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Compensation of Friction in the Flight Simulator Stick using an Adaptive Friction Compensator

Friction deterioratesthe performanceof many controlled systemswith moving parts. It
introducesnot wantedpheno~na to the system,suchas stick-slip. steadystateerrors and
tracking errors nearby velocity reversals(the so-called reversal bumps). However. it is
possible to compensatefor the friction in order to reduce the not wanted friction
pheno~na. In previous researchat the Control Laboratory the friction. in particular the
reversal bump. ha~,been compens~tedfor with learning friction compensators.These
compensatorswere able to reduce the reversal bump significantly. Besides learning
friction compensationthere are other compensationtechniques.One of them is adaptive
friction compensation.The use of adaptive friction compensation seems well suited
becauseit is known that friction will vary in ti~. due to wear and temperaturechanges.
An adaptivefriction compensatoris capableof following thesevariationsin friction.
In this thesis three adaptive friction compensatorsare presented.One is based on the
Coulomb friction model and two of them are based on the LuGre friction model. In
simulationsthe adaptive Coulomb friction compensatorwas able to reduce the reversal
bump by a factor 6. The LuGre basedadaptivecompensatorswhere able to eliminate the
reversalbump in simulations,this mainly causedby the fact that the 'real' friction was
also representedby the LuGre model.
In order to verify the results of the simulations,the adaptive friction compensatorsare
implelrented on the control loading system(flight simulator stick) of FCS. This systemis
available at the Control Laboratory and also used to implementedthe learning friction
compensators,so the performancesof both techniquescould re comparedeasily. First the
friction on the control loading system has been identified (i.e. the LuGre model
parameters),for both the simulationsand the initial valuesof the compensators.The three
adaptive compensatorshave been implemented on the Control Loading System The
Coulomb basedcompensatorwas also in experimentsable to reduce the reversal bump,
by a factor 7. The first LuGre basedcompensatorwas also able to reduce the reversal
bump, howeverdue to computationdifficulties this was not what was hoped for. The last
adaptivecompensatorwas not capableof reducingthe reversalbump at all.
When both friction compensationtechniques,learningand adaptive,are comparedto each

other one could say that both techniquesare able to reducethe reversalbump. Even the
simplestadaptivecompensator, the Coulomb friction compensator,is not inferior to the
learning friction compensators.And this compensatoris easy to imple~nt on a system
and requires no a-priori knowledge (which is the main advantage of learning
compensation).
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Friction is a phenomenonthat is presentduring the relative motion of two surfacesin
contact.Sometimesthe presenceof friction is welcome,for examplein braking systemsor
with the motion of wheels(by carsand bicycles),but friction is generallya limition of the
performanceof controlledelectromechanicalmotion systems.To increasethe performance
of such systems,it is necessaryto compensatefor the friction. In literature, several
techniquesare suggestedfor friction compensation.One of these techniques,adaptive
compensation,will be studiedin this thesis.

1.1 Background
Friction occursin all mechanicalsystemsand it appearsat the physical interfacebetween
two surfacesin contact.Friction servesto provide dampingat all frequencies.At the upper
limits of performance,friction will affect the designof time optimal control and determine
the limits of speedand power. However friction possesits greatestchallengeat the lower
limit of the performance,for small motions and velocities (Annstrong-Helouvry, B.,
1991). The influence of the nonlinearity of friction is the biggest at low velocities and
velocity reversals.Phenomenalike hunting cycles, steady state errors and stick-slip are
generatedby the low velocity friction. The friction characteristicshowsa discontinuity at
zero velocity, see
Figure 1-1.This causesthe systemto get stuck at velocity reversalsresulting in a velocity
and accelerationerror. This is shownschematicallyin Figure 1-2.

I
Figure 1-1 Frictioo force versus the velocity

time

Figure 1-2 The velocity and accelerationat a velocity
reversal

This effect at velocity reversalsdue to the friction is called "reversal bump" and decreases
the performanceof a motion system.
Friction was studied extensivelyin classicalmechanicalengineeringand there has lately
beena strongresurgence(Olsson,H. et al., 1998).Apart from intellectual curiosity, this is
driven by strong engineeringneedsin a wide rangeof industriesfrom disc drives to cars.
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The availability of new precise measurementtechniqueshas also been a good push
forward.
For control engineersit is importantto understandfriction phenomenaand to know how to
deal with the effects of it. With the availability of more powerful computersit is in many
casespossibleto deal with the effectsof friction. This hasthe potentialto improve quality,
economyand safety of a system(Olsson,H. et al., 1998).When a systemor machineis
designed,friction shouldbe consideredearly in the systemdesignstage,by reducingit as
much as possible.This can be achievedby a good hardwaredesignand a good choice of
lubricant. However, if the desired performancesare still not met and the system is
mechanicallyoptimal, friction compensationby meansof control engineeringis necessary.
An exampleof a systemwhere the friction has great influence on the performanceis the
control loading system of Fokker Control Systems(FCS). The control loading system
(FCLS) presentat the Control Laboratoryof the University of Twenteis depictedin Figure
1-3.
~

Current ""1'1i6.-

Figure 1-4 Fokker ControILmding

System schematically

Figure 1-3 The Fokker Conu-ol Loading System

The systemconsistsof a stick. which is attachedvia a transmissionto a motor, seeFigure
1-4.The transmissionconsistsof a ball-screw-spindlewhich transformsthe rotation of the
motor into a translationthe point P. This in turn will rotate both the stick and the motor.
The motor is controlled in a velocity loop with a PI controller. The motor velocity is
measuredwith a tacho-sensor.Besides the motor velocity also the motor position is
measuredwith an encoder. A reference generator calculates the reference rotational
velocity from a simulation model (for examplean airplanecontrols model) which has as
input the appliedforce.
Fokker Control Systemsusessuch systemsin their simulators,e.g. flight simulators.With
a regular controller without friction compensation,the operatorcan clearly feel a reversal
bump when changing the motion direction of the stick. This is undesirable,becauseit
makes the behavior of the simulator less realistic. Therefore, friction compensationis
addedto reducethe reversalbump to sucha level that the operatorcan not feel it anymore.
In previousresearchon this subject,a learningfriction compensatorwas developedfor the
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FCLS (Spreeuwers,L., 1999).With this compensationtechnique,the reversal bump can
be reducedbelow the level of perception.Nevertheless,there are alternativetechniquesto
reducethe influence of friction. One of thesetechniques,adaptive compensation,seems
well suited.The friction parametersmay vary in time, due to temperaturechanges,wear or
variable loads. An adaptive compensatorcan deal with such variances, whereas the
learningcompensatorcannot(at present).

1.2 Assignment
In order to assessthe performanceof the learningfriction compensatorof (Spreeuwers,L.,
1999), other compensatorsneed to be designed and implemented. One compensation
techniquethat seemswell suitedis adaptivefriction compensation.
A major effect of friction on the control loading system is the reversal bump. The
compensatorswill be comparedwith each other by looking at the way in which the
compensatorsdeal with the reversalbump.
The assignment can be summarized as:

The design and implementationof an adaptive control system that compensatesfor
friction.
The adaptivefriction compensatorhas to be implementedon the control loading system
(flight simulator stick) of Fokker Control Systems.The adaptive compensatorhas to be
testedunder the sameoperatingconditions as the learning compensators.This meansthat
the samePI controller has to be used (with the samevalues for the parameters)and the
samereferencepath in order to comparethis compensatorsfairly.
Before the compensatorcan be designedand implemented,someinsight in friction and its
phenomenais needed.The knowledge of friction and its phenomenaresults in friction
models,wherethe friction phenomenaaredescribed.
The assignmentcan be divided into four parts:
I. Study of the friction phenomena,friction models and friction compensation
techniques,
2. Design and simulation of an adaptive friction compensatorthat compensates
friction and reducesthe reversalbump,
3. Implementation and test of the adaptive friction compensatoron the control
loading systemof FCS,
4. Comparison of the adaptive and learning friction compensatorsbased on the
resultsof the experiments.

1.3 Thesis outline
In order to get a better understandingof friction and its phenomenaan overview of
literature related to friction is given in chapter2. In this chapterthe friction phenomena,
the friction modelsand compensationtechniquesare discussed,resulting in an overview of
adaptive friction compensatorsfound in literature and a comparison of adaptive
compensationand learningcompensation.
Someof the adaptivecompensationtechniquesfound in the literature will be discussedin
detail, and a designfor the FCLS will be presentedand simulatedin chapter3.
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In chapter4 the results of the experimentsof the adaptivefriction compensatorson the
control loading systemof FCS will be given attention.The comparisonbetweenadaptive
and learningcompensatorsbasedon the result of the experimentswill also be dealt within
this chapter.
Finally conclusionswill be drawn andrecommendations
will be given in chapter5.
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Friction is a phenomenonthat is presentduring the relative motion of surfacesin contact.
It is the tangentialreactionforce betweenthe surfacesin contact.Thesereactionforcesare
the result of many different mechanisms,which dependon properties of the bulk and
surfacematerialsof the bodies, displacementand relative velocity of the bodies, contact
geometryand topology and the presenceof lubrication (Olsson,H. et al., 1998).
The presenceof friction is sometimesof great importanceand welcome, for instancein
braking systemsor with the motionsof wheels.However, friction is generally a limitation
of the performanceof controlled electromechanicalmotion systems.These limitations
manifest themselvesin steady state errors, limit cycles, tracking errors nearby velocity
reversals(reversalbumps) and stick-slip. To be able to reduce the (negative) effects of
friction it is necessaryto have a deeperunderstandingin friction phenomenaand friction
models.
The chapteron Friction of (Spreeuwers,L., 1999)is usedas a guideline for this chapter.In
paragraph2.1 phenomenaof friction will be discussed.In the next paragraphthe behavior
of friction around zero velocity due to lubrication is treated.The friction models derived
from the friction phenomenaare dealt with in paragraph2.3. In paragraph2.4 several
friction compensationtechniquesare discussed.This paragraphends with a survey of
adaptivefriction compensatorsfound in literature. The last paragraph,paragraph2.5, is
devoted to a comparisonbetween adaptive friction compensationand learning friction
compensation.

2.1 Friction phenomena
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Pre-sliding displacement
Pre-sliding displacement is a friction phenomenonthat arises from the elastic
deformation of bonding sites betweentwo surfaceswhen the applied force has not
exceededthe breakawayforce (static friction). The sliding junction behavesas a linear
spring for small displacements.Pre-sliding displacementis sometimesreferred to as
the Dahl effect.
Varying break-awayforce
Varying breakawayforce is the dependencyof the breakawayforce on the rate of
increaseof the appliedforce.
Frictional lag
Frictional lag is the delay in the changeof the friction force as a function of a change
in the velocity.
In literature other effects regarding to friction are reported besidesthe above mentioned
friction phenomena:
. Direction dependentfriction
The friction phenomenamentionedabovemight be dependenton the direction of the
velocity (Armstrong-Helouvry, B., 1991; Armstrong-Helouvry, B. et al., 1994;
Canudasde Wit, C. et al., 1987;Leonard,N.E. and Krishnaprasad,P.S., 1992).The
level of Coulomb and static friction can be different in opposite directions. For
examplein the control loading systemavailableon the Control Laboratory (and used
for the experiments)this effect is present. The cause of this dependencycan be
anisotropiesin the material,geometryor surfaceconditions.
Timedependentfriction
It is known from experimentsthat friction changeswith time (Armstrong-Helouvry,B.
et al., 1994;Canudasde Wit, C. et al., 1987;Feemster,M. et al., 1999;Leonard,N.E.
and Krishnaprasad,P.S., 1992).Possiblecausesof time dependencyof friction may be
temperaturechanges(due to heat generatedby the friction itself or by an external
source),wear of the surfaces,loss of lubricant or deformationof the surfacematerial
other than wear.
. Position dependentfriction
Friction, as showed in experiments (Armstrong-Helouvry, B., 1991; ArmstrongHelouvry, B. et al., 1994;Canudasde Wit, C. et al., 1987),can be position dependent.
This can be causedby an inhomogeneous
contactareafor the rangeof motion.

.

