothsteady-stat&aluesfor Ms, andMs. . A flag indicateswhich of the friction torquesis
addressedT he filtering finishesassoonasthe velocity input becomesero. From now a new
friction value becomeseffective for pre-compensatioby updatingthe respectivepositive or
negative torque M or Ms_. This update at standstill avoids undesireddynamiceffectof the
adaption process to the control system. Firtalgflag andthefilter stateareresetfor the next
adaptionprocedure .The updateof Ms. and Mg is doneby addingthe filter outputy; to the
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respectivepreviousvalue of Ms. or Ms,, which resultsin a decreasingestimatexeq until the
break-awaytorqueshavereachedheir steadystates Also, asalreadymentionedthe adaption
is only performedduring decelerationof the carriage,controlled by the input adapt to the
nonlinear friction block in figure 17. This ensuresthat the friction estimatex.q from the
observehassettled Anotheradvantagevith a hysteresigrom frictional memoryis thatlower
valuesfor the break-awayfriction are identified and no over-compensatiomccursin the
acceleratiorphase The adaptionprocesscanbe disabledandthe nonlinearfriction outputcan
be set to zero by themable input to the friction block.

Figure 19 showsthe time historiesfor the adaptionof Ms. and Ms_ startingfrom their initial
values with a particular tracking tife carriage .The steady-state@aluesaregoodestimategor
the break-away friction torques evaluated from the measurement given by figure 2.
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Fig. 19 Adaption of Ms. (top) and Ms. (bottom), t=0.5 sec, fz = 50 rad/sec (= 0.02 nV/sec
carriage velocity)

The bold lines in the plots of figure 20 are the friction torque estimatesof the compensator
with andwithout nonlinearfriction modelfor trackIl. With the model,the estimateis the sum
of its outputMys (straightthin line) andthe observedisturbanceestimatex.q (noisy thin line).
While without the nonlinearmodel the estimatechangesslowly with the motion reversalat
timet = 0.0 sec,the sign changeof the friction is well reconstructedvith the modelcontained
in the compensatorThe offset of about20 Nmm in the friction estimatecan be explainedby
offset voltagesin the analogservoamplifier anda mismatchof the momentsof inertia in the
real EMPS and the linear EMPS model used for observer design [9].
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Fig. 20 Friction torque estimates from compensator with (top) and without (bottom)
nonlinear friction model

Correspondingo the improvedfriction estimatewith the nonlinearfriction model, compared
to the results from section 2.2 the position error measurements prelsenéasef their peak
valuesandfall times.As canbe seenin figure 21, thisimprovemenis only marginalfor track|
with a slightly decreasedhll time of the peakerror from thefirst acceleratiorstep.Dueto the
reconstructiorof the sign changeof friction with the motion reversal,the position error for
track I, however, shows a significantly decreased peak value and fall time.
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Fig. 21 Positioning errorsfor track | (top) and Il (bottom), compensator with nonlinear
model -based disturbance estimation and feedforward (bold lines), compensator with
linear model-based disturbance estimation from section 2.2 (thin lines)

Theimprovementincreasesvith higherfriction torquesin the EMPSandlower bandwidthof
the disturbanceobserverwhich may be imposedfor costreasongsuy lessquality mechanical
componentor a slower hardwarefor compensatormplementation.The resultsin figure 22
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demonstratehe casethat the bandwidthof the disturbanceobserveris only abouttwo times
lower. In this case the improvement also becomes visible for trackdnraldlerpeakvalueand
fall time of the error from the first acceleration step.
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Fig. 22 Positioning errorsfor track | (top) and 11 (bottom), same compensators as for figure
21, bandwidth of disturbance observer two times |ower

Sincefor zeroreferencevelocity the nonlinearfriction modeloutputM¢s dependon the load-
sidepositionerrorey , the pre-compensationof friction is alsoeffectivewith puredisturbance
excitationof the EMPSfrom the externalforceF, . Thisis dueto the fastovercommingof the
break-awayfriction torquein the EMPS by the friction modeloutputin the control signal. As
canbe seenfrom the simulationresultin figure 23, the positionerror dueto a force stepinput
hasa smallerpeakvalue andsettlingtime whenthe nonlinearfriction modelis includedin the
compensator.This improved disturbancebehaviour of the control system can also be
recognized in the experiment when one tries to twist the screw manually.

