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Abstract

Friction is an undesiredphenomenorin many
drive systemsFeedforwardof a suitableestimateof
friction is an effective methodto compensatehe
friction-dependentposition errors in the steady
state. The speed of reconstruction of b friction
is crucial for the grade of improvementsvhich can
be achievedor thetransientbehaviour.A nonlinear
model-basedapproachis presentedin this paper
which dueto the reconstructionof the sign changes
of friction yields good results. Moreover, the
described control and compensationis easy to
implementand turns out to be very robustin real
operation.

1. Introduction

Increasingdemandsfor speedand accuracy of
positioncontrol systemsfor examplein the fields of
machinetools and robotics, require to abandonthe

still commonlyusedconventionalkontrol approaches

however, hard nonlinearities in the plant often
deterioratethe good systembehaviourattainablefor
the purely linear case.Suitablecountermeasureare
nonlinearextensionsof the controller which recover
the linear control systembehaviourby compensating
the nonlinearplant propertiesasmuchaspossibleIn
this paper such a hard nonlinearity is given by
friction in a compliant positioning system. Starting
with a linear model-basedcompensation different
nonlinearmodel-base@pproachegor the estimation
and compensationof friction are presented.Their
relevanceor high-speedand preciseposition control
is shown with simulation and experimental results.

2. Plant and control

Figure 1 shows the structure of the
electromechanicgbositioning system(EMPS) which
is usedat the CLM for experimentainvestigationof
position control schemedor compliantsystemswith
friction.

and to apply up-to-date methodsfrom
optimal state space control. Its

theoretical basis was laid already |,
decadesago. With integratedtools for |> >>

control design and realization, the
implementation of state space control
systems is ntbngera tediousmatter[1].
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State space control allows active
damping of elastic modes presentin nearly every
mechanism which results in a higbntrol bandwidth.
Additionally, externaland internal disturbancesan
be compensatedf the plant model is appropriately
augmentedfor control design[2; 3; 4]. In reality,
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Figure 1: Electromechanical positioning system (EMPS).

The EMPS consistsof a current-controlledDC-
motor and a linear positioningunit. A backlash-free



ballscrew drive convertsthe rotary motion of the

screw into the linear carriage displacement.
Measurementasedfor controlarethe outputvoltage
Uacho Of @ DC tacho generator at the drive satdthe

countervalue incr of an incrementelencoderat the

load side with a resolution equivalentto 1.25 pm

carriagedisplacementThe control signalis the input

voltage Useno fOr the motor reference current. A

compliant coupling betweenmotor and positioning
unit whose stiffness and damping are only

approximately known produces a mechanical
resonancet about100 Hz. Another shortcomingin

the systemis friction which is dominant in the

ballscrewdrive and resultsfrom its preloadingfor

avoidanceof backlash.In order to investigatethe

performanceof compensatiorschemeswith varying

friction conditions, this load-side friction can be

increasedby a friction wheel. Figure 2 showsthe

measurementof friction torque versus carriage
velocity valid in the context of this paper with

dominant Coulombic and viscous friction.
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Figure 2: Friction torque versus carriage velocity.

The maximum absolutefriction torque equalsto
about30% of the availableabsolutemotor torque of
0.1575 Nm. Without compensationin the position
controlledsystemthis friction causesa considerable
error for the carriage position. Another reasonfor
errorsis the externaldisturbanceforce F, acting at
the carriage.

With its structure and the describgidpertiesthe
EMPSis typical for manydrive systemsn industrial
applications.