2.2 Four dynamic regimes
Despite the many different lubricants available to decreasethe effects of friction, the
lubricants can not eliminate the friction totally (Armstrong-Helouvry,B., 1991). Some
friction effects remain in the systemor can not be reducedsufficiently. In a systemwith
grease or oil, four regimes of lubrication can be distinguished, each with different
phenomena of friction dominant: static friction, boundary lubrication, partial fluid
lubrication and full fluid lubrication. Thesefour regimeseach contributeto the dynamics
that a controller confrontsas the systemacceleratesaway from zero velocity. In figure 2-1
the curve,known as the Stribeckcurve, is plotted for the threemoving regimes.
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Figure 2-1 The four dynamicregimesof friction (friction force versussliding velocity)

The characteristicsof the static friction are not dependenton velocity. A descriptionof the
four regimesis given next (Annstrong-Helouvry,B., 1991):
. Regime1: Staticfriction
In figure 2-2a a contactis shown to occur at asperityjunctions. Thesejunctions have
two behaviorsimportant in this regime. First both the surfacefilm and the asperities
defonn plastically under the load, which can lead to increasingstatic friction as the
junction spendsmore time at zero velocity. Secondthejunctions defonn elastically, so
the contactareaappearsto be a solid connectionwith a stiff spring. That is, the force
is a linear function of the displacement,up to a critical displacementor force at which
breakaway occurs. The transition from pre-sliding displacementto sliding is not
abrupt:the sliding startsat the boundaryof a contactand then it propagatestoward the
center.
. Regime2: Boundarylubrication
In this regime the velocity is not adequateto build a fluid film betweenthe surfaces,
seefigure 2-2b. The boundarylayer of the surfacesservesto provide lubrication. The
friction in the boundarylubrication regime is, in most cases,higher than the regimes
with fluid lubrication (the next regimes).
. Regime3: Partial Fluid Lubrication
In this regime the lubricant is brought into the load bearing region through motion,
either by sliding or rolling. The pressurearising from the load will expel someof the
lubricant, but viscosity prevents all of the lubricant from escaping and a film is
formed, see figure 2-2c. This processis dominated by the interaction of lubricant
viscosity, the velocity and contactgeometry.The greaterthe viscosity or velocity, the
thicker the fluid film will be. When the film is not thicker than the height of the
asperities,somesolid-to-solid contact will remain. Thesecontactswill decreasewith
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the increaseof the velocity, resulting in less friction (fluid lubrication will in most
casesreduce friction in regard to solid-to-solid friction). This is called the Stribeck
effect.
Regime4: Full Fluid Lubrication
All solid-to-solid contactsare eliminatedin this regime,seefigure 2-2d. The dominant
friction phenomenon,besidesthe alwayspresentCoulombfriction, is viscousfriction.
The wear in this regimeis reducedby ordersof magnitude.
~~Surl~ce

A: R64lme

5ta"t1c frictiOn

c: Re~ime 3; partial fluid lubrication

Film

eI:Reeime2;t7ounaary lut7ricatlon

D: Re0ime4;fun fluid lui'rlcation

Figure2-2Poordynamicregimesvisua~

2.3 Friction models
In order to simulateand design a controller (with or without friction compensation)it is
necessaryto use a model for friction. The accuracyof the simulationsand which effect is
taken into accountdeterminewhich model can be used.Each friction model incorporates
one or more friction phenomena.The friction phenomenacan be groupedinto static and
dynamicfriction phenomena:
Static friction phenomena
. Staticfriction
. Coulombfriction
Viscousfriction
Stribeckfriction
. Dynamic friction phenomena
. Pre-slidingdisplacement
. Rising staticfriction
Frictionallag
Together with the phenomenathe models can be divided into two groups, static models
and dynamicmodels.Static friction modelsincorporateonly static friction phenomenaand
are a static function of velocity. Dynamic friction modelscontainsbesidesstatic friction
phenomenaalso somedynamicfriction phenomena(Altpeter, F. et aI., 1997).

.

.
.

.
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Other effects like time-dependentfriction and position-dependentfriction are more
difficult to catch in a model. Time dependencyof friction is unpredictableand position
dependencyis difficult to include in a model. Direction dependencyis subject to the
system,but it is easierto include in a model.

2.3.1 Static friction models
The static friction models have a static dependencyon velocity. The fIrst friction model
goesback to Leonardoda Vinci. Da Vinci statedthat friction is proportional to the load,
opposedto the direction of the motion and independentof the contact area. Coulomb
(1785) developedthis model further, and the result becameknown as Coulomb friction.
The model is given in figure 2-3.

Figure 2-3 The Coulomb friction model

Morin introduced in 1833 the idea of static friction into the friction models. Reynolds
(1866) developedexpressionsfor the friction force causedby the viscosity of lubricants,
which is referred to as viscousfriction. The combinationof Coulomb, static and viscous
friction is most commonly used in engineering (Armstrong-Helouvry, B., 1991). The
model is given in figure 2-4.

Figure 2-4 The Coulomb plus static plus viscous
frictioo mooel

In 1902Stribeck formulated a new model wherehe included his observationthat for low
velocities the friction force normally decreasescontinuouslywith increasingvelocity and
not in a discontinuousway, as is the casein the Coulomb plus static plus viscousfriction
model. In figure 2-5 the model including Coulomb,viscousand Stribeck friction is given.
Thereare severalformulasfor the Stribeckfriction available.
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Figure 2-5 The Coulomb plus viscous plus
Stribeck frictioo model

At the Control Laboratory a new static friction model has been developed(Breedveld,
P.C., 2000). The model incorporatesstatic friction, Coulomb friction and rising static
friction and is madeusing a port-basedapproach.The model is madeso that it is fe-usable
andnumerically robust andefficient for simulations(Breedveld,P.C., 2000).
A major problem of the static friction modelsduring simulationis the discontinuity at zero
velocity. At zero velocity the friction force is not a function of the velocity, but a function
of the appliedforce. The friction force hasthe samemagnitudeas the applied force, but in
the oppositedirection. So the effective force is zero. When the applied force exceesthe
level of Coulomb or static friction (dependson the choice of the model) the friction force
becomeseither the Coulombfriction level or the staticfriction level.
The detection of the zero velocity discontinuity in simulations with the static friction
modelsmake the simulationsless efficient (Armstrong-Helouvry,B. et al., 1994).There
are somemeasuresthat can be takento reducethis problem.like a small band aroundzero
to overcomethe detectionof zero or replacingthe discontinuity by a continuousfunction
(arctan)or a (piece-wise)linear function throughzero (Breedveld,P.C., 2000) .

2.3.2 Dynamic friction models
In addition to static friction models, there are dynamic friction models. The dynamic
friction models include besidesthe static friction componentsalso somedynamic aspects
of friction. Dynamic friction modelshavebeendevelopedfrom different approaches.
One model that incorporateall mentionedfriction phenomena(paragraph2.1) is the seven
parameter model of Armstrong (Armstrong-Helouvry,B., 1991; Armstrong-Helouvry,B.
et al., 1994).This model is obtainedby modifying a static friction model and existsof two
separateequationsfor sliding and sticking.The equationto describesticking is an equation
of a spring and incorporate pre-sliding displacement.The sliding equation describes
besidesthe static friction phenomena,frictional lag and rising staticfriction. A mechanism
has to supervisethe switching betweenthe model for sticking and the model for sliding.
After every switch, the model stateshaveto be initialized properly.
The next class of dynamic friction models are developed using another approach to
friction. These models are simplified representationsof the physical contacts between
surfaceswhere friction takes place. In this way the models incorporate the dynamic
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phenomenamore naturally (Spreeuwers,L., 1999).Examplesof suchmodels are the Dahl
model, the Bliman-Sorine model and the LuGre model. The LuGre model will be
explained more extensively, because this is one of the models used for friction
compensation.
The Dahl nwdel is basedon two considerations(Spreeuwers,L., 1999):
1. The origin of friction is in quasi-static"bonds" that are continuously fonned and
subsequentlybroken.
2. The resulting functions behaveas a brush whose bristles must be bent as the brush
movesin one direction and then flop or bend in the oppositedirection if the motion is
reversed.
The Dahl model containsonly Coulomb friction of the static friction phenomenaand presliding displacementof the dynamicfriction phenomena.
In order to incorporate the Stribeck effect in the dynamic friction model, Bliman and
Sorine extendedthe Dahl model. The Bliman-Sorinemodel is a secondorder model and
can be viewed as a parallel connectionof two Dahl models (Canudasde Wit, C. et aI.,
1995;Gafvert, M., 1996).The Bliman-Sorinemodel containsstatic, viscousand Coulomb
friction of the static friction phenomenaand pre-sliding displacementof the dynamic
friction phenomena(Gifvert, M., 1996).
The LuGre friction model can also been seenas an extension of the Dahl model. The
LuGre model will now be discussedmore extensively.
LuGre friction model
The LuGre model was introducedin 1995(Canudasde Wit, C. et al., 1995).The model is
inspired by the bristle interpretation of friction. The contact area of two surfaces is
visualizedas two rigid bodiesthat makecontactthroughelasticbristles.Thesebristles will
deflect like springswhen a tangentialforce is applied. With the deflection of the bristles
the friction force will rise.
lf the force is sufficiently large someof the bristles deflect so much that they will slip.
This phenomenonis highly randomdue to the irregular forms of the surface.In (Canudas
de Wit, C. et al., 1995)a model is proposedthat is basedon the averagebehavior of the
bristles.The averagedeflection(z) is modeledby

with v the relative velocity between the two surfaces.
The function g( j;) is positive and depend on many factors such as material properties,
lubrication and temperature. In (Canudas de Wit, C. et al., 1995) the following function for
g( j; ) is proposed which captures the Stribeck effect

O'og(x)=Fc +(Fs -Fc)e-(t..
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whereFc is the Coulomb friction level; Fs is the level of the stiction force and Vs is the
Stribeck velocity. The function g(x) need not be symmetrical. Direction dependent
behaviorcanthereforebe captured.
The friction force generatedfrom the bendingof the bristles is describedas (including a
term to accountfor viscousfriction)
F = O'OZ+O'I

dz +0'2X

(2.3)

dt

where0'0is the stiffness.0') a dampingcoefficient and 0'2representsthe viscousfriction.
The LuGre model is characterizedby six parameters:0'0. 0'). 0'2. Fc. Fs and Vs. AIl
phenomenamentionedearlier (paragraph2.1) are capturedin the LuGre model.
In Figure 2-6 the friction curve of this model is shown near zero velocity. This curve is
acquiredby presentinga sine shapevelocity signal to the LuGre model. The curve may
differ in other simulations.

I
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..-t"i
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i

velocItY

.. - - ..
Figure2-6 LuGre friction curve

2.4 Friction compensation
The perfonnanceof a systemis generallylimited due to the presenceof friction. Therefore
a friction compensationmethod is used to improve the performanceand eliminate the
effects of friction. There are many ways to eliminate the effects of friction. In this section
someof thesecompensationtechniquesare mentioned.The section is a summaryof the
techniquesdiscussedin (Spreeuwers,L., 1999).The task of a machineis of importancein
order to know which friction phenomenonis dominant. So first the different tasks of a
systemare discussed.
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2.4.1 Compensationtasks
There are different control tasksin which friction compensationmay be necessary.These
taskscanbe divided in four groups:precisionpositioning,tracking with velocity reversals,
low velocity tracking and high velocity tracking. The four tasks are describedbelow and
the dominantfriction componentis mentioned(Armstrong-Helouvry,B. et al., 1994).
. Precisionpositioning
Precisionpositioning is a regulatortask. The systemspendsmost of the time near or
within the static friction regime.The dominantfrictional phenomenonis static friction.
. Tracking with velocity reversals
Tracking with velocity reversalsis closely allied with task 1 (precision positioning),
due to its frictional cause.As a result of a higher static level of friction, motion
through zero velocity is not smooth. A system may pause at zero velocity until
sufficient force is applied to exceed the maximum stiction level. The dominant
frictional phenomenonis staticfriction.
. Low velocity tracking
The desiredmotion by low velocity tracking is of a constantdirection and possibly of
constant velocity. During this task, when the desired velocity lies on the negative
sloped part of the Stribeck curve, stick-slip may occur. The dominant frictional
phenomenaare the Stribeckeffect and staticfriction.
. High velocity tracking
High velocity tracking is dominated by viscous friction and the Stribeck curve is
positively sloped. Usually there are no problems with the stability, but instead the
tracking error is observedto increaseas a function of velocity
The effectivenessof a particular compensationtechnique dependson the compensator
task, becausea certain techniquerelies on the presenceof a certain dominant frictional
phenomenon(Annstrong-Helouvry,B. et al., 1994).
The tasks that describesthe control tasks of the FCLS best are tracking with velocity
reversalsand high velocity tracking.

2.4.2 Friction compensationtechniques
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Friction avoidance
The fIrst strategy to reduce the influence of friction on a system is the avoidanceof
friction. This is usually done in the designand developmentphaseof a system There are
different methodsavailable:
. Selectionof appropriatelubricant
By selectionof an appropriatelubricant, the negative friction effects (like stick-slip
(Armstrong-H61ouvry,B., 1991; Annstrong-Helouvry, B. et al., 1994» can be
reduced.
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.

.

Increaseof Stiffnessand reductionof inertia
The effect of stick-slip can sometimesbe eliminatedby making the systemmore stiff
and by reduction of the inertia (Armstrong-Helouvry,B., 1991;Armstrong-Helouvry,
B. et aI., 1994).
Useof specialbearings
Special bearings(like ball bearings,oil or air hydrostatic bearingsand non contact
active magnetic bearings)can sometimesbe used to avoid the nonlinearity of low
velocity friction (Armstrong-Helouvry,B. et aI., 1994).
Replacementof sliding contactswith rolling contacts
Replacing sliding contactswith rolling contactscan reducethe friction (Spreeuwers,
L., 1999).