1E-6 m

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
secC

Fig. 23 Position error for force step input, compensator with nonlinear model-based
disturbance estimation and feedforward (1), compensator with linear model-based
disturbance estimation from section 2.2 (2)

If the EMPS is operatingundervarying forcesF, , the adaptionprocedurefor the friction

model should be performedonly during force free tracking (e.g. during special learning
phases),which can be controlled by the adapt input. This avoids that the load force is

misinterpretedas friction which would resultin over-compensatiomwhen the force becomes
zero.
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All simulation and experimentalresults showedthat the robustnessof the control system
retained the very good properties of the system from section 2.2 .

Anothercompensatostructurewhich wasinvestigatedor nonlinearmodel-basedlisturbance
estimationandfeedforwardis givenin figure 24. Herethe nonlinearfriction modelis included
in the observemy injection of its outputMys to the additionalnonlinearfunctioninput f4(.) to
the observer A generalderivationof the resultingnonlinearobserveris given in appendixB.
This approachis the obvious extensionof the linear model-basedapproachand is strictly
following the observettheory.In comparisorto figure 20 theresultingfriction torqueestimate
doesnot showthe largeovershootafter step-likechange®f thefriction torqueandthusyields
a better estimate for the friction in the plant ttl@@moreintuitive approachwith the structure
from figure 17.In differenceto figure 17 now both partsof the estimatearefed forwardto the
compensatooutputy. by the samedisturbancdeedforwardgain K4 andare containedn the
plant control signal which is fed back to the observer.

adapt enable

Y
=
=
3

e
b -
0
r ¢r
> K,
V' Xe , u
" : c servo
£ 0=M nonlin. observer — Kp -
dv_hrs o fqr plant and
disturbance
g States Xed o k.

Fig. 24 Compensator with nonlinear model-based disturbance estimation and feedforward,
nonlinear friction model included in the observer

Comparedo the resultswith the compensatofrom figure 17 for tracksl andll, the closed
loop systemwith the abovecompensatoshowsslightly smaller peak valuesof the position
errors but larger fall times. This becomesespecially clear by comparingthe force step
responses shown in figure ZEhe smallererrorfall timeswith the compensatofrom figure 17
canbe explainedby the overshooin the friction torqueestimatewith step-likechangesf the
friction torque(figure 20), which yields a strongerreactionto disturbingtorquesresultingin a
fasterdecayof the correspondingostionerrors.Sincethis rejectivenesso disturbingtorques
is considerednoreimportantfor the EMPScontrol, the compensatofrom figure 17 hasbeen
preferred to that from figure 24.
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Fig. 25 Position errorsfor force step input, compensator from section 2.2 (1), compensator
from figure 17 (2), compensator fromfigure 24 (3)

3. Conclusions

A selectionof friction compensatioschemegor highly dynamicalandprecisepositioncontrol
of an EMPS with compliance and friction have been experimentally studiedegéhdto their
reference and disturbance behaviour and robustness. The schemes originate from a simple LQG
control and differ by the type of augmentatiorfor the estimationof load-sidefriction torque
and disturbing forces and the compensation of the resulting position errors.

Thefirst approachan integralfeedbackof the positionerror, providesa satisfactoryreference
behaviour, but week disturbance rejection. It shogs@drobustnesagainsinoiseandmodel
uncertaintiesandis a feasiblesolutionif the sourcesof positionerrorsare not well known or
cannot be modelled, which is not the case in the considered application.

Linear model-basedlisturbanceestimationand feedforward,a linear integrator disturbance
modelin the observerand feedforwardof the correspondingstateas an estimatefor friction,
yields a slightly improvedreferencebehaviouranda strongrejectionof externaldisturbances.
It also shows a good robustness against noise and modelling errors.