The nonlinear plant model for simulation and a
linearizedmodelfor control designare givenin [5].
The motor torque, the drive-side (motor) and the
load-side(ballscrew)angularpositionsand velocities
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arechosenas statevariables.A linear time-invariant
dynamicstatespacecontrollerdesignedollowing the
LQG/LTR-approach[6; 7; 8] is usedfor position
control. Due to active vibration damping, this
approachyields a high control bandwidth. It also
shows a high robustnessagainst uncertain plant
properties. The minimum controller contains a
complete feedback of the plant states and a
feedforwardof referencevariablesfor the carriage
motion. For friction compensationit will be
augmentedoy a feedforwardof an estimatefor the
disturbing load-side friction torque. The reference
variables are the referenceposition, velocity, and
acceleration for the carriage motion. They are
provided by a referenceprofile generator.Figure 3
showsthe top level structureof the position control
systemwith the vector of the plant measurement
outputsy,m andthe vectory, containingthe reference
variables.

R
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Figure 3: Structure of the positioning control system.

A systematic approachto control design and
realizationwith developmenttools available on the
market is described in [5].

3. System behaviour with different
approachesfor friction compensation

Basingon the minimum controllerwith plant state
feedbackand referencefeedforward,different linear
andnonlinearextensiongor compensatiorf friction
andtheir potentialsof improvemenwill be presented
by simulation and experimental results. The
performanceof the resulting control systemscan be
assessed by their reference and disturbance
behaviour Figures4 and5 showthe time historiesof
thereferencevariablesin the vectory, which serveto
investigate the reference behaviour. Both sets of
signalsmake full use of the servoamplifier ranges.
While thefirst setrepresentsini-directionalreference
motion of the carriage the secondcontainsa motion
reversal which, due to the sighangeof friction with
the sign changeof velocity, is more demandingfor
precise position control.
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Figure 4: Uni-directional reference motion.
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Figure 5: Reference motion with reversal.

In the following figures showing position error
plots for referenceexcitation, the upper plot frame
refersto the uni-directionalreferencemotion andthe
lower frame to the reference motion with reversal.

The disturbance behaviour of the consgdtemis
assessetih simulationby applyinga stepof 150N at
t = 0.01 sec to the disturbance force input F

To get an idea aboutthe absoluteimprovements
which will be achievedby friction compensatiorwe
are interested in the reference and disturbance
behaviourof the systemwith the minimum controller
without any measuresagainstfriction. Its structure
with a linear observerto estimatethe statevector of
the plant, the matrix K, for the statefeedback,and
the matrix K, for feedforward of the reference
variables in the vector, is illustrated in figure 6.

3/10

Yr | K,

Ypm

—_—]
Linear
observer for xﬂ: Kp Ye | || Yeervg.
plantstate — —

Figure 6: Controller without friction compensation.

With this controller, the reference behaviofithe
position control systemis given by the position error
plots in figure 7. Figure 8 showsthe position error
for the disturbance step excitation at the input F

~o1 -0.05 0 0.05 0.1
sec

Figure 7: Measured (bold lines) and simulated position errors

for reference excitation with controller of figure 6.
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Figure 8: Simulated position error for disturbance step
excitation with controller of figure 6.

These results are not very satisfactory. For
position control to be accuraten the steadystate,a
compensation of friction is indispensable. The
compensationschemespresentedin the following
chaptersare thoseinvestigatedin [9] which yielded
the best results for for the EMPS control.



3.1 Linear model-based friction
compensation

For linear control designwith a linearized plant
model,Coulombicfriction canwell be approximated
by a constant disturbance input and hence be
modelled by augmentingthe plant with a linear
integrator disturbance model with suitable initial
condition[10; 11]. LQE designwith this augmented
plant model yields a linear observer for the
augmentedstate vector (state vectorsof plant and
disturbancemodel), and LQR designthe regulator
gainsfor plant statefeedbackand disturbancestate
feedforwardrequired for steady-statecompensation
of the non-measurabldriction. For details of this
control designspecifically for the EMPS, the reader
may refer to [5]. Figure 9 shows the resulting
controller with observerfor the state vector of the
augmentedplant and feedforwardof the estimated
disturbancestatex.q to the control signal by the gain
K.

Yr > K,
- X U
om [ Linear — > K, —0O Ye _/’ﬂ/‘ servo_
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augmened
»|Plartstate | Xed _f

Figure 9: Controller with linear model-based disturbance
estimation and feedforward.