Non-model-basedcompensation
With non-model-basedfriction compensation,no model is explicitly usedfor the designof
the friction compensator.
. High gain PD/Pl/PID control
A common way of friction compensationis the use of a high gain PD, PI or pm
controller (Armstrong-Helouvry,B. et al., 1994).The boundednon-linearfriction can
be seen as disturbancesthat must be cancelled out by the controller. For this
compensationtechniqueno characterizationof friction is needed,but the use of high
gains makes the controller sensitive for high-frequency measurementnoise and
controller saturation(Altpeter, F. et aI., 1997).
. FuzzyPI control
This techniqueusesdifferent gains for the different regions of the friction curve. So
for low velocities other gainsare usedthan for high velocities.The gainsare computed
on the basis of the input and output of the systemand on the basis of the reference
signal (Spreeuwers,L., 1999).
. Dither andpulse width modulation
Dither is a high frequencysignal introducedinto the systemby adding it to the error
signal in the feedbackloop to smoothenthe discontinuity of friction at low velocities.
If the frequency is chosento be higher than the cut-off frequencyof the system,the
high-frequency behavior is filtered out mostly, leaving only the low-frequency
"average"response(Leonard,N.E. and Krishnaprasad,P.S., 1992).
Pulsewidth modulationcontrollersgive pulsesto the motor (Armstrong-Helouvry,B.
et aI., 1994).The principle of this method,as is the casewith dither, is averagingof
the nonlinearity.
. Impulsivecontrol
With this method a pulse is applied to a system in rest, which result in a small
displacement.By makingthe impulsesof greatmagnitudebut shortduration,the static
friction is overcomeand the sensitivityto friction is reduced(Armstrong-Helouvry,B.
et aI., 1994).
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Model-basedcompensation
In this group of compensationtechniquesa friction model is explicitly utilized for the
design of the friction compensation.With thesetechniquesis it usually the case that a
friction component is calculated and then added to the controller signal. The friction
compensatorhas as an input signal either the reference,measuredor estimatedvelocity
(somecompensatorsneedbesidesthe velocity alsoother signals).
. Fixed compensation
Fixed model-basedfriction compensationusesa compensatorwith the parametersof
the friction model fIXed at one value. Once the parametersare estimated through
experiments,they are usedin the compensator.
. Robustcompensation
With a robust model-basedfriction compensator,the friction parametersdo not have
to be known exactly. It is assumedthat the friction parametersof the friction model
usedareknown within certainbounds.
. Adaptivecompensation
In contrastto fIXed compensation,the parameters(or someof the parameters)of the
friction model usedin the adaptivecompensatorare adaptivelyupdated.
. Learning compensation
Learning model-basedfriction compensationis a friction compensationmethod in
which the parametersof the friction model arelearned.
Model-free compensation
Model-free compensation is model-based compensation without explicitly using a
parametric friction model but where, after a certain learning period, a non-parametric
friction model is implicitly present within the friction compensator (Spreeuwers, L., 1999).
. Repetitive compensation
In situations where a machine has to carry out a repetitive task, repetitive friction
compensation can be applied. A table of corrections for the friction effects is learned
during the execution.
Learning compensation
A learning friction compensator uses no (or a little) a-priori knowledge to determine
the friction curve. There are several learning algorithms to learn the friction curve. In
this thesis when learning compensation is mentioned this compensation technique is

.

meant.
Adaptive Friction Compensators in Literature
In (Friedland, B. and Park Y.J., 1992) the friction is represented by a force that is a
nonlinear, zero-memory, odd-function of velocity. It uses the simplest representation of
friction: the Coulomb model. The magnitude (Coulomb friction level) is estimated by a
nonlinear reduced-order observer. The simulations discussed in (Friedland, B. and Park
Y.J., 1992) show an improvement in the performance of the system. These results are
verified in experiments (Amin, J. et al., 1997). And also in experiments the use of this
compensator showed an improvement of the performance.
A compensator that includes besides the Coulomb friction also the viscous friction is
described in (Canudas de Wit, C. et al., 1987). The friction is parameterized by four
parameters, two for positive velocities and two for negative velocities. The four
parameters are adapted based on the recursive least square adaptation algorithm The
benefit of this compensator has been demonstrated in experiments on a servo.
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In (Bai, E.W., 1997) the friction force is representedby a viscous friction part and a
negativeviscous(regime3) + Coulombfriction part. The two partsare parameterizedby a
model linear in parameters,which are then applied to linear adaptive techniques.
Simulations demonstratean improvementof the performancesof the system when the
adaptivefriction compensationis applied. However, a critical note is given on the use of
adaptive friction compensation.An adaptivefriction compensatoris basedon a friction
model. If the model is inexact,the friction can be overcompensated.
This can lead to limit
cyclesand in turn imposeseriouslimitations on the closedloop performance.
A comparison of several friction compensationtechniques,to improve low-velocity
position tracking performancein the presenceof velocity reversals,is madein (Leonard,
N.E. and Krishnaprasad,P.S., 1992).In this paperthreeadaptivefriction compensatorsare
discussed:two model referenceadaptivecontrollersbasedon respectivelya Coulombplus
viscous friction model and a Stribeck friction model, and an estimation basedadaptive
controller based on the Dahl model. These compensatorsare compared through
experimentson a dc-motor with an optimizedPill controller and a controller with (limited
frequency) dither. All the adaptive compensatorsprovide an improved position control
compared to the Pill and the controller with dither. The estimation based adaptive
controller with the Dahl model showeda much betterperformancethen the other adaptive
compensators,causedby the fact that the static models used in the model reference
adaptive controllers were overcompensating when the friction force changed
instantaneously.
In (Feemster,M. et al., 1999) two adaptivecontrollers are presented.The fIrSt adaptive
control design is basedon a modular approachand incorporatesCoulomb, viscous, static
and Stribeck friction. Modular controller designimplies that the controller is designedto
ensure input-to-statestability with respect to the parameterestimation error while the
adaptiveupdatelaws are usedto compensatefor the unknown,constantparameterswhich
appear linearly in the model. For the second adaptive friction compensator,using a
nonlinearly parameterizedStribeck friction model, a Lyapunov-basedadaptive control
designprocedurehasbeenused.In experimentsis shownthat thesecompensatorsare able
to reducethe effectsof friction.
The following three adaptivefriction compensatorsare basedon the LuGre friction model
(Canudasde Wit, C. and Lischinsky, P., 1997;Lischinsky, P. et aI., 1999;Panteley,E. et
al., 1998).In (Canudasde Wit, C. and Lischinsky, P., 1997) two adaptivecompensators
are designed(in (Lischinsky, P. et aI., 1999) thesecompensatorsare implementedon a
industrial hydraulic robot), which are basedon the adaptationof only one new parameter.
In that paper the possibility is investigatedto cope with 'structured' friction variations.It
is assumedthat changesin friction are mainly due to either changesin the normal forces
that affect proportionally the static friction characteristicsor to temperaturechanges
affecting uniformly both static and dynamic parameters(Canudas de Wit, C. and
Lischinsky, P., 1997). For these adaptive compensatorsit is necessaryto have proper
initial valuesfor the six friction parametersof the LuGre model. The experimentalresults
presentedin (Canudasde Wit, C. and Lischinsky, P., 1997) show that the adaptive
compensatorimproves over a fiXed compensationschemeand over a Pill controller
without friction compensation.This is confirmed in (Lischinsky, P. et aI., 1999) by
experimentson an industrial Schilling Titan II hydraulic robot.
In (Panteley,E. et aI., 1998) an adaptive friction compensatorfor a n-dof rigid robot
manipulatorbasedon the LuGre model is presented.The compensatorwill not only adapt
changesin the friction parameters,but will also adaptthe systemparameters(in the caseof
the flight stick the inertia). The LuGre friction model is rearrangedin such way that the
friction force can be treatedas a disturbance.The control signal (controller + compensator

Friction

20

N.van Seters

Compensation

of Friction
---

in the Flight

Simulator

Stick

using

an Adaptive

Friction

Compensator

signal) is designedin two steps,first a classical adaptive robot controller that (strictly)
passifies the system is used, then a relay-basedouter-loop is added that rejects the
disturbance(friction). Experimentsshow an improvementof the performanceof a system
with friction (althoughnot distinguishablefrom the controller of (Friedland, B. and Park
Y.J., 1992),an adaptivefriction compensatorbasedon the Coulombfriction model).

2.5 Adaptive Friction compensation versus Learning
Friction compensation
In (Spreeuwers,L., 1999) the conclusion is drawn that (model-free) learning friction
compensationseemsto be the most appropriatetechniquefor friction reduction when the
behavior near zero velocity is of importance.To verify this conclusion learning friction
compensationhas to be comparedto other friction compensationtechniques.Since the
friction parametersof a system(often) vary during the runtime of the system,adaptive
friction compensationseemsalso suited for the task of reducing the effects of friction.
However, there are some drawbackson the use of adaptive friction compensation.A
dangerof overcompensation
exists whenthe true friction characteristicis not in the model
set (Armstrong-Helouvry,B. et al., 1994; Bai, E.W., 1997). Adaptive compensationcan
not deal with parametersappearingnonlinearly in the friction model (as is the caseof the
LuGre model). In comparison with learning friction compensation,adaptive friction
compensationrequiresmore a-priori knowledge,suchas the dominantfriction phenomena
(for a sound choice of the friction model used) and initial parameters(the friction
compensatorhasto work properfrom the beginning).
An advantageof adaptive compensationover learning compensationis the ability of
adaptivecompensationto include someof the dynamic friction phenomena,whereasby
learning compensationthe friction force is only a static function of the velocity. Dynamic
behaviorcan be includedin learningfriction compensation,but then different networksare
used for different "states" ((Fuzzy) logic state learning friction compensation)
(Spreeuwers,L., 1999). So when one (or more) of the dynamic friction phenomenais
dominant,adaptivefriction compensationis a good option.
On the implementation side the use of learning compensationrequires more memory,
becauseall the weights have to be stored, whereasadaptive compensationis only a
mathematicalequation and therefore requires less memory. The computational power
needed for both learning compensationand adaptive compensationdepends on the
implementation of the compensators:whether the learning compensatorsupdates its
weightsonline or offline; how many splinesare usedand in which form; which model and
updatelaw is usedin the adaptivecompensator.
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3

In this chapterthe adaptivefriction compensatorsare designedand simulated.The control
loading system used for these simulationsis depicted schematicallyin figure 3-1. The
motor is controlled in a velocity loop with a PI controller. The reference generator
calculatesthe referencevelocity from a simulation model, which has as input the applied
force. The motor and stick will be modeledas an inertia with friction (LuGre model).
'm
acceleration sensor

~

<-->
frame
roIsbonal velocity sensor
(~)

Idh'

'~-tpiI*

\J

-.~

reterence
generator

w,.,

~/~
Current amplifier

Figure3-1Potter ControlLoadingSystem(FCLS)

In this chapterthree adaptivefriction compensatorswill be discussed.The first one will
use the simplest friction model, i.e. the Coulomb friction model. The compensatoris
designedto estimatethe Coulomb friction level using an observer.The other adaptive
friction compensatorsare basedon the LuGre model. Designingan adaptiveLuGre model
compensatorthat adaptsall the six parametersis difficult if not impossible (Canudasde
Wit, C. and Lischinsky,P., 1997).The friction parametersappearnonlinearly in the LuGre
friction model. Furthermorethe state z is not measurableand to estimate state z it is
necessaryto know someof the nonlinearparameters.So there is no global solution for this
model, therefore it is difficult (impossible) to adapt all the six parameters(Canudasde
Wit, C. and Lischinsky, P., 1997).However adaptivefriction compensatorsbasedon the
LuGre model can be found in literature (Canudasde Wit. C. and Lischinsky, P., 1997;
Lischinsky, P. et aI., 1999;Panteley,E. et aI., 1998).The first LuGre basedcompensatoris
a modification of the first compensator(Coulomb friction) where the Coulomb friction
model is replacedby the LuGre friction model. The other friction compensatoris found in
literature (panteley, E. et al., 1998). This adaptive friction compensatoradapts four
parameters,including the systemparameter(inertia of the stick). All the parameters(the
six parametersof the LuGre model and the inertia) are assumedto be unknown. The
friction is treatedas a disturbance.

Design and simulation

23

N.van Seters

Compensation of Friction in the Flight Simulator Stick using an Adaptive Friction Compensator

But before the compensatorscan be designedand simulatedthe parameters(inertia and
LuGre model) should be identified. This is done in paragraph3.1. The adaptivefriction
compensatorsare then discussedin the subsequentparagraphs.The adaptive Coulomb
friction compensatorin paragraph3.2, the adaptive LuGre (1) friction compensatorin
paragraph3.3 and finally the compensatorthat adaptsfour parametersin paragraph3.4.