An attemptto decreaséehe lag and delayedfeedforwardof the friction estimateby a residual-
basedapproachfor disturbanceestimationhasnot yieldedthe expectedesultsfor the EMPS.
This is due to the poor robustnessof this schemeagainstmeasuremennhoise and plant
parameterariations.Also limit cyclescould be recognizedduring simulationof the nonlinear
control system with friction as well as in the experiment.

Due to its capabilityto reconstructhe sign changeof friction with motion reversal,the best
resultsfor both, referenceprofile tracking and disturbancerejection, are achievedwith a
nonlinear adaptivefriction model in the compensator.The resulting schemecomprisesa
combinationof linear and nonlinearmodel-basedlisturbancesstimationand retainsthe good
robustnespropertiesof the linear model-basedpproachlt is evenmore promisingif high
friction or low observerdynamicsare imposedby less quality mechanicalcomponentsor a
low-speed hardware for digital compensator implementation.

To relieve the user of design and real-time programming detailde#fignandimplementation
of all compensatiorschemesasbeenautomatedy the aid of interactiveuserinterfaceswith
MATLAB/SIMULINK and the dSPACE TDE.
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Appendix

To geta moregeneralderivationof the differentprinciplesof disturbancesstimationtreatedin
this paper,we assumea plant modelwith direct feedthroughof the control and disturbance
input vectorsto the measuremerdutputvector. This feedthroughs givenin equation(Al) by
the matricesDpmc and Dpmg @nd may occur when acceleratiormeasurementare amongthe
measuremensignals.The observerequationsderivedin the following appendixsectionsare
containedn the observemblocksshownin the compensatostructuredor the EMPScontrolin
section2. However,with its drive-sideangularvelocity andload-sideposition measurements
the EMPSdoesnot havethe directfeedthroughandthe resultingzero matricesDyme and Dpmg
have been dropped. This particular case is mostly considered in the literature.

A Linear model-based distur bance estimation

Given the state equations of a linear plant model

Zp :Apl + chupc + de_pd

y :mel +D medgpd

L pm = pmc = pc

(A1)

with the control input vectau,. , the disturbance input vectayy and the measurement output
vectorxpm . If the disturbance input of the plait can be approximated by the output of

the linear model
aXa X4(t=0) =X
X, (A2)

with appropriate initial condition for the state, by substitutign = Y, the correspondig
augmented plant model becomes

I><
[J s

(A3a)

X=A
c

I><
IU IUU
=

y

Zpm P

(3]

where the augmented plant state vector and state space matrices with appropriate dimensions
are

X:DSPD A:@p Epdgdlj B:@pc[
"k, T Ho A, H T HoR | (A3b)
Q:[me medgd] ' Q:mec

The state vector (plant and disturbance states) of this augmented system can be estimated by
the linear observer
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Xe =AXc+Bu, +L(y -y )
=(A-LOx +(B-LD)u,+Ly
e (Ada)
= Aele +Eege
Y, = Xe

with the input and state vectors

D‘ilpc |:| %ep[
= . X, = . Adb
ge %pm% Z B,(edE ( )

By partitioning the observer gain matrix into submatrices EPE corresponding to the plant
d

and disturbance model substates in the augmented state vector, the state space matrices of the
augmented plant observer can be determined as

%p _Lpgpm (Epd __pgpmd)gd[

Ae:A_LQ:E -L.C,, Ay~ LeDpmiCy E
- L (Adc)
¢ EpHpme L O
B.=[B-LD L]=0" " 'L
O] _Ldgpmc LdD

B Nonlinear modédl-based distur bance estimation

If an advance estimati,, of the disturbance input to the plant model from equation (A1) is
given as a nonlinear functiai,, =f,(.) of other control system variables, it can be used to

improve the estimates from the augmented plant observer from appendix A. This is done by
adding the function value to the linear model approximation of the disturbance signal from
equation (A2):

Y, =Cyxq+f4() . (B1)

The function can be considered as an external input to the augmented plant model from (A3a),
which then becomes

X=Ax+Bu, +Ef,()
) B2a
Y, =Cx+Du, +Ff,() (B22)
where
B
E=HS"Eaﬂd F=Dymg - (B2b)

The augmented plant state vector and remaining state space matrices are given in equation
(A3b). This system entered to an observer design results in the nonlinear observer
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Xe =(A-LCO) X, +(B-LD)u, +Ly +(E-LF)f,()
(B3a)

Since the nonlinear functidi(.) is known, it has been added to the observer input vector

Ou, C
Ue = %pm E ! (Bsb)
Hq()E

so that the correponding observer input matrix becomes

@pe _LpD Lp Epd _Lpgpmd[
B.=|B-LD L E-LF[=
- [ E -L,D Ly L 4D g E

= pmc =

(B3c)
The state vector and system matrix of the nonlinear augmented plant observer can be taken
from equations (A4b) and (A4c).