In the position control for the EMPS shown in
figure 3, this disturbancecompensatioris not only
effective for friction, but also for step-shaped
disturbanceforces F. The resultsfor referenceand
disturbanceexcitationare shownin figure 10 and11.
Comparedto the results obtained without friction
compensatiorffigures 7 and 8) or with conventional
approachego position control, the control showsa
very good referenceand disturbancebehaviour.lt is
accuratein the steadystate,transientposition errors
with start of motion from standstill, with motion
reversals,and disturbanceexcitation, all accociated
with step-shapedchangesof friction, are rapidly
compensatedlhe control turnedout to be robustin
every respect, especially against uncertain plant
properties like inertias, stiffnesses and friction
characteristicsvhich are usually not exactly known
in a real system.
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~o1 -0.05 0 0.05 0.1

Figure 10: Measured (bold lines) and simulated position errors
for reference excitation with controller of figure 9.

Figure 11: Simulated position error after disturbancestep
excitation with controller of figure 9.

In the disturbancestep responseshownin figure
11, the control seemdo leavea steady-statgosition
error. This error resultsfrom overshootand sticking
of the carriagein the staticfriction andis only slowly
compensatedpecausethe friction estimate Xeq is
delayeddue to the limited observerbandwidth.This
delay also influencesthe referencebehaviourof the
control system.Figure 12 showsthe time history of
the friction estimatefor the referencemotion with
reversal (figure 5).

Nmm

o1 -0.05 0 0.05 0.1

Figure 12: Measured (bold line) and simulated friction torque
estimate ¥ with motion reversal.



A faster reconstructionof the sign change of
friction att = O secwould be desirableto reducethe
peak value and fall time of the corresponding
transientpositionerrorin figure 10. In [4], the speed
of friction estimation is increasedby using the
observatiorresidual(the differencebetweenthe real
and the estimated measuremetvector). For the
presentapplicationthe following nonlinearextension
of the controller in figure 9, however, showed
considerably better results [9].

The measuredand simulated friction torque
estimatedrom figure 12 differ by an offset of about
15 Nmm. This results from offset voltagesin the
poweramplifier andinertiasin the plant model used
for observerdesignwhich do not exactly matchthe
real plant properties [4].

3.2 Nonlinear model-based friction
compensation

An obvious way to improve the estimation of
friction, which canbe found in other publicationson
friction compensation12; 13], is to use a more
realisticnonlinearfriction model.We like to combine
this approach with the linear model-based
compensatiorfrom the previous chapter.A simple
nonlinear model for friction is sufficient to
reconstructthe step-shapedransition of friction at
velocity zero. The remainingrelatively slow change
of friction with velocity is already wekkstimatedwith
the linear model-basedapproach.Figure 13 shows
the controller structure which is suggestedn this
paper.
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Figure 13: Controller with nonlinear model-based disturbance
estimation and feedforward.

The output Mg of the nonlinearfriction modelis
usedto compensatehe static friction torquein the
positioning system wheit startsmoving or at motion
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reversalslf a positive or negativereferencevelocity
¢, is commandedo the controller,M¢s will be setto

the respectivepositive or negative maximum static
friction torque(break-awaytorque)Ms. or Ms.. With
referencevelocity zero, the friction model output
dependson the position error &,. For a positive or
negativeerror or an error equalto zero (which is
defined in the range of the position measurement
resolution around zero), Mgs takes the respective
valuesMs. , Mg, or zero.Feedforwardf this simple
model for nonlinearfriction to the control signal is
doneby the samegain K4 which is usedfor thelinear
estimate.In orderto avoid undesirableswitching of
the nonlinearfriction estimate the referencevelocity
is usedasinput into the friction modelinsteadof the
noisy velocity estimate from the observer. This
simplification is possibledue to the active vibration
damping and high control bandwidth achieved by
LQR control,anddueto to thereferenceeedforward
which let the load-sideplant statescloselyfollow the
reference signals.