3.1 Identification of the FCLS
In order to designand simulateproperly it is necessaryto identify the (friction) parameters
of the FCLS. The FCLS can be regardedas a moving mass system with friction. The
friction model used in the system is the LuGre friction model, becausethis model
incorporates all friction phenomena mentioned in paragraph 2.2. Also the found
parameterscan be usedin the compensatorsbasedon the LuGre model. The parametersto
identify are the inertia of the motor and the parametersof the LuGre model. For the
identification of theseparameters,a methodof four stepsis used,partially basedon sheets
found on the internet(Canudasde Wit, C., 1998).The four stepsare:
1. Identification of inertia J, Coulomb friction (Fc) and viscousfriction (0'2):Gross
motion in sliding regime.
2. Identification of Static friction (F.): Estimationof the breakawayforce.
3. Identification of the Stribeckvelocity (v.): Motions at low velocities.
4. Identification of Dynamic Parameters(CToand 0'/): motions in the presliding
region.
The processfunction of the stick can be describesas:
Ji=u-F
with
F = O'oz+O'J

dz

~+0'2X
dt

dz
=x-Az
dt
g(x)
O'og(x)

=Fc +(F,-..,Fc)e

{t)2

This model will be used for the identification of the system parameters(inertia and
friction).The four stepswill now be discussed.
Step 1: Identification

of J, F c and 0"2

For the identification of J, Fc and lY2 it is necessaryto regardmotionsmuch larger then the
Stribeck velocity (so the Stribeck effect can be neglected), and there must be a friction
steady state behavior (F =: F ss).
The friction model becomes:
F

=Fc sgn(x) +O'Zx

and the motor model becomes
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=u- Fc sgn(x)-uzx

To each signal a low pass filter (8(s) =
becomes
y =OT<p
with

(3.5)

y=u
and
,and rp~

0=[;:]
The parameterswill be estimatedwith Exponentially Weighted RecursiveLeast Squares
(EWRLS) (Canudasde Wit, C., 1998),that is;
1

8<k)

=min9c1)L..t(k)'(Y(i)-lP<i)TiJ(k»)2

).,(k)

=1}(X(k». ).,1-1,0 < )., ~ 1

1=1

1}(v(k»= { I if Ix(k)1> xmin
0 else

To the FCLS an exponentiallyincreasingforce has beenapplied. In Matlab the acquired
data has been analyzed and the three parameterswere estimated using the EWRLS
method.The resultsare given in Table 3-1.
Step 2: Identification

of F s

For the identification of the static friction the applied force has been linearly increased.
The maximum of the applied force after each stephas also been increased.The value of
the static friction can be found by estimationof the appliedforce when the stick is moving
away. In Figure 3-2 the applied control signal and position of the motor can be seen.The
static friction is overcomewhen the control signal is about 16e-3V (which correspondsto
a current of 16e-3 A), which correspondsto an applied force of 2.56e-3 N (the motor
constantof the FCLS is 0.16 N A-I). The static friction is larger than the Coulomb friction
(which is normal in systems).
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Figure 3-2 Static friction estimation: control signal and position

Step 3: Identification

of Stribeck velocity

To estimate the Stribeck velocity it is necessaryto have motions at sufficiently small
velocity. Then the steadystatebehavioris:

- (Fc +(F,

F

- Fc)e-(iIV,)2
)sgn(x)

When this expressionis substitutedin J(x)= u - F (with known J, Fc and F.r), a linear
parameterizationof the unknownparameterVsis allowed:

=v;lny(t),

j2(t)

=OfP<t),

y(t)

with
y(t)::: j2(t), (}::: v; , tp(t)::: Iny(t)
and
r

~
-

F-F

(u-lX)sgn(i)-F

' F" > Fc

"c

c

A real solution for Vsonly existsif r;?:1. Data violating this condition is removedfrom the
set. The remainderof the data is used to estimateVs with a least squaresestimation.The
experimentis doneusing a standardPI controller. The referencesignal was Xd = Acos(ox),
with A < < Ixmaxl.
The result can be found in Table 3-1.
Step 4: Identification

of 0"0and OJ

For the identification of (Tomotions in the pre-sliding region are regarded,where elastic
effectsdominateover the plastic effects.
F«

Fs' z.= 0, x.= 0,

which implies that Z.=v . and that
F = O'OX+(O'I +0'2)X = O'OX
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In stiction, i is very small andthen u .=F. Hence
y(t) = 8iIJ(t)
y(t) ~ u(t), 8 ~ 0'0' tp(t) = x(t)

OJcan not be identified directly (accordingto (Canudasde Wit, C., 1998». To get well
behaved stick-slip transitions during simulation 0'1 can be chosen such that a given
damping is imposed.The linear approximatedmap G{s):xH u in the pre-displacement
region is:
<;""

With a given damping,typically"
0" 1

= 2(,fi;J-

=1, O'Jbecomes:

0"J

In figure 3-2 (estimationof the static friction) the encoderstepsin the position curve can
be seen.Since the estimation of the dynamic parametersrequires data from the sticking
regime (forces smaller than the static friction) the accuracyof the position is not good
enoughfor a properestimationof the dynamicparameters.So the dynamic parametershas
to be guessed. For the simulations 0'0 = 100 [N m raaIJ and OJ= 6e-2 [N m s raaIJ are
used(thesevaluesare aboutthe valuesfound in (Canudasde Wit, C., 1998».
In Table 3-1 the identified parametersare given.

Parameters
J [kg m* ]
F CwIOIIiI[N m]
F II8IM:
[N m]
VSIribcct
[fad SO]

AssumDtion

Estimation
7.8911e-6
2.0388e-3
2.56OOe-3
9.5633e-3

00 [N m rad-1

100

01 [N m srad-1

&:2

02 [N m s rad-1

8.9O44e-5

Table 3-1 Estimation of system parameters K:LS

The dominantfriction phenomenaon the FCLS are the static phenomena.The influence of
the dynamic phenamenais nil. So a static friction model incorporatingthe static friction
phenomenais sufficient for the FCLS. However, to get insight in the (dynamic) LuGre
model for simulationsand experimentsfor other projects where the dynamic phenomena
have greater influence on the performance of a system, this model is used in this
assignment.
With thesevalues a simulation is done with the PI controller used in all simulations and
experiments,without any friction compensation.The model of the stick is depicted in
Figure 3-3.
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Figure3-3 Model of the R:;l.S in 2O-sim

The friction compensationpart is switch off in order to simulate the behavior of the PI
controller. The behavior of the motor near a velocity reversalis given in figure 3-4. The
reversalbump can be seenclearly in this simulation.

Figure 3-4 Velocity reversalof the standardPI controller

3.2 Adaptive Coulomb Friction compensation
The first adaptivecompensatorregardedin this thesishasbeendesignedand developedin
(Friedland,B. and Park Y.l., 1992).The friction is representedin the compensatorby a
nonlinear, zero-memory,odd-function of velocity. The friction is modeledas a constant
times the sign of the velocity, which is basicallya representationof Coulombfriction

{(x,a) = asgn(x)

(3.14)

wheref( j; ,a) is the friction force and j; is the velocity. The dynamicsof the processwith
friction are given by

x=-f(x.a)+w

(3.15)

where w is the force due to all sourcesother than friction. The parametera is to be
estimatedby an observer.The observeris given in the form of a nonlinear reduced-order
observer:
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Ii =z-klx/P

(3.16)

where the k> 0 and the exponent .u> 0 are design parameters and the variable z is given by

i

=k.l4jxjP-1w- f(x,ti)]sgn(x)

where w-f(x,a)is

(3~17)

the output of the controller (in caseof the FCLS the output of the PI

controller).
To study the performanceof the observer,the error betweenthe actual parametera and its
estimatea hasto be regarded.Assumingthat the true parametera is constant,and letting
A

e=a-a

A

(3.18)

this becomes
.
e=-a

"

e = -i+k~.i1Jl-l xsgn(.i)
e = k~.i1Jl-l sgn(.i)[X - w + f

(3:19)
(.ita)]

With the useof the processfunction (3.15) this becomes
e = _~xlJl-l sgn(x)[f(x,a)
e = -kJ4x1Jl-l

- f(x,a)]

sgn(x)[(a - a)sgn(x)]

(3.20)

e = -kJ4x1Jl-l,

which. for k > 0, .u> 0, convergesasymptoticallyto zero if.i is boundedand away from
zero.This compensatorcan be usedin both a feedbackand a feedforwardmode.The main
advantageof the use of the feed forward mode is that the compensatoris not (or less)
sensitiveto (measurement)noise. Since the compensatorhas a relay function (sign) the
noise could give problemswhen a feedbackmode is used.When the referencewants the
systemto standstill, the referencegeneratesa signal that is zero,but the measuredvelocity
will not actually be zero, due to the noise. For the relay basedcompensatorit does not
matter whether the velocity is (very) low or high. The compensatorcompensatesthe
friction with maximum output. This can lead to instability of the stick. So for the
simulationsand the experimentsa feed forward modewill be used.
The adaptiveCoulomb friction compensatorhas beenimplementedin 20-sim. The model
is given in figure 3-4.

Figure 3-5 Model of Adaptive Coulomb Friciton Compensator and the FCLS
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The parametersof the process(inertia and friction) are chosenaccordingto Table 3-1. The
fIrSt simulation is to examinewhetherthe adaptiveparameterwill converge.The result of
this simulation is given in Figure 3-6. For various initial values of z the curve of aestis
given (the referenceis a sine shapedsignal).
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Figure3-6 Coovergenceof a.. for various%(0)
figure 3-7 Velocity eITOrof Coulomb friction compensator

From Figure 3-6 it is clear that the adaptiveparameteraestconvergesfor thesesituations.
The value to which aestconverges(aest = 0.018) is used in a simulation to examinethe
reversalbump. In Figure 3-7 the velocity reversalof this simulation is given. The reversal
bump is replacedby an overcompensated
reversalbump. The amplitude of the error has
the samemagnitudeas the error of the PI controller during a velocity reversal.The cause
for this is a too high value of aest.,
which is due to the fact that the observerminimizesthe
error for the whole range of the velocity and not only for the reversalbump. Besidesthis
the friction model usedin the compensatoris not like the true friction (which is in this case
the LuGre model). So the disadvantageof adaptivecompensationis that when a model
used in the compensatoris not like the true friction the dangerexists that there will be
overcompensation.
Thereare severalsolutionsfor this problem:
1. To smoothenthe relay function, i.e. to replacethe sign function with the tanh function.
With this function the compensationforce is slowly build up and this will reducethe
overcompensation.
2. The friction phenomenonof interestfor the reductionof the reversalbump is the static
friction. The static friction is only of importancein a small region round zero velocity.
So to compensateonly for the staticfriction the observershouldonly updateitself in a
region aroundzero,and minimize the error introducedby the staticfriction.
Both solutionshavebeenimplementedon the friction compensation.The introductionof a
limited updateregion results in a reductionof aest(aul = 0.0137,and actually representa
Coulomb friction force of 2.192e-O3[Nm], a more realistic estimation of the Coulomb
friction force (2.0388e-O3[Nm]). In Figure 3-8 and Figure 3-9 simulations of the new
compensatorare depicted. The sign function of (3.14) is replaced by a tanh function
(sign(x) ~ tanh (kx), with k the gain and x the velocity). In Figure 3-8 gain k is 1000,
which makesthe tanh function practically the sameas a sign function, but continuousand
in Figure 3-9 gain k is 10. In both simulationsthe region wherethe observeris allowed to
update itself (the velocity margin) is set to 4. Outside this margin the effects of the
velocity reversalare minimal.
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Figure 3-8 Velocity reversal: limited updateCoulomb friction Figure 3-9 Velocity reversal: limited update Coulomb
compensationwith tanh (v =4; gain = 1000)
frictim compenasationwith tanh (v = 4; gain = 10)

The error is reducedby a factor 6 for both compensators.However, in caseof a gain of 10
the stick is sticking insteadof being overcompensated,
so there should be an optimal gain
between10 and 1000wherethe error is minimized.
This compensator(with the suggestedadjustments)is able to reduce the reversal bump
significantly, even though the usedfriction model is simple and not like the true friction
(in caseof the simulationsthe LuGre friction model).

3.3 Adaptive LuGre (1) Friction compensation
The adaptive LuGre (1) friction compensationis derived from the adaptive Coulomb
friction compensation.Instead of the sign function (or tanh function in the adjusted
compensator),which representthe Coulomb friction, the LuGre friction model is used.
The compensatorwill havethe following structure(the samerepresentationof the process
from the previousparagraphdoesapply):
f(x,li)

=Ii.

Fl.I1~(x)

Ii =m-klxlJl

(3.21)

m=k/4.xjJl-ICW-f(x,Ii)]sgn(x)
with for FLuGre:

-dz =x--L3-z
IYI

dt

(3.22)

g(x)
"

O'og(x)

=Fc+(F,

{ )

x" 2

- Fc)e ~

Using the same derivation as with the adaptive Coulomb friction compensatorthe
performanceof this observerbecomes:
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e = -k~.iiJl-l

sgn(x)[(a -a)FLuGrc]

e = -k~.iiJl-l[sgn(x)FLu~]e
The term sgn(X)FlAI~ is most of the times a positive number(seefor a plot of the FLuG~
Figure 2-6), only in a (very) small region aroundzero velocity the term is negative,which
meansthat the error will not convergein this small region. Outsidethis region the error
convergesasymptoticallyto zero if x is boundedand away from zero, and k > 0, ,u > o.
When the desired velocity is not bounded to a region near the small region where
sgn(x )FlAIG~ is negative, this compensatorshould be able to handle the friction
phenomenawithout divergenceof the error. The main disadvantageof this compensatoris
that the LuGre parametersshould be well known, or at least the relative size of the
parameters.
This compensatorhasbeensimulatedin 20-sim When the valuesof the parametersof the
true friction (R_LuGre in figure 3-4) match the values of the compensator,the velocity
error is negligible, i.e. the reversal bump disappears.However, this situation will never
occur during the experiments,so the compensatorhas to be testedon the ability to cope
with variationsof the parameters.When the true parametersdiffer from the compensator
parametersthe error is not zero anymoreand the error at velocity reversalis the largest.
However since the true parametersof the stick (there is only an estimationof the static
parameters:the dynamic parametersare unknownand guessed)are not exactly known it is
difficult to predict the behaviorof this compensatorin the experimentalsetup.