The estimate of the output of the linear disturbance model in the observer
Y.y = CaXe (B9

obtained from the output equation in (A2) represents an estimate of the deviations of the real
disturbance input to the plant from the nonlinear function value which is entered to the
observer as an external input. Whyeed can be used to adapt the nonlinear function

parameters, the disturbance model statéogether with the function output are feedforward
signals in a control system with the plant model from equations (B2).

The design procedure for the above nonlinear observer needs the following steps. First a linear
observer design is performed for the linear augmented plant model from (A3), which yields the
gain matrixL. Then the nonlinear observer is obtained with the matrices from equations (B3c)
and (A4c) and the nonlinear function plugged into equations (B3a) and (B3b).

C Residual-based disturbance estimation [8,9]

Again given the plant model from equation (Al). With the linear observer

Xep:(Ap _Lpgpm)lep-k(g L mec) +Lpzpm (Cl)

used to estimate the plant states, the resulting error system becomes

E7X " Xe (C2)
:(Ap_LpC )e+(B - p_pmd)u
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which shall be asymtotically stable by an appropriate design of the observer gainLpatrix
The estimation error is driven by the external disturbance input vegfoAssuming constant
disturbance signals i,y and steady-state conditions{ «) the derivative of the estimation
error in (C2) becomes zero

Q:(Ap_Lpgpm)g-'-(Epd _Lprmd)gpd (C3)
which results in the constant steady-state estimation error
:(Lpgpm _Ap)_l(Epd _Lpgpmd)gpd ) (C4)

For an unique solution, we further assume that the nupnbemeasurement signals in the
vectorypm is greater than or equal to the numbef disturbance inputs to the plant in the

vector Uy, . Be the steady-state estimatg, of the external disturbance input vectey,
linearly dependent on the residual vector

=Y Yen = Yom -C_ X, -D =C,n€+D Uy (CH)

2 pm ~pmZep Zpmc= pc ~pm= " =pmd =pd

which can be expressed by

u pd:M[ (C6)

with a suitable constant disturbance filter malfivof size ¢,u) , premultiplication of equation
(C5) byM and substituting the steady-state estimation error from equation (C4) yields

u pd :M[meg-'-gpmdgpd]

-1 (C7)
:M[me(Lpgpm _Ap) (Epd _Lpgpmd) +med]gpd

Additionally, in the steady state g, =u,, ,
disturbance filter matri#d from the relation

this equation can be used to determine the

_pm(L C _A ) (B = pmd)+med]:|_! (C8)
wherel is the ¢,v)-identity matrix. Since witlu rows andv columns anglt = v the matrix

(I— C _Ap)_l(gpd pmd)+D (C9)

_pm

in (C8) is not necessarily a square matrix, but shall be column regular, the disturbance filter
matrix is the left inverse

M =(N"N)“N" =N =(Cpn (L, Com = A) (B =Ly D) + D) (C10)

where the superscripts T and + denote the transpose and left inverse of th&lmatrix
respectively. With thig1 numerically determined from equation (C10) the observer for the
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plant states with residual-based estimation of the constant disturbance input vector to the plant

from (A1) becomes
e = A X, TBe U,

Cl1

+D.u, (C11)

Ze = Qe Lep

With equations (C1), (C5) and (C6) the corresponding input and output vectors and state

space matrices can be determined as

_ e O K O

= Hwd —e_H& 0

A.=A,L,Cp . [ e Ly (C12)
o 1 0O O Q QD

““Hmc,H ' % Hwmp,, M{
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