The above compensationof friction by the
nonlinear model output relieves the linear
compensatiorpart. Only the difference betweenthe
actualfriction in the plant and the nonlinearfriction
modeloutputist left for the estimatexes. To operate
properly the linear observerfor the augmenteglant
needsthe injection of the nonlinear friction model
outputat the samelocationwherethe friction actsat
the real system.This is realized by the additional
observeiinput Mgs. By thisinclusionof the nonlinear
friction model in the estimationof the augmented
plant statevectorthe nonlinearfriction compensation
corresponds with the theory for the linear
compensatiofrom chapter3.1. A shortderivationof
the observer equations can be found in the appendix.

Good estimatesof the maximum static friction
torquesMs. und Ms. are crucial to let the suggested
compensation scheme operate properly. These
parametersf the nonlinearfriction modelhaveto be
adaptedo the actualfriction valueswhich alter with
operatingconditions.The linear estimatexeq offered
to servefor the following adaptationprocedureand
thus becamea third input to the friction model. The
adaptionis active whenthe referencevelocity ¢, is
within a given sufficiently small range around zero
and its absolutevalue is decreasingDuring sucha
deceleration phase, a first order lag filter
approximateghe meanvalue of the input signal Xeg.
As soonas ¢, reachesero,Ms, or Ms. depending

on the precedingdirection of motion are updatedby



adding the filter outputandthefilter stateis resetfor
the next adaptationstep. This proceduregradually
reducesthe range of Xeq until the maximum static
friction torque estimatesreach their steady-state
values.Adaptationonly during decelerationyhich is
controlledwith the input adapt makessurethat the
observerand, consequently Xxeq has settled to its
steady state. Moreover, adaptationshould only be
performedduring special (learning) phaseswithout
external disturbanceexcitations. This avoids that
externalforces are misinterpretedas friction which
would resultin undesirableovercompensationvhen
the forces cease to act. The adaptation castdpped
andthe friction modeloutputsetto zeroby resetting
the input enable.A more detaileddescriptionof the
friction model is given in [9].

Figures 14 and 15 presentthe results obtained
with the nonlinear friction compensationtogether
with those from the purely linear approachfrom
chapter 3.1.

~o1 -0.05 0 0.05 0.1

Figure 14: Measured position errors for reference excitation
with controller of figure 13 (bold lines) and 9.

0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure 15: Simulated position error after disturbancestep
excitation with controller of figure 13 (bold line) and 9.

Becauseas in the previous chapterssimulation
and measurementesults correspondwell, and in
orderto avoid messyplots, the simulationresultswill
not be shown in the following figures for the
reference excitation and friction torque estimates.
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Lower peakvaluesand shorterfall times of the
transientpositionerrorsbecomeparticularly clearfor
the motion reversalwherethe friction torquechanges
its sign. This resultsfrom the good reconstructiorof
friction by the nonlinear model in the controller.
Accordingto figure 16, the friction torqueestimateis
the sum of the nonlinearfriction model output Mg
(straightthin line) andthe linear estimatexeq 0Of the
difference betweenreal friction and friction model
output (noisy thin line). Again offset voltagesin the
power amplifier and a plant model for observer
design whose inertias amt exactlymatchwith those
of the real plant lead to an offset in the resulting
friction torque estimate.
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Figure 16: Measured friction torque estimates with controller
of figure 13 and motion reversal.

As for the referenceexcitation,the position error
for a disturbancestep input (figure 15) shows a
significantly smaller peak value. The error reaches
the band of:1.25um in a considerably shorter time.

The above improvements become even more
significant with higher friction torquesor reduced
bandwidth of the linear observer,which may be
imposedfor costreasonsy mechanicacomponents
of lower quality or less performing real time
hardwarefor controllerrealization.In figure 17 this
is demonstratedor the casethat the bandwidth of
disturbance estimation in the augmented plant
observer is reduced to 50%itsf previousvalue.Due
to the still goodreconstructiorof the friction torque
(seefigure 18), the influenceon the positionerrorsis
only marginal with nonlinear friction compensation.