3.4 Adaptive LuGre (4) Friction compensation
Unlike to the LuGre based compensatordiscussed in the previous paragraph, the
compensatorfound in (Panteley,E. et aI., 1998)assumesall the parameters,including the
systemparameters(in caseof the flight stick the inertia) to be unknown.The compensator
is basedon the considerationthat the initial bristles deflection is bounded(Canudasde
Wit. C. et aI., 1995),

With this it is ensuredthat the bristlesdeflection is uniformly bounded<Iz (1)1SFIUo, for
alII:?: 0) (panteley,E. et al., 1998).This is a fundamentalproperty of the model that is
used with the developmentof the compensator.For the developmentof the adaptive
compensatorthe LuGre friction model has been rearrangedin such way that the friction
force canbe treatedas a disturbance.The friction force canbe rewritten as follows:
F =[0'0 -O'OO'lg(X»)z+(O'l +0'2)X

Using inequality (3.22) and the inequality g(x J s(l/FcJlx I, which follows from the LuGre
model, the fIrSt term of F can be bounded as

(3.26)

S 4+7~"1.iJ
c
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The secondterm of F can be parametrizedin the form
(0'1 +0'2)%

= Y2(X)O2

with Y2(X)

(3.27)

= X and ~ =l1t + U],.The total friction

force can be decomposed as

F= f~(k.1.)+ Y2(k)82

(3.28)

where Fd will be treatedas a linearly boundeddisturbance.The control signal consistsof
two parts
(3.29)

U=U.+"2

where "] solvesthe adaptiveglobal tracking problem for a standardrobotic systemwith
viscous friction

Yi

x)~,

and "2 is added to compensate F J

x,z).

For"] an adaptivecontroller is proposedwhich is describedin (Slotine, J.J.E.and Li, W.,
1987).The controller is basedon sliding modecontrol. So "] can be describedas (0] and
Y] representthe systemparameteradaptation)

(3.30)

"1 =-Kdd+~(Xd.X.Xd)81+Y2(x)82
with Kd the controller parameter,Y}(xd,x,xd)=xd -E

and ~

= J. The first term of the

regressor(:x'd-;1) is derived in (Slotine, J.J.E.and Li, W., 1987)by using the Lyapunov
stability for the controller design. The term :x'd-;1 can be seen as virtual 'reference
trajectory' (Slotine,J.J.E.and Li, W., 1987).Variable dis definedas (with x the position)
d='.f+A.X

(3.31)

x = X-Xd
and A and Kd are positive numbers. The update-law for parameters 8i' i = 1,2 is
;.
(}l

= -r1Yt(xd,x,xd)d

(3.32)

92= -r 2Y2(X)S
where

n and n are positive numbers. Together with the error equation
+"2-Fd(x~z)

with

OJ~ OJ-8j

for

the

parameter

error,

the

update-law defines a

map

-

1::["2 Fd (x,z)] -+ d, which is output strictly passive. This means that there exists

constantsa> 0 andPI E' 9i suchthat for all t 2' 0
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A property of strictly passive systemshas been exploit. Strictly passive systemshave
"infinite gain margin" (Panteley,E. et aI., 1998).The suggestionis madeto chooseU2as a
relay-based high gain feedback that has to eliminate the effect of the "disturbance"
FJ x,z). SOU2can be defmed as
"2 = ~(x,d)83

(3.35)

with
~ (x.d)

~

-{ sign(d).lxlsign(d)]

A

8 =-r 3Y3(X,d)d
The final adaptive controller will be defmed as:

u =-Kdd + «1>8

(3.37)

with the regressorvector given by
4>~ [Yi (.X'd,X,Xd ),Yz (X)'Y3(x,d)]
4> ~ [Xd

(3.38)

- Al ,x,-sign(d),-jxjSign(d)]

The update-lawof the parametervector is given by
0= -r<l>Td, r = rT >0

(3.39)

The initial valuesof (} are given by
J"
(Jini

=

al+a2
a.F.

~
Fc .
This compensatorhasbeenimplementedin 20-sim.The simulationsof this compensatoris
done with the values for the parametersfrom (Spreeuwers,L., 1999). With the found
parametersof the stick the simulations required to much time (several days). With the
parameters found in (Spreeuwers,L., 1999) the working and performance of the
compensatoris shownin simulations.With the initial valuesof (Jsetto the expectedvalues
the compensatoreliminatesthe reversalbump. The simulationsare also carried out with
the initial valuesof (Jsetto zero.In Figure 3-10 the evolution of the parametersare shown.

Design and simulation

34

N.van Seters

Compensation of Friction in the Flight Simulator Stick using an Adaptive Friction Compensator
---

Figure 3-10 Convergenceof the parameters(from zero) of the Figure 3-11 Referenceand measuredvelocity of the adaptive
adaptiveLuGre (4) compensator
LuGre (4) compensator(initial valueszero)

After some time the values of the parametersare settled. However the value of the
parametervector e evolvesto a different value than the expectedvalue. The compensator
is stuck in a local minimum. Neverthelessfrom Figure 3-11 can be seenthat after a while,
when the parametersare settled, the velocity error is small. The reversal bump is also
eliminated,as is the casewith the expectedvalues of (J.In simulationsthis compensator
looks fme with the parametersof (Spreeuwers,L., 1999),but how this compensatorwill
perform with the identified parametersis not known. This has to be determinedin the
experiments.
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In this chapter the results of the experlnx:ntsare discussed.The experi~nts has been
perfonnedon the control loading systemof Fokker. The designedcompensatorsof chapter
3 have been imple~nted on a software platform called 2O-works.This is a software
~work
where the controllers can easily been implemented. The controllers and
compensatorsare made in an agent-basedstructure (Breemen,A.J.N., 1999), which is
integrated in 20-works. The control loading system is controlled with the ~ntioned
softwarerunning on a personalcomputerwith an IO-card. In the flfSt paragraphthe setup
of the system will be described.Paragraph4.2 deals with the system without friction
compensation.In paragraph4.3 the experlnx:nts on the system with learning friction
compensationare handled. The adaptive Coulomb, LuGre (I) and LuGre (4) friction
compensatorswill be delt with in paragraph4.4, 4.5 and 4.6 subsequently.In paragraph
4.7 an overview of the result will be given and a comparisonwill be made.

4.1 Setup of the system
The expe~nts havebeenconductedon the Fokier Control Loading Systemavailableon
the Control Laboratory. This system is controlled with a PC on which the software is
running. The controllers are implementedin the 20-works framework, using an agentbasedstructure.Only the compensatorsare newly implemented;the other software parts
(reference,actuatorand sensorobjects) were reusedfrom (Spreeuwers,L., 1999).Of the
FCLS, the motor position is measuredwith an encoderand the motor velocity is measured
with a tacho sensor.The adaptive compensatorsare testedwith a referencesignal with a
constantacceleration(velocity is a saw tooth signal).To test whetherthe reversalbump is
reducedsufficiently (beneaththe level of perception)the stick is testedin simulation mode
(i.e. with a model consistingof massonly and with useof the force loop).
The compensatorsare embeddedin the agent-basedstructureof Figure 4-1. The safeguard
is addedto makesurethat the stick doesnot hit the sides.The normal operationcontroller
consistsof a velocity PI controller andthe adaptivefriction compensator.

Agure 4-1 Agent-based implementation of the frictim
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4.2 Systemwithout friction compensation
First the system will be tested without any (explicit) friction compensation.The
experimentswill be carried out using the 'standard'velocity PI controller of (Spreeuwers,
L., 1999).This PI controller will be usedin all further experiments.The referencesignal
that will be usedduring all experimentsis depictedin Figure 4-2 (in termsof stick angle).
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Figure 4-2 Reference velocity for all experiments

When this referencesignal is applied the responseof the systemaround zero velocity is
given in Figure 4-3.
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of a velocity reversal without friction compensation

In this plot the problem that arises at velocity reversalscan be seen clearly. At zero
velocity the systemsgets stuck becauseof the friction. This error, the reversalbump, can
be felt when the stick is in simulation mode.The small irregularitiesin the velocity error
signal after the bump are caused by the torque ripple of the motor and the spindle
irregularities.
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4.3 Systemwith learning friction compensation
In (Spreeuwers,L., 1999) severallearning feed forward friction compensators(LFFFC)
have beendesignedand implemented.Two of them. the 'standardLFFFC' and the 'twodistribution LFFFC' accomplisheda major reduction of the reversal bump. These two
learningcompensatorswill be comparedto the adaptivecompensatorsdesignedin chapter
3. In order to compare the compensators,the learning compensatorshave to be tested
underthe samecircumstancesas the adaptivecompensators.So the samereferencesignal
and the same PI-controller are used. The setup of the experiments can be found in
appendixB. The reversalbump behaviorof the learning friction compensatorsis depicted
in Figure 4-4 and Figure 4-5. The standardLFFFC is able to reducethe reversal bump
significantly, by a factor 9. The two distribution LFFFC howevergives only a reduction of
a factor 3.
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In this section the adaptive Coulomb friction compensation will be tested through
experiments.First the observercontaining the sign function will be testedon the control
loading system In simulationsthe convergenceof the estimatedCoulomb level Best(see
Figure 3-6) was shown.This test is also performedon the FCLS and the result is given in
Figure 4-6.
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In this figure the convergenceof aestis demonstrated.The value of 3estevolves to about
0.014.This value will be usedas initial valuefor z (which representsthe start value of aesJ.
This value for 8estdiffers a little from the simulation (0.014 in experimentsto 0.018 in
simulations).The evolution of 8est is speededup by a factor 100000in the integrationof z
(else the experiments to examine to which value aestevolves took to long). The value of aest
is dependent on the velocity set in the reference, see Figure 4-7. When the (reference)
velocity reaches higher levels the estimated Coulomb friction level is also higher, which
means that the viscous friction is of importance in the system.
The velocity error around zero velocity with this compensator and initial value is depicted
in Figure 4-8.
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Figure 4-8 Zoom of the velocity reversal with Coulomb friction compensation with sign function

The sameproblem as with the simulation occurred.Insteadof the systemgetting stuck at
zero velocity, the stick is overcompensatedand 'swung away'. The resUlting error is
smaller than the error with the controller without friction compensation.But the reversal
bump is not reducedsufficiently: the bump can still be felt and a tick is hearable(which is
not the casewhen no compensationis used).The adjustmentssuggestedin paragraph3.2
to cope with this problem are also implementedon the FCLS. One extra adjustmenthas
been made in addition to the two adjustmentsmentionedin paragraph3.2. During the
identification of the LuGre model parametersone experimentwas carried out in openloop
configuration, when a sine shapedfunction was applied to the system The stick was not
moving around a constantpoint, but was drifting away. This effect can have two causes.
First the gravity will have its effect on the FCLS. Secondthe friction can be direction
dependent.Becauseno additional compensators(e.g. for gravity) are implemented,the
friction compensatorwill compensatefor this effect. In one direction the gravity will
reducethe force required to overcomethe Coulomb friction, in the oppositedirection the
gravity will increasethe force requiredto overcomethe Coulombfriction. This give rise to
the idea that the CoUlombfriction level for both directions is different, so different aest
shouldbe usedto compensatefor the Coulomb friction. This conclusionhasbeen verified

in experiments,wherean acst is estimatedfor positivevelocitiesand anotheraestfor
negativevelocities.In Figure 4-9 the curve of both parametersis shown.
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FiIUfe 4-9 Curve of ..

fIX" two directioos

The two parametersevolve to other values, both around 0.014, so the use of two
p~ters
is justified. However the difference betweenthe two par~ters is little and
marginal in the reduction of the error. In further expe~nts (with the Coulomb friction
compensator)the compensatorsexistsof two observers(for both directions),althoughonly
the velocity error of the one for positive velocitiesis shownin the figures.
All the adjustments,a tanh function insteadof a sign function, a limited update around
zero velocity and two ~ters
for the two directions,are implementedfor the following
experiments.For the limited updatea velocity margin of 4 is chosen(within this margin
the effects of the reversalbump are still noticeable).The value where aestconvergesto is
smaller then when no margin is used (Oatconvergeto 0.011). The velocity error of this
compensator(the factor of tanh is still 1000, so the tanh representsa sign function) is
given in Figure 4-10.

-~
Agwe 4-10 Zo<.D of vemty

reversal of the COOIpensat(X'
with a vemty

margin

The reversalbump is reduced,but a small tick is still hearable.So the desiredreduction of
the reversal bump is still not accomplished. The friction compensator still
overcompensates
for the friction (stick is 'swung away'), so the factor of tanh could be
adjustedin order to smoothenthe friction model andreducethe overcompensation.
To estimate a proper value for the factor in the tanh function the reversal bump for
different factors(I, 10, 100and 1000)is depictedin Figure 4-11.
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Figure 4-11 Reversal bump versus the factor of tanh (from left to right: 1. 10. 100 and 1000)

From this picture can be seenthat the transitionbetweenovercompensationand sticking at
zero velocity is somewherebetweenfactor I and 10.To give a more accuratevalue for the
factor. where the error (reversalbump) is minimal. the figures given in Figure 4-12 are
showingthe velocity reversalsfor the valuesbetween1 and 10.

