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Samenvatting

Wrijving is een fenomeen dat tot op zekere hoogte aanwezig is in alle servo systemen. Het zorgt ervoor dat de
perfonnance van het systeem beperkt wordt. Een van die beperkingen uit zich in het ontstaan van limiet cycli;
periodieke oplossingen van het systeem rond het setpoint. Om het optreden van limiet cycli op de x-as van de H
brug te kunnen voorspellen en simuleren is ten eerste een goede systeembeschrijving van deze as nodig. Hiertoe
wordt naast het lineaire deel van het systeem de snelheidsafhankelijke wrijving gemodelleerd door experimenteel
de Stribeck curve te bepalen en deze te fitten met behulp van een kleinste kwadraten fit. Tevens wordt de
positieafhankelijke cogging kracht in kaart gebracht, door voor een bepaalde snelheid de feedback controller
force te meten voor positieve en negatieve richtingen en het gemiddelde hiervan gelijk aan nul te maken. Voor
de voorspelling en simulatie is verder een goed wrijvingsmodel nodig. In dit geval is gekozen voor het LuGre
model, amdat dit in staat is een groat aantal wrijvingsfenomenen te voorspellen. De dynamische para.meters van
dit model worden bepaald door in het presliding gebied een overdracht te meten en deze te fitten. De limiet cycli
worden vervolgens experimenteel opgewekt, waarbij het systeem geregeld wordt door een PID-regelaar. Voor
verschillende waarden van de P-actie worden de amplituden en de periodetijd van de limit cycle geevalueerd,
waarbij blijkt dat beide afuemen met toenemende waarde van de P-actie. Met de verkregen systeembeschrijving
en het gekozen wrijvingsmodel blijken de limiet cycli uiteindelijk met redelijke nauwkeurigheid te kunnen
worden voorspeld.
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Abstract

Friction is a phenomenon, which to some extent is present in all mechanical systems. It limits the performance of
the system. One of the limitations is the occurrence oflimit cycles, i.e. periodic solutions ofthe system around
its setpoint. To predict and simulate the occurrence oflimit cycles on the x-axis of the H-drive, the first thing
needed is a good description of the system. Besides the linear part of the system, the velocity dependent friction
is modelled by experimentally obtaining the Stribeck curve and fitting this with a least squares fit. Also, the
position dependent cogging force is mapped by measuring the controller force at a low constant velocity for
positive and negative directions and making the means of these forces equal to zero. The second thing needed for
a good prediction is an appropriate friction model. The friction model chosen is the dynamic LuGre model
because of its ability to describe a large number of friction phenomena. Measuring a Frequency Response
Function (FRF) in the presliding regime and fitting this FRF determine the parameters ofthis model. Next limit
cycles are induced experimentally, as the system is controlled with a PID-controller. For different values of the
gain P of the controller, the amplitudes and period times of the limit cycles are evaluated, where it appears that
both decrease with increasing values of the gain P. With the use of the obtained system identification and the
chosen friction model, finally the limit cycles can be predicted with a reasonable accuracy.
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1 Introduction

The goal of this report is simulating and experimentally inducing limit cycles on the H-drive servo system and
mapping the influence of the control parameter P. Limit cycling is an undesirable friction induced phenomenon
in controlled servo systems due to its oscillatory and persistent behaviour. In order to simulate the limit cycles, a
good description of the system is needed and an appropriate friction model has to be chosen.

The structure of this report is as follows. In chapter 2 the H-drive system is described. The identification is split
into two parts, i.e. (i) the linear part and (ii) the non-linear part. The non-linear part includes a description of the
cogging force and a description of the friction in the sliding part. The friction in the presliding part is discussed
in chapter 3 by means of a description of the chose friction model and its parameters. In chapter 4 the induced
and sLlllulated limit cycles are discussed. In chapter 5 the results are concluded and future research topics are
given.
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2 The H-drive system

The H-drive is a XY-table consisting ofa mass moving on an X-axis, which itself is moving on 2 Y-axes. The
mass and the X-axis are driven by three linear motors. A picture of the H-drive is depicted in figure 2.1.

Figure 2.1: The H-drive

In this report only the X-axis ofthe H-drive is considered and can be modelled by the following equation of
motion:

(2.1)

In this equation, the following parameters and variables can be found:
m The mass of the system [kg]
em The motor constant [N!A]
X The acceleration of the system [m1s2

]

u The input of the system [A]
Feog(x) The cogging force [N]

Fw(i) The velocity dependent friction force [N]

Feo/x) represents the cogging force; a non-linear position dependent force, which will be discussed in more

detail in paragraph 2.2.1. Fw(i) represents the non-linear velocity dependent friction force and will be

discussed in more detail in paragraph 2.2.2.

The identification of the system can be split into two parts: the linear part, discussed in paragraph 2.1 and the
non-linear part which will be discussed in paragraph 2.2.