Figure 17: Measured position errors for reference excitation
with controller of figure 13 (bold lines) and 9. Reduced
bandwith of linear disturbance estimation.
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Figure 18: Measured friction torque estimates with controller

of figure 13 and motion reversal. Reduced bandwidth of linear

disturbance estimation.

Another approachfor friction compensatiorwith
the nonlinear frictioomodeldescribedaboveis shown
in figure 19. In this controller structure,the friction
model is not included in the estimation of the
augmentedlant statevector. The linear observerof
chapter3.1 without additionalinput for injection of
the nonlinear friction model output is used.
Correspondinglythe friction modeloutputis not fed
back with the controller output to the observer
controlsignalinput, but only fed forward to the plant
control input. Thanverseof the poweramplifier gain
betweenreferencecurrentinput and motor torqueis
usedfor the feedforward,which in a strict senseis
only valid if the transferfunction betweerthe control
signal (referencecurrent) and disturbanceinput of
friction in the plantwere proportional.This would be
the casefor a rigid systemand power electronics
without time lag. The nonlinearfriction modelin the
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feedforward path effects a pre-compensationof
friction for the uncontrolled plant.
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Figure 19: Controller with nonliner friction model in
feedforward path.

The resultswith this approachare presentedn
figure 20 and 21. Comparedwith figure 14, the
referencetime responsesshow reduced error fall
times but larger undershootof the position errors.
Both effects result from a larger overshootin the
friction torqueestimatesfter step-shapedhangesf
friction in the plant, which becomes clear by
comparing the results in figure 22 and figure 16.

~o1 -0.05 0 0.05 0.1

Figure 20: Measured position errors for reference excitation
with controller of figure 19 (bold lines) and 9.
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Figure 21: Simulated position error after disturbancestep
excitation with controller of figure 19 (bold line) and 9.
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Figure 22: Measured friction torque estimates with controller
of figure 19 and motion reversal.

While the controllerof figure 13 is to be preferred
for referenceexcitation, due to its smaller error
settling times the controller of figure 19 could be
taken into consideration for pure disturbance
excitation.With the latter, the controlledsystemalso
appearsslightly stiffer if the screw is manually
twisted in the experiment.A combinationof both
structurescould work as follows: If a reference
motionis commandedo the system the controller of
figure 13 will be active. At standstillsit will be
replacedby the controller of figure 19 by switching
the observerinput and compensatiornpath for the
friction model output Nk.

Simulationand experimentakesultsrevealedthat
the goodrobustnespropertiesof the controllerfrom
chapter3.1 arenot affectedwhenit is extendedwith
the nonlinear friction model as described above.

3.3 Dynamic feedforward

In the previous chapterswe used proportional
feedforward to compensateinternal and external
disturbancies and the resulting position errors.
However, since it does not regard the dynamics
between the feedforward control and disturbance
inputs of the system, this compensationis only
effectivein the steadystate.As suggestedhn [4], the
remainingpotentialfor the transientoehaviourcanbe
used by a dynamic feedforward where the
proportional gain is substituted by a transfer
function. Theinverseof thetransferfunction between
the control and disturbancenput is requiredto fully
compensate the disturbance from the system
response Figure 23 shows the controller structure
from the previuos chapter with the dynamic
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feedforwardfunction G _; (S) , where G () is the

transferfunction betweenthe control input and the
load-side friction torque for the closed-loop system.
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Figure 23: Controller with nonlinear model-based disturbance
estimation and dynamic feedforward.

In [4] the implementation of this dynamic
feedforward failed due its differentiating transfer
characteristicand a noisy friction estimate which
together resulted in an extensively noisy control
signal. Since with the approachsuggestedn this
paperthe friction estimatesare not muchaffectedby
noise, dynamic feedforward seemed to be
implementable.In this case, however, the digital

realizationof G _; (S) becamea tediousjob. Dueto

a limited processoperformancets higherfrequency
dynamics could only be coarsely approximated.
Additionally, for the reference excitation, the

differentiating characteristicof G_;(s) let the

control signal exceedthe power amplifier saturation
bounds.No further improvementcomparedto the
resultspresentedn the previouschaptercould thus
be obtained.