Figure 4-12 Velocity error for different factor tanh

The 'best' valuefor the factor of tanh is aroundthe 4. When this factor is usedthe velocity
error arounda velocity reversalbecomeslike Figure 4-13.
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Figure 4-13 Zoom of the velocity reversal of the Coulomb
frictioo compensator with all adjustments
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With this compensatorthe reversal bump is reducedby a factor 7 in regard to the PIcontroller without friction compensation(it is difficult to compare both error signals,
becauseone is obtainedwhen the systemis stuck at zero velocity, and this error is clearly
the reversalbump and hasthe highestamplitude,whereasin caseof overcompensationthe
error is small when the actualreversaloccur but is larger after sometime ('the top' of the
error signal». In regardto the learningfriction compensationthe error ('the top') is a little
bit larger,but this error can not be felt When this compensatoris usedin simulation mode
the reversal bump can not be felt anymore (although this criterion is subjective). The
(hearable)tick which was presentduring previous experi~nts is not present anymore
with this compensator.The friction curve of the compensatorfor low velocities is given in
Figure 4-14, for high velocities the tanh function becomes I and so the output of the
compensatorbecomesthe Coulomblevel (aesJ.
Although the error at velocity reversalsis reducedand can not be felt, velocity errors at
high velocities are still present. For both the adaptive and learning compensatorthe
velocity error is given in Figure 4-15 and Figure 4-16. The error at high velocities is for
the adaptivecompensator(Figure 4-15) the ~
as for the PI controller without friction
compensation,which is comprehensiblebecausethe compensator has no (or little)
influence on the high velocity characteristicsof the total controller. However the high
velocity error increaseswhen a learningfriction compensatoris used(the ~
appliesfor
the two distribution LFFFC, the error seemseven worse), even though the compensator
incorporatesomeviscousfriction (Spreeuwers,L., 1999).
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In order to reducethe high velocity error a viscousfriction compensatorcan be added.A
secondobserveris addedto the compensatorto estimatethe viscousfriction. The observer
is the sameas used for the estimation of the Coulomb friction level. The result of this
addition can be found in Figure 4-17. The viscousfriction compensatorhas no influence
on the reduction of velocity error. The performanceof the PI controller is of greater
importancefor the reductionof the high velocity error than a viscousfriction compensator.
A betteralternativefor reductionof the high velocity error is the modification of the gains
of the PI controller, becausethe gains of the PI-controller were deliberately set low to
assure more stability and gain insight in the robustnessof the friction compensator
(Spreeuwers,L., 1999).When the gainsaccidentallywere switchedthe perfonnanceof the
total controller improved. seeFigure 4-18. So if the performanceis of interest an optimal
PI controller shouldbe usedtogetherwith the friction compensation.
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Figure 4-17 VekJcity emJr of controller with adaptive Figure 4-18 Velocity error of controller with modified gains
Coulomband viscousfriction compensation
for the PI controller

The secondadaptive friction compensator,the adaptiveLuGre (1) compensatorwill be
tested in this section. In simulation this compensatoreliminated the reversal bump
completely when the real friction behaveslike the LuGre friction model with known
parameters.However, the real friction can never be exactly known so it is important to
know how robust the compensatorplus controller is. Furthermore,the dynamic parameters
of the LuGre model (~ and OJ)could not be identified for the FCLS, so theseparameters
hasto be estimatedon the basisof valuesfound in literature.
The adaptiveCoulombfriction compensatorof the preivoussectionhas beenmodified, by
replacing the tanh (or sign) with the LuGre friction description.The parametersof the
LuGre model are thoseof Table 3-1. For the descriptionof the experimentsseeappendix
B. In Figure 4-20 the result of the experiment with the adaptive LuGre (1) friction
compensatoris given. From this figure it can be seenthat initially the reversalbump is
reduced significantly (the period of sticking is small) but the compensator then
compensatestoo much, consequentlythe error is increasing.In Figure 4-21 the friction
versusvelocity curve is shown.The bump on this curve introducesthe increasingerror of
Figure 4-20. The perpetratorof the bump on the curve is the integration method for the
LuGre model.The integrationmethodusedin this experimentis given in Figure 4-19.

Figure 4-19 C++ code of integration method used for the adaptive LuGre (1) friction compensator

With this integrationmethodthe LuGre modelgetsunstablefor too high valuesof the
dynamicparameters(~= 3) or high velocities.This methodis not suitablefor computing
the LuGre model with a samplingrate of 1000Hz.
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Figure 4-20 Zoom of velocity reversal with adaptive lAIGre
(I) friction compensation

Figure 4-21 Friction compensation versus velocity of
adaptiveLuOre (1) friction compensation

As is the casewith the adaptiveCoulombfriction compensator,this compensatoralso has
the tendencyto overcompensatefor the friction. However, for the adaptive LuGre (1)
friction compensatorthe reasonfor the overcompensationis (in this case)the integration
method for the LuGre model. Nonetheless,the same adjustment as for the Coulomb
friction compensatoris made for the LuGre (1) friction compensator.In order to get the
'best' value for aestto reducethe reversalbump, the observeris only allowed to updatethe
adaptiveparameterin a region aroundzero velocity. In Figure 4-22 a velocity reversalof
the systemwith the suggestedadjustmentis depicted,with an accompanyingplot of the
friction compensatoroutput versusthe velocity showedin Figure 4-23.
_&-~;V~-

Figure 4-22 Zoom of velocity reversal with limited update

Figure 4-23 Friction compensation versus velocity of limited

LuGre (1) frictioo compensatioo

update adapti vc LuGre (1) friction compensation

The velocity error around zero velocity is slightly reduced compared to the 'normal'
compensator.The reversal bump however is hardly felt, in spite of the relatively large
error. The reasonfor this is that the courseof the measuredvelocity is smooth;the system
never gets stuck and the accelerationis not much higher than the desiredacceleration(at
leastthe differenceis not perceptibleby mosthumans).
The LuGre friction model of the experiments(Figure 4-23) does not match the LuOre
friction model of the simulations(Figure 2-7). Therefore,the resultsof this experimentare
not normative for this compensator.So whetherthis compensatoris capableof reducing
the reversalbump significantly is not clear from this experiment.However, due to lack of
time a better integrationmethodsuitablefor this systemsetuphas not been implemented.
The integration method should be able to compute the LuGre model for the (relatively
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small) parametersof table 3-1. There are three possiblesolutionsfor this problem.First to
increase the sampling rate. The system is now running at a rate of 1000 Hz. The
implementedintegration method shouldbe able to computethe LuGre model at a higher
sampling rate. A secondsolution could be to implement an integration method that is
capableof computing the LuGre model with a frequencyof 1000 Hz. The last solution
could be an integration method that artifically decreasethe stepsizeof the integration
method for the LuGre model (the system will still be running at 1000 Hz.). When an
integrationmethod is found which is capableof computingthe LuGre model (so that the
obtainedLuGre model resemblesFigure 2-7) the compensatorshould be able to better
reducethe reversalbump comparedto the adaptiveLuGre (I) friction compensatorwhich
is now implemented.The new compensatorshould be able to do so without any limited
update regime, becausethe extra bump on the measuredvelocity (see Figure 4-20) is
mainly causedby the large bump on the friction curve, seeFigure 4-24. From this figure
can be seenthat the overshootbump is causedby the bumpon the friction curve.
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Figure 4-24 VekJCity error and Friction compensation versus die velocity for the LuGre (1) compensator widlout limited
update

The compensatordesignof paragraph3.4 hasbeenimplementedand tested.Although this
compensatorlooks promissingin the literature(panteley,E. et al., 1998)andduring
simulations,the friction compensatordid not work properly. In Figure 4-25 the velocity
reversalof the systemwith the LuGre (4) friction compensatoris depicted.
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Figure 4-25 Zoom of velocity reversal with the LuGre (4)

Figure 4-26 Friction compensation versus velocity of the

friction compensator

LuGre (4) friction compensatioo

From Figure 4-25 canbe seenthat the reversalbump is not reducedat all. The velocity
error is still presentand as largeas without friction compensation.The reasonfor this
malfunctioningis shownin Figure 4-26. In this figure the friction compensationversusthe
velocity is depicted.The compensatordoesnot compensatefor the static friction. In Figure
4-27 the transientbehaviorof the compensatoris depicted.

F-

Figure 4-27 The output of the LuGre (4) friction
compensator

The output of the compensatoris rapidly switching between a positive and a negative
value.This is causedby the relay-basedcompensator(for the friction disturbancepart) and
the fact that the velocity error is a high frequentfluctuating signal (round zero). Whereas
in literature (Canudasde Wit, C. and Lischinsky, P., 1997)the velocity error is a smooth
signal.
Another problem is the fact that the parametersdo not converge. After a while the
parametersbecometoo large and the compensationsignal is hearablefrom the stick. The
evolution of the four parametersis shownin Figure 4-28.
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time (8)

time (s)
Figure 4-28 Evolution of the four parameters of the lAIGre (4) compensator

4.7 Overview of the results
In this sectionthe different friction compensatorswill be comparedwith each other. The
adaptive LuGre (4) friction compensatordoes not function properly, therefore this
compensatorwill not be takeninto account.So this paragraphwill be dealing with the two
learning friction compensators(standardLFFFC and the two-distribution LFFFC) and the
two adaptivefriction compensators(Coulombfriction andLuGre (1) friction).
First thereis somethingremarkableaboutthe two-distributionLFFFC. In (Spreeuwers,L.,
1999)this compensatorreachesa reductionof a factor 10, whereasthe compensatornow
only reach a reduction of a factor 3. The only differencebetweenthe experimentsis that
the referencesignal was slightly different. The turn margin is half the original valuefor the
experiments performed for this thesis (see appendix of (Spreeuwers,L., 1999) and
appendixB), but the referencevelocity is the sameso the systemhasto reachthis velocity
sooner,which leadsto higher acceleration.Apart from that the setupis the samefor both
experiments.Even when the experimentswere exactly the same the two-distribution
LFFFC did not reach a factor 4 reduction.Maybe somethingis corruptedin the weights
file of the LFFFC, so the adaptive friction compensatorswill comparedmainly to the
standardLFFFC. This compensatoralmost reachesthe performance of the standard
LFFFC of (Spreeuwers,L., 1999),i.e. this compensatorreducesthe reversalbump by a
factor 9 insteadof 10.
From the adaptive compensatorsthe simplest is the 'best'. The (adjusted) adaptive
Coulomb friction compensatoris able to reducethe reversalbump by a factor 7. This is
enoughto reducethe reversalbump below the level of (human)perception.The adaptive
LuGre (1) compensatoris also able to reducethe reversalbump, howeverthis is only by a
factor 3. The reason for this is that the LuGre model is not computedproperly in the
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compensator.Provided that the integration methodfor the LuGre model is enhanced,so
this model resemblesFigure 2-7, this compensatorshould be capable of reducing the
reversal bump even more. The effect of the dynamic friction phenomena on the
performanceof the FCLS is nil, so the LuGre model gives a surplusof information which
has no effect on the performanceof the FCLS. The dominant friction phenomenaare the
staticfriction phenomena.
Adaptive friction compensationis easyto implement(on alreadyexisting controllers).The
adaptiveCoulomb friction compensationadds at most ten program lines to the software
(when implementeddirectly into the controller(object».In the caseof the adaptiveLuGre
(1) friction compensatorsomemore programlines are added,dependingon the integration
method. However, programmingthe LuGre (1) compensatorrequires less code than the
implementationof the learning friction compensators.In addition the learning friction
compensatorrequiresmuch more memory spaceto retain the weights of the network. This
is usually not a problem, especially in the caseof a PC, but when the compensatoris
implementedon specific embeddedhardware,this could give rise to problems.So on the
implementationpart the adaptive friction compensators(the Coulomb and LuGre (1)
friction compensators)are easier to implement on systems than learning friction
compensators.And the performanceof the Coulomb friction compensator(and probably a
good working LuGre (1) friction compensator)is not inferior to the performanceof the
learningcompensators.
The only drawbackof the LuGre (1) compensatoris the need for proper identification of
the model parameters.This drawbackdoesnot apply to the Coulombfriction compensator,
this compensatoris able to estimatethe Coulomb friction level from zero. When the
friction is the main and dominantphenomenonin a system,the friction can be learnedwell
with a learning friction compensator,and no a-priori knowledge is required. However
when other phenomenadeterioratethe performanceof the systemare also present(and not
negligible), such as torque ripple of the motor and gravity, the training of the (learning)
network can give difficulties (Spreeuwers,L., 1999).When thesephenomenaare present
in a system precautionarymeasuresshould be taken, i.e. these phenomenashould be
compensatedfor before the learning friction compensatoris trained. On the adaptive
friction compensatorsthesephenomenahave less influence, becausethe effects of these
phenomenaare averagedout.
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Conclusions on adaptive friction compensationwill be drawn in paragraph 5.1. In
paragraph5.2 recommendationsfor future work on adaptivefriction compensationwill be
given.

5.1 Conclusions
In generalthe following conclusionscanbe drawn:
.
A proper working friction compensatorhas been presentedthat is capable of
reducing the reversal bump significantly both in simulations and experiments.
This compensatorusesthe simplest representationof friction (Coulomb friction
model) and estimates the Coulomb friction level by means of a non-linear
observer.The discontinuoussign function of the Coulomb friction model hasbeen
substitutedby a continuoustanh function to smoothenthe function.
.
A compensatorwith a more detailedrepresentationof friction (LuGre model) has
beendesignedand implemented.Although this compensatoris able to reducethe
reversalbump,the compensatordoesnot work properly, becausethe LuGre model

.

.

is not computedcorrectly.
A LuGre based friction compensatorhas been presented,that adapts for four
parameters. This compensator is able to reduce the effects of friction in
simulations,however,in the experimentsthis compensatorwas not able to reduce
the effectsof friction, especiallythe reversalbump.
The best adaptive compensator(adaptive Coulomb friction compensator)is not
inferior to the learning friction compensators,and this adaptive compensatoris
easierto implementon a control system.