2.1 System identification: The linear part

To identify the linear part of the system, an experiment is conducted, where a closed-loop transfer function is
measured. This is done by considering the standard feedback control situation of figure 2.2, where P is the plant,
C is a tempered PD controller and v is an injected noise signal.

x11-----=;,=1_C_(s)-----J~-P-(S)-T

Figure 2.2: Standardfeedback control situation

The reference signal X r is assumed to have no correlation to the measured signal w, so the transfer function that
represents the linear part of the system is the sensitivity function shown by the following equation:
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(2.2)

Using the device Siglab [I] that is a signal generator and spectrum analyser, this Frequency Response Function
(FRF) is measured. From the obtained sensitivity function, the transfer function of the plant P(jw) can be
calculated since the controller is known. The resulting plant FRF is fitted using the Matlab command frfi t.m
and is shown in figure 2.3, as well as its second order fit. For a more detailed description of measuring the
transfer function of the X-axis, the interested reader is referred 10 [2].
From figure 2.3 it can be seen thai the system behaves like a pure mass, Le. double integrator behaviour, until
120 [Hz], as we expected from (2.1). After 120 [Hz] anti-resonances and resonances occur because of finite
stiffuess in the system.

"I
i

"

.,
."

FIgure 2.4: Nyquist dllJgram

.

~oh,--'::::S:::':==:±:!±o='==,5o,'=~=±~±o±d
F~yIHlI

Figure 2.3: Frequency r6sponseftnclIon P(Jru)

WiUl tile use of the measured FRF of the system, a conlrOlIer is designed witll the use of tile MATLAB toolbox
mET (3). The conlrOUer is of the type PID with 2 notches and a first~rdcr low pass filter (see Appendix A) and
this controller will be used in the experiments to identify the non-linear pan of the system. With this controller
an open loop ba.lld\\~dtll of 741Hz), a gain margin of6. I IdB) and a phase margin of31.7 IdegJ are achieved.
TIle nyquist diagram oflhe open-loop FRF is shown in figure 2.4.

2.2 System identification: The non-linear pan

As already stated in the introduction ofchapter 2, the non-linear part of the model consists of two tenus: tile
position dependent cogging force and the velocity dependent friction force. Both teon are identified in the
following two paragraphs.

2.2.1 Position dependent force: cogging

The drive of the mass on the X-axis is a Linear Motion Motor System (LiMMS), which is composed of two
parts, (i) a number of base-mounted pcnnanent magnets on the X-axis, tile stator and (ii) a trnnslator fomled by a
number of iron-core coils inside the mass, the translator. For the exact working principle of the trust force
generated by the linear motor, see III.

Besides liIe liIrust force, the magnets also generate two other forces (I]:

I. Reluctance force: Because the position of the translator changes, the self-inductance of the winding varies.
This causes a position and velocity dependent force in the direction of the movement when current flows
through liIe coils. The reluctance force can be computed from a detailed model ofthe translator and stator. In
(2.1) it is not modelled, because this detailed model is not available.

2. Cogging force: The cogging force is a force that depends on the relative position of the motors coils with
respect to the magnets. It is always present, even when thel"e is no current flowing in the coils. It tries to
align the magnets and iron cores to stable positions of the translator.
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To get to know how the cogging varies with the position on the X-axis. a map of the cogging force is
constructed This is done by moving thc syslem with a low constant velocity of 0.05 Im/sl. 11le controller used
during this experiment is thc feedback controller described in paragraph 2.1 and a mass·feedforward. 11le
position x and the velocily v of the systcm during thc experiment can be seen in figure 2.5. The blue line shows
the data of the movcment in ncgative direction and the red line shows the data of thc movcmcnt in positive
direction.

Figur~ 2.$: Poslfion ond veloclfy JUring th~ ~:xperlmen/
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During the experimcnt, the feedback controller force Fib has also been measured. From figure 2.6, in which this
force is plolted as a function of thc position, two phcnomcna can be seen.

I. Thc mean force of Ihe positivc movcment is not cquallO the llIean force of the ncgative llIovement. This is
due to the fact that no friction and damping feedforward control is applied.

2. TIIC amplitude of the feedback controller force Fib in the interval 1-0,48 --0.331 differs from the amplitude in
tile interval 1-0.33 --0.05]. This is due to the fact that two different magnet strokes arc used on tile X-axis.

TI1C nC>.1 step in making a map of tile cogging force is making tile means of the forces equal 10 zero, by
subtracting (movcment in ncgative direction) or adding (movement in positive direction) the means ofmeasurcd
forces. Figure 2.7 shows the result.