4. Conclusions

Compensationof friction by feedforward of a
suitableestimatefor this non-measurabldisturbance
is a feasiblemethodto reducethe position errorsin
the control of drives with friction. In this paper,a
linear estimatewas evaluatedwith a linear observer
for the plantwhich wasaugmentedby anappropriate
disturbancemodel. In order to improve the linear
estimate,an adaptive nonlinear friction model was
introducedwhich providedthe reconstructionof the
sign changeof friction in the plant. Resultsfor two
controller structures showed a considerable
improvementof the position control. A compensator



which can switch betweenthe two structurescould
combine their advantagesboth for referenceand
disturbance excitation.

Dynamic feedforwardsuggestedn [4] seemedo
be a promising improvement due to the good
reconstruction of the friction in th@ant. Problemso
digitally implementthe higherfrequencydynamicsof
the feedforwardand a control signal exceedingthe
actuator saturation bounds were the reasonsto
abandon this approach.

The presentedfriction compensationschemeis
well suitablefor numerousindustrial applications.It
turnedout to be very robustandis easyto realize.
Further work is planned to developrendulefor local
friction compensation odrive level [3] to beapplied
in coupled mechanismswith several drives like
robots.

Appendix
Nonlinear observer for the augmented plant

Given the state spaceequationsof the linear plant
model

X, =Ap X, +B U, +Buy,

Xp _C X +mec pc medgpd

(A1)

with the statevectorx,, the control input vector Uy,
the disturbance input vectag;, andthe measurement
outputvectory,n . In the specialcaseof the EMPS,
the disturbanceanput vectoris a scalarvariable,the
Sumuy = My + F /i of the load-sidefriction torque
andthe load torqueacting on the screw,which is the
guotientof the disturbanceforce and the ballscrew
gear ratio. We further assumethat the disturbance
acting at the plant disturbance input can be
sufficiently approximated by the disturbance model

Xg =AgXg, Xg(t=0) =Xy

Y, = Caxq t14() i

asa sumof the outputof a linearmodelwith suitable
initial condition and a nonlinear function fy(.) of
control systenvariables The respectivaermsfor the
EMPS are the outputs of a integrator disturbance
model and the nonlinear friction modeldfapter3.2.
The approximationu,s = yq and putting (A2) in (Al)
yield the augmented plant model
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x=Ax+Bu,+Ef()
zpm =Cx+Du, +Ffy() (A3)
with the augmented state vector
x=[1'F (A3b)
X
and the matrices
_EALp B CdE| =@pc|:| E=@pd[
Qo A, % Hol E°Hor
9 = [Cpm medCd ' D= mec ' = med
(A3c)

The nonlinear observer

X =(A-LOX. +(B-LD)u*+Ly |
= Aele + Eege

Yy =X

—e

(Ada)

is usedto estimatethe augmentedstate vector with
the state and the input vector

(Adb)

andthe observergain matrix L. Correspondingwith

the block diagramin chapter3.2, the value of the

nonlinearfunction f4(.) is interpretedas an external
input to a linear observersubsystemThe observer
gain matrix is designedwith the linear model of the

augmentedplant given by equations(A3a) without
the additionaltermsE f4(.) andF f4(.), which mustbe
observableThe associatedinear observeris usedin

the controller of chapter 3.1.

The output

+H(E-LF)1,()



Yoo = CaXea (A5)

of the linear disturbance model included in the
observer representsan estimate of the difference
betweenthe the real disturbanceacting on the plant
andthe nonlinearfunction f4(.). For the EMPS, this
output is identical with the state of the integrator
disturbancenodelandis usedin chapter3.2to adapt
the nonlinearfriction modelto the actualfriction in
the plant.
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