In regardto the identification of the LuGre friction parameterson the FCLS the following
conclusionscanbe drawn.
.
The static parametersof the LuGre model could be identified relatively easy,
althoughthe static friction can be estimatedmore precisely when an encoderwas
usedwith higher resolution.
.
It was not possibleto identify the dynamicparametersof the LuGre model in the
presentconfiguration of the system.A position sensorwith a higher resolution
should be installed in the system when the dynamic parameters should be
identified.
.
The dominantfriction phenomenaon the FCLS are the staticphenomena.
.
The identified values of the parametersseem realistic, i.e., the LuGre model
responselooks reliable in simulations and in the case of the adaptive Coulomb
friction compensatorthe simulation results correspondto a large extent to the
experiments. The model (and its parameters)could not be verified through
experiments,becausethe LuGre model could not be computed correctly in the
compensator.
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The friction on the FCLS is not direction independent.When a symmetrical
referenceis applied to the systemin open loop, the systemhas a tendencyto one
side.
The following conclusionscanbe drawn whenthe simulationsare regarded:
.
The LuGre model is well suitedfor simulations,it incorporatesthe most common
friction phenomenain a dynamic model, so no additional measuresneed to be
taken like zero velocity detection. The simulations of the Coulomb friction
compensatorresemble the results of the experiments,which demonstratethe
validity of the model. The only drawback of this model is the need of an
identification of the modelparameters.
.
From the simulations it became clear that the original Coulomb friction
compensatorwas overcompensating
during a velocity reversal.To overcomethis
problem two adjustments have been suggested and implemented on the
compensator.Theseadjustments,a smoothfunction for the transition throughzero
and only update the parameterin a region around zero velocity, increasethe
performanceof the compensator;a reduction of the reversalbump by a factor 6
was achieved.
.
The adaptiveLuGre (4) friction compensatorperformswell in the simulations.It
is ableto reducethe reversalbump totally.
The next conclusionscanbe drawn from the experimentsperformedon the control loading
systemavailableat the Control Laboratory:
.
Both the compensatorsthat only adapt one parameterare able to reduce the
reversal bump. Although the adaptive Coulomb friction compensatoruses the
simplest friction model, it achieved the best performance of all adaptive
compensators.A reductionof the reversalbump of a factor 7 was achieved,this is
less than the best learning friction compensator(factor 9), but the reversalbump
was not perceptibleanymorein the simulation mode of the FCLS. The adaptive
LuGre (1) friction compensatorachievedalso a reduction of the reversalbump,
but due to poor computationof the LuGre model in the compensatorthe level of
reductionwasdisappointing.
.
The LuGre (4) friction compensatorwas not able to reducethe reversalbump at
all. This is due to the fact that the velocity error signal is fluctuating heavily,
which make the relay basedcompensationpart switching constantly.As a result
the parametersdo not convergeto a propervalue.
Finally some conclusions can be drawn when the adaptive friction compensatorsare
comparedwith learning friction compensation.When the adaptivefriction compensators
arecomparedto the learningfriction compensatorsone could saythat:
.
Adaptive friction compensatorsare able to reduce the reversal bump, but in
general require more a-priori knowledge, there is often the necessity of
identification of the parameters,are easy(often easier)to implement and require
less memory and are less sensitiveto other phenomenaon the systemlike torque

.

ripple.
Learning friction compensatorsare able to reducethe reversalbump, for that they
require none (or less) a-priori knowledge, they need no identification of
parameters,are more difficult to implement and require some memory and are
more sensitiveto other phenomenaon the system
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5.2 Recommendations
In regardto the presentedadaptivecompensatorssomerecommendationscan be made:
.
Investigate how the identification of the LuGre model ~ters
can be
enhanced,especiallythe identification of the dynamic~ters
of the model.
.
For the FCLS an optimal PI controller could be designed.With suchcontroller the
actual performanceof the friction compensatorson a 'real' system (in normal
operationmode)could be verified.
.
Investigate how the adaptive Coulomb friction compensatorperforms on other
systems,whether the adjustmentsmade for the FCLS are necessaryfor other

.

.

.

systems.
Investigatehow other static friction modelsincorporatingseveralof the four static
friction phenomena,like the locally developed friction model, perform on the
FCLS and whetherthey are able of giving a further reductionof the reversalbump
in regardto the Coulombfriction model.
The computation of the LuGre model in the LuGre (1) friction compensator
should be modified so that the model correspondsto real behavior of the LuGre
model (as was found in simulations).
A profound researchcould be made to investigate why the LuGre (4) friction
compensatorhassuchbad performanceand how to improve this compensator.
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without friction compensation
20-sim ExperimentDescription

model
Fokker_Stickl static

Model:
Experiment:

Parameters:

-

Lugrefriction

\F _coulomb

0.005
0.01
20
1
0.16
7.8911e-OO6
0.0020388

Lugrefriction

\F _static

0.00256

Lugrefriction

\F _viscous

8.9O44e-005

Lugrefriction

\v _stribeck

0.0095633

Lugrefriction

\si~l

0.06

Lugrefriction

\sigma_O

100
0
0
0

PI_controller\kp
PLcontroller\tauI
WaveGenerator 1\amplitude
WaveGenerator 1\omega
Motor_contant\K
I1\i

Coulomb_Fric_Comp2\k
Coulomb_Fric_Comp2\mu
Coulomb _Fri c- Comp2\lambda
Coulomb _Fri c- Comp2\ vrnargin

Initial Values:

--- --

PL contro lleNtate _initial
Il~tate_initial
Submodel2\z_init
Coulomb _Fric - Comp2\z_i ni t

0
0
0
0

Run Specifications:

StartTime:
FinishTime:
Output After Each:
IntegrationMethod:

References

0
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le-008
AbsoluteTolerance:
le-OO8
RelativeTolerance:
AlgebraicLoop Absolute Tolerance: le-008
AlgebraicLoop RelativeTolerance: le-OOS
FALSE
Use Fixed StepSize:

Description of simulation with control loading systemwith
adaptive Coulomb friction compensation
20-simExperimentDescription

model
Fokker_Stickl s~ic

Model:
Experiment:

Parameters:
-

PI_controller\kp
PI_controller\tauI
WaveGenerator I \amplitude
WaveGeneratorl \omega

0.005
0.01
20

Motor_contant\K
Il\i
Lugrefriction

\F _coulomb

0.16
7.8911e-006
0.0020388

Lugrefriction

\F _static

0.00256

Lugrefriction

\F _viscous

8.9O44e-005

Lugrefriction

\v _stribeck

0.0095633

Lugrefriction

\sigma_l

0.06

Lugrefriction
\si~O
CouJomb_Fric_Comp2\k
CouJomb_Fric_Comp2\mu
CouJomb_Fric_Comp2\lambda
CouJomb _F ric - Comp2\ vrnargin

100
le-OO6
0.5
100
4

Initial Values:

-

==

PL con tro ller\state _initial
Il~tate_initial
Submode12\z_init
Coulomb _Fri c- Comp2\z_ini t

0
0
0
0.014

Run Specifications:

StartTime:
FinishTime:
Output After Each:
IntegrationMethod:
AbsoluteTolerance:
RelativeTolerance:

0
20
le-OO5
MeBDFiMethod
le-OO8
le-OO8
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-
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Algebraic Loop AbsoluteTolerance: le..OO8
Algebraic Loop RelativeTolerance: 1e-008
FALSE
UseFixed StepSize:

Description of simulation with control loading system with
adaptive LuGre (1) friction compensation
2G-sim Experiment Description

Model:
Experiment:

n¥>del
Fokker_Stickllugre:

Parameters:
-

PI_controller\kp
PI_controller\tauI
WaveGenerator
1\amplitude
WaveGenerator
1\omega
Motor_contant\K
Il\i
Lugrefriction\F_coulomb
Lugrefriction \F_static
Lugrefriction \F_viscous
Lugrefriction \v_stribeck
Lugrefriction \sig~l
Lugrefriction \si~O
LugrelJlric_Comp2\k
Lugrel_Fric_Comp2\mu
Lugrel_Fric- Comp2\1ambda
Lugrel_Fric- Comp2\vrnargin
Lugrel_Fric_Comp2\F_coulomb
LugreI_Fric_Comp2\F_static
LugreIJlric_Comp2\F _viscous
LugreI_Fric_Comp2\v_stribeck
Lugrel_Fric_Comp2\sigma_O
Lugrel_Fric_Comp2\sigma_1

0.005
0.01
20
0.16
7.8911e-006
0.0020388
0.00256
8.9O44e-OO5

0.0095633
0.06
100
le-006
0.5
4
0.0020388
0.00256
8.9O44e-005
0.0095633
100
0.06

Initial Values:
----

PL contra l1e~tate _initial
II \state_initial
Submode12\z_init
Lugre 1_Fric_Comp2\z_init
LugreI_Fric_Comp2\s_init

0
0
6.25
0

Run Specifications:

StartTime:
FmishTime:
Integration Method:

References
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le-OO8
AbsoluteTolerance:
le-OO8
RelativeTolerance:
AlgebraicLoop AbsoluteTolerance: le-008
AlgebraicLoop RelativeTolerance: le-OO8
FALSE
Use Fixed StepSize:

adaptive LuGre (4) friction compensation
20-sim ExperimentDescription

Model:
Experiment:

model
Fokker_Sticklugre4

Parameters:

mass\i
PI_controller\kp
PI_controller\tauI
R_LuGre\F_coulomb
R_LuGre\F_static
R_LuGre\F_viscous
~LuGre\v _stribeck
R_LuGre\sigma_l
R_LuGre\sig~O
WaveGeneratorl\amplitude
WaveGenerator
I \omega
Motor_contant\K
LuGreComp\gamma

LuGreCornp\mu
LuGreComp\lambda
Lu GreCo rnp\theta l_ini t
LuGreComp\theta2_init
Lu GreCornp\theta3 _ini t
Lu GreCo rnp\theta4-ini t

o.(XX)24
0.15
0.005
0.1132
0.175
0.0026
0.01
0.309839
100
20
1
1
0,
[I,
I,
0,
O.
0,
O.
0,
1000
1
0
0
0
0

o.
O.
I,

0;
0;
0;

O.

Initial Values:

mass~tate_initial
PI- contra11
eNtate_initial
R_LuGre\z_init
LuGreComp\x_d_initial
LuGreComp\x_initial

0
0
0
0
0

Run Specifications:

StartTime:

References

0
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FmishTi~:
IntegrationMethod:
AbsoluteTolerance:
RelativeTolerance:
AlgebraicLoop AbsoluteTolerance:
Algebraic Loop RelativeTolerance:
Use FIXed Step Size:

References

10
MeBDFiMethod
1e-008
le-008
1e-008
Ie-roB
FALSE
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References
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Description of experiment with control loading system
without compensation
Experimental semp file

file name: d:/fclslfclscode/orig.exp

Experiment
generator:
Constant

Vel<x:ity

sensor:
ELC Sensa
controller:
Original Cootroller
actuator:
ELC Actuator
storer:
Storer
view:
View
timer:
Timer
delayedactuation:
FAlSE
Constant

Vel<x:ity

limit:

60
K:
0.005
tau_I:
0.01
b:
I
anti windup:
0.03
tame_I:
I
Ka:
0
Kp:
0

f. a_ref

y-axisminimum:
-100
y-axis maximum:
100
View

ELC Actuator
Inhibit:
FALSE
minimum:
-4.8

maximum:
4.8

Velocity

vref: velocity:
20
xa: travel ~:
0.1
xb: turn margin:
Q
ELCSenS<X
Force Gain:
200
Force Offset:
-0.243
Position Gain:

0.cxxn57545
Position Offset:
22610
Tacho Gain:
-4.226288
Tacbo Offset:
-0.0022
Encoder Initialize:
1
Tacho Filter:
SomeFile.mat
Original

x-axis minimum:
0
x-axis maximum:
5
y-axis title:

Position limit:
15

Controller

References

Storer
storeelements:
TRUE
cyclic buffer:
TRUE
number

elements:

Active:
TRUE
title:
referenceand measuredvelocity
show grid:
TRUE
auto rescale:
TRUE
auto refresh:
TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
wftf, W_lneas,w_etror
y-axis minimum:
-60
y-axis maximum:
60

)OOXJ
View
Timer
frequency:
1000
View
Active:
TRUE
title:
force. referenceacceleration
show grid:
TRUE
autorescale:
TRUE
autorefresh:
TRUE
x-axis title:
time (s)

63

Active:
TRUE
title:
referenceandmeasured
position
show grid:
TRUE
auto rescaJe:
TRUE
auto refresh:
TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
p_ref. p~.
p_meas_stick
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Control values
show grid:
TRUE
autorescale:
TRUE
autorefresh:
TRUE
x-axis title:
time (s)
x-axis minimum:

y-axis minimum:

-15
y-axis maximum:
15
View
Active:
TRUE
title:

0
x-axis maximum:
5
y-axis title:
P. I. PIout, total control
y-axis minimum:
-0.05
y-axis maximum:
0.05

Description of experiment with control loading system
with standard LFFFC
Experimental setup file

file name: d:/fcls/fclscOOc/slfffc.exp
tirneidate: Wed Oct 1319:11:241999

Experiment
generator:
ConstantVelocity
sensor:
ELC Sensoc
controller:
StandardLFFR:: Controller
actuat<X':
ELC Actuator
storer:
Storer
view:
View
timer:
Timer
delayedactuation:
FALSE
CoosIant Velocity

vref: velocity:
20
xa: ttavel pos:
0.1
xb: turn Imrgin:
8

Velocity limit:
60
K:
0.005
tau_I:
0.01
b:
I
anti windup:
0.03
tame_I:
I
Ka:
0
Kp:
0
I distr midzeroBSN:
sLR:: midzero
nr of splines:
501
learningrate:
0.1
min input:
-30
max input:
30
weightsfile:
standard.wgt
load weights:
0
saveweights:
1
circular:
0
00-( 1) or offline(O):