FMdbeck con1rOIe< fon;e ... lunctJon II 1IIe pol.Ilion. lero mN<'lto
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Mov_ IfI ........" ditect>on
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• '';---;e;;--;e;-,;';;;-,;;---;",,--;o;--;e;;--;e;-o;',.0,5 .o~ .0.. .(1.35 .03 .(l25 .(l.2 .0.15 .(l,1 .(l.OS

PosIlIOn 1m]

Figure 2. 7: Fe~dbacic cOn/rollerforc~s ofmovemmts in positive
ond n~go(i\'edirection. =ero meQll3

.a~55 .(l.S .(l~ .0,• .(l.35 .(13 .(l.25 .(l,2 .(l15 .0.1 .oOS
Po5ition (m)

Figur~ 2.8: Final map ojthe ('oggmg

II can be seen that the cogging forces of the positive and negative movement are almost equal. Because of this,
from now on, only the data of the negative movement is used. Because of the noisy character of the data, a fifth
order low pass digital Butterworth filter is designed, with a bandwidth of25 [Hz]. With this low pass filter, the
data is filtered forward and reverse, so no phase shift occurs. The next step is reducing the number of points, so
when the map is implemented in Simulink by a look-up table, real- time workshop is able to write the map into
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c-code. At both ends of the position axes, the forces are set to zero. The final map of the cogging force can be
seen in figure 2.8.

To compensate for the cogging in the system, the map can be used in a feedback loop. One should be alert to the
fact that this feedback loop might influence the stability of the system. In this case the stability of the system is
not influenced, because the map is quite accurate and the signal that is fed back is bounded. The cogging could
also have been compensated for in a feed forward loop. The reason why this has not been done lies in the fact that
in the experiment of finding the Stribeck curve (paragraph 2.2.2) a PD feedback controller without damping and
friction feedforward has been used. Because of this, the position error is not equal to zero, which means that the
real position is not equal to the reference position. This can cause a wrong prediction of the value of the cogging
force.

2.2.2 Velocity dependent force

The velocity dependent force will be described by the Stribeck curve, which can be defined by the following
equation that can be used for both positive and negative velocities:

(2.3)

In this equation, the following parameters and variables can be found:
F<: The Coulomb friction (N]
F. The static friction (N]
v. The Stribeck velocity [m/s]
b The viscous damping (Nslm]

F...(x) The total velocity dependent friction force (N]

x The velocity [m/s]

The Stribeck curve can experimentally be found by moving the system in positive and negative direction with
constant velocities in the range of [0.005 0.5 [m/s]]. The feedback controller used is the PID controller described
in paragraph 2.2. The only difference is that the I-action is set to zero, because it has a small negative influence
on the measured force. In a second feedback loop, the cogging is compensated for, as described in paragraph
2.2.1 and the feed forward controller consists ofa mass feedforward only. Finally, in the simulink model a first
order hold is placed behind the output of the plant, because otherwise unreal values for the measured signals can
be found. AI each velocity the feedback controller force is measured after which the mean of this force is
calculated and plotted as a function of the velocity. The results of this experiment are given in figure 2.9.
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The next step in the identification is fitting the experimental curve. The goal is to minimize the difference
between the model and the measurements:

F:
n 2 F

~in L:(p;mOdel(e )_p;meaSllrement(e)) ,e = c

i=! Vs

b

The curve is fitted with the MATLAB command fminsearch .m. The result is shown in figure 2.10.

In table 2.2, u~e paialueter values of the Stribeck curle are shown.

Parameter Value

F/ 0.18 [N]
F/ 0.38 [N]

+ 0.019 [mls]Vs
b+ 0.49 [Nmls]
F- -0.19 [N]c

F- -0.37 [N]S

vs- -0.020 [mls]
b- 0.51 [Nmls]

Table 2.2: Parameter values afthe Stribeck curve

(2.4)
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3 The LuGre friction model

In order to predict and describe the hunting behaviour that will be discussed in chapter 4, an appropriate friction
model has to be chosen. In this case the LuGre friction model is chosen because of its ability to describe a large
number ofpractically observed friction phenomena, including hunting limit cycles.
In the LuGre model, the force during the stick phase is modelled as the average force applied by a set ofelastic
bristles under tangential microscopic displacement. Two moving surfaces are assumed to be in contact by a large
number of these bristles, which have certain stiffuess, where the bristles on one surface are rigid (see figure 3.1).

Figure 3.1: The interface between two surfaces. according to the LuGre model

The mathematical representation of the LuGre model is given by the following equations:

F =cr 0 • Z +cr 1 • i +cr 2 • X

z=x- ~(l) ,z~f(x,z)

(3.1)

(3.2)

In this equation, the following model parameters and variables can be found:
(30 The average bristle stiffuess [N/m]
(3] The average bristle damping [Ns/m]
(32 The viscous friction parameter (b) [Ns/m]
F The tangential force [N]
z The average bristle deflection [m]

x The relative velocity between