0
ELC Sensor

n<Xmalized:

1
Force Gain:

200

ELC Actuator

Force Offset:
-0.243
Position Gain:
0.000757545
Position Offset:

Inhibit:
FALSE
minimum:
-4.8

maximum:
4.8

22610
Tacbo Gain:

-4.226288
Storer

Tacbo Offset:
-0.0022
Encoder

Initialize:

1
Tacbo Filter:
SomeFile.mat
Standard LFFR::
Position limit:

---

Controller

store elements:
TRUE
cyclic buffer:
TRUE
number elements:
100)0
Timer

15

References
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frequency:
I~
View
Active:
TRUE
title:
velooty error
showgrid:
mUE
autorescale:
TRUE
autorefresh:
mUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
f, a_ref
y-axis minimum:
-100
y-axis maximum:
100
View
Active:
TRUE
title:
referenceand measuredvelocity
show grid:
TRUE
auto rescale:
TRUE
auto refresh:
TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
w~f, w_meas,w_error
y-axis minimum:
-50
y-axis maximum:
50
View
Active:
TRUE
title:
referenceand meas~positioo
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show grid:
1RUE
autorescaIe:
1RUE
autorefresh:
1RUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
p_ref, p~.
p_meas_stick
y-axis minimum:

-15
y-axis maximum:
15
View
Active:
TRUE
title:
Control values
showgrid:
TRUE
autorescale:
TRUE
auto refresh:

TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
P, L Plaut,

total control

y-axis minimum:
-0.05
y-axis maximum:

0.05

with two distribution LFFFC
Experimental setup file

file name: d:/fcls/fc1scodeJ2d1fffc.exp
time/date: Thu Oct 14 14:54:47 1999

Experiment
generator:
ConstantVelocity
sensor:
ELC Sensor
controller:
Two Distribution LFPK: Controller
actuator:
ELC Actuator
storer:
Storer
view:
View
timer:
Timer
delayedactuation:
FALSE
Constant Velocity
vref: vekJCity:

20
xa: b'avelpas:
0.1
xb: turn margin:
8
ELCSensa
Force Gain:
200
Force Offset:
-0.243
Position Gain:
0.CXXJ7S7S4S
Position Offset:
22610
Tacho Gain:
-4.226288
Tacho Offset:
-0.0022
Enctxler Initialiu:
1
Tacho Filter:

References

SomeFile.rnat

FALSE
minimum:

Two Distribution LFFR:: Coo troller

-4.8
maximum:
4.8

Pooition

limit:

15
Velocity limit:
60
K:
0.005
tau_I:
0.01
b:
I
anti windup:
0.05
tame_I:
1
Ka:
0
Kp:
0
2 distr BSN midzero:
2 distr LFC midzero
nr of splinesmidregioo:
51
nr of splinessideregion:
10
learningrate:
0.08
min input:
-30
min input midregion:
-2.5
max input midregion:
2.5
max input:
30
weightsfile:
2distr.wgt
load weights:
0
saveweights:
I
circular:
0
on-(I) or offiine(O):
0
normalized:
I
ELC Actuator

Inhibit:
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Storer
su.e elements:
FALSE
cyclic buffer:
FALSE
numberelements:
SC)X)
Timer
frequency:
1000
View
Active:
TRUE
title:
velocity error
showgrid:
TRUE
auto resca1e:

TRUE
auto refresh:
TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
f, a_ref, w_error
y-axis minimum:
-100
y-axis maximum:
100
View
Active:
TRUE
title:
referenceand measuredvelocity
show grid:
TRUE
auto rescaJe:
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TRUE
title:
Control values
show grid:
TRUE
auto rescale:
TRUE
autorefresh:
TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
P. I. PIout, total cootrol
y-axis minimum:
-0.05
y-axis maximum:
0.05

showgrid:
1RUE
autorescale:
1RUE
auto refresh:
1RUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
p_ref, p_meas,p_meas_stick
y-axis minimum:
-15
y-axis maximum:
15

TRUE
autorefresh:
TRUE
x-axis title:
time (s)
x-axis minimum:
0
x-axis maximum:
5
y-axis title:
wflf, w_meas, w_error
y-axis minimum:

-50
y-axis maximum:
50
View
Active:
TRUE
title:
reference and measured positioo

View
Active:

Update Velocity Margin:
4

2001

0.000757545
Position Offset:
22610
Tacbo Gain:
-4.226288
Tacbo Offset:
-0.0022
EncOOerInitialize:

1

-4.8

Experiment

Tacho Filter:
SorneFile.mat

maximum:
4.8

limited Update 2 Adaptive
Coulomb PC Coolroller

ELCStorer

Experimental setup file

file name:
d:/ f c Isadap/

f c la c<xle/ coulomb.

e xp

time/date: Wed Jun 602:04:18

generator:
ConstantVelocity
sensor:
ELC Sensor
controller:
Limited Update2 Adaptive
CoulombR:; Cootroller
actt1ator:
ELC Actuator
storer:
ELCStorer
view:
View
timer:
Timer
delayedactuation:
FALSE
Constant Velocity

vref: velocity:
20
xa: travel pos:
0.1
xb: turn margin:
4

Positioolimit:
15
Velocity limit:
60
K:
0.005
tau_I:
0.01
b:
1
anti windup:
0.05
tame_I:
1
Ka:
0
Kp:
0
Mu:
0.5
K:
le-06
faI:.kJr:

ELC Sensor

ForceGain:
200
ForceOffset:
-0.243
PositionGain:

z-init:
0.011
muof tanh:
4
FeedBack?:
0

ELC Actuator

Inhibit:
FALSE
minimum:

storeelements:
TRUE
cyclic buffer:
FALSE
skip sampleelements:
FALSE
numberelements:
1(XXKX)
numberof elementsto skip:
99
Timer
frequency:
1(xx)
View
Active:
nUE
title:
CurrentView
show grid:
FALSE
autorescale:
nUE
auto refresh:
TRUE
x-axis title:
time
x-axis minimum:
0

Compensation

-

of Friction

x-axis maximum:
10
y-axis title:
Force.error
y-axis minimum:
-5
y-axis maximum:
~

in the Flight Simulator

Stick using an Adaptive Friction

y-axis

wm,wr,w_error
y-axis minimum:
-50
y-axis maximum:
50

View
Active:
1RUE
title:
Control View
show grid:
FALSE
auto rescale:
1RUE
autorefresh:
1RUE
x-axis title:
time
x-axis minimum:
0
x-axis maximum:
10
y-axis title:
PI. FricComp
y-axis minimum:
-0.1
y-axis maximum:
0.1

Active:
TRUE
title:
Position View
show grid:
FA~E
autorescale:
TRUE
auto refresh:
TRUE
x-axis title:
time
x-axis minimum:
0
x-axis maximum:
10
y-axis title:
ps, pm. pr
y-axis minimum:
-10

Active:
TRUE
title:
Velocity View
showgrid:
FAlSE
autorescale:
TRUE
autorefresh:
TRUE
x-axis title:
time
x-axis minimum:
0
x-axis maximum:
10
y-axis title:

maximum:

10

View

View

Compensator

with adaptive LuGre (1) friction compensation
Experimental

semp file

file name:
d:/fclsadap/fc1acode/lugre
time/date:

1p.exp

Wed Jon 602:14:09

2001

Experiment
generator:
CoostantVelocity
sensor:
ELC Sensor
contto11er:
AdaptiveOne ParameterLuOre
FC Conttoller
actuator:
ELC Actuator
storer:
ELCStorer
view:
View
timer:
Timer
delayedactuation:

FALSE
Constant

Vel<x:ity

vref: vel<x:ity:

20
xa: travel pos:
0.1
xb: turn margin:
4

References

ELC Sensoc

0

Force Gain:

0.5 .
Mu'

200
ForceOffset:
-0.243
PositionGain:
0.000757545
PositionOffset:
22610
TachoGain:
-4.226288
TachoOffset:
-0.0022
EncoderInitialize:
1
TachoFilter:
SomeFile.mat

K:
1e-06
sigmaO:
1
sigmal:
0.006
Stribeck velocity:
0.009563
Fcoulornb:
0.002039
Pviscous:
8.9O44e-OS
Fstatic:
0.00256
FeedForward?:
1
factor:
1
integrationfactor:
I
Mu tanh:
1000
thetainit:
2.278
tamel int z:
0.99
taut int z:
20
anti windup int z:
0.01
velocity margin:
4

Adaptive
R::

One

Parameter

LAlGre

Controller

---

Position limit:
15
Velocity limit:
60
K:
0.005
tau_I:
0.01
b:
1
anti windup:
0.05
tame_I:
1
Ka:
0

ELC Actuator

Inhibit:
FALSE
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minimum:
-4.8

maximum
4.8

y-axis

ELCStmu

S

stIXe elements:
TRUE
cyclic buffer:
FALSE
skip sample elements:
FALSE
number elements:
1(xx)o
number of elements to skip:
100

View

Timer
frequCIICy:
)(XX)

View
Active:
TRUE
title:
Cumnt View
showgrid:
FALSE
autorescaie:
TRUE
autorefresh:
TRUE
x-axis title:
ti~
x-axis minimum:
0
x-axis maximum:
10

TRUE

y-axis title:
Force.error
y-axis minimum:
-5

auto refresh:

TRUE
x-axis title:
time
x-axis mini~m:
0
x-axis maximum:
10
y-axis title:
P!, pm, pr
y-axis miniDRlm:
-10
y-axis maximum:
10

maxillMllJl

Active:
TRUE
title:
Ve~tyView
show grid:
FALSE
autorescale:
TRUE
autorefresh:
TRUE
x-axis title:
time
x-axis minimum:
0
x-axis maximum:
10
y-axis title;
wm. wr,

View
Active:
TRUE
IitJe:
CCXltroI View

show grid:
FALSE
auto rescale:
TRUE
auto refresh:
TRUE
x-axis title:
time
x-axis minimum:
0
x-axis maximum:
10
y-axis title:
PI. PricComp
y-axis minimum:
-0.1
y-axis maximum:
0.1

w_error

y-axis minimum:
-SO
y-axis maximum:
SO
View
Active:
TRUE
title:
~tioo View
show grid:
FALSE
autorescale:

Description of experiment with control loading system
with adaptive LuGre (4) friction compensation
ExpaiDM:lltailCtupfiJe

file name:
d:1f c lsadap/f c IaccxItJ1ugn:4P.exp
time/date: Wed Jun 602: 17:07
2001

Experimalt
SCDcratI:W:

Coostant Vekx:iry
seDS(X:

Eu:: Sensor
cootroUcr:
Adapcive1AlGreR:~aoIJer
actuator:
Eu:: Actuator
strxer:
ELCStorer
view:
View
ti~
Timer
delayedactuatioo:
FALSE

References

--

CCXIItIDt

Adaptive LuGre R:CootroDcr

Vekx:ity

Position limit:
15

vrcf: velocity:
20
0: b'avcl~:
0.1
xb: turn nmgiD:
4

Vel<x:ity

limit:

60
K:
0.005
tau_I:
0.01
b:

EI£~
ForceGain:
200
~Offset:
00.243

anti windup:
0.05
tame_I:
{
Ka:
0
Kp:
0
Mu:
{(XX)
gamma(GAMMA=gamma.I)
O.(XX){
Lambda:

Positioo Gain:
0.fXXJ7S754S
Position Offset:
22610
Tacho Gain:
-4.226288
Tacho Offset:
-0.0022
EncOOerInitialize:

1
Tacho Fi1ter:

~HIe.mat

init1
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-

of Friction
--

7.8911e-06
1beta_init2:
8.ge-O5
Theta_init3:

0.00256
Theta_ini&4

0.007534
fact(X
:
0.01
ELCActDItm
Inhibit:
FALSE

in the Flight

Simulator
-

Stick

an Adaptive
-

Friction

y-axis minimum:
-5
y-axis maximum:
5

y-axis

View

st(X'eelements:
TRUE
tMlffea-:

FALSE
skip sampleelements:
TRUE
numberelements:
l(xxx)
numberof elementsto skip
99
T~
frequency
llXM>

View
Active:
TRUE
title:
CllneDt View
showgrid:
FAUE
autoJacaIe:

References

miDiDMJm:

-10
y-axis maximum:
10

4.8

ELCSrau

Compensator

Positioo View
show grid:
FALSE
auto rescaJe:
TRUE
auto refresh:
TRUE
x-axis title:
time
x-axis DIiDiDIm:
0
x-axis maximum:
10
y-axis title:
pI, pm. pi'

TRUE
auto refresh:
TRUE
x-axis tide:
ti~
x-axis minimum:
0
x-axis maximum:
10
y-axis tide:
Force.error

-4.8
maximum:

cyclic

using

Active:
TRUE
title:
Vemty View
show grid:
FAlSE
auto~:
TRUE
autorefresh:
TRUE
x-axis title:
time
x-axis minimum;
0
x-axis maximum:
10
y-axis title:

View
Active:
TRUE
title:
Cootrol View
show arid:
PAUB
auto resca1e:

TRUE
auto refresh:

TRUE
x-axis title:
time
x-axis minimum:
0
x-axis maxi~
10
y-axis title:
PI, FricComp

wm.wr. W_emx'
y-axis minimum:
-SO
y-axis maximum:
SO

y-axis miniJJMJm:

-0.1
y-axis maximum:
0.1

VIeW
Active:
TRUE
title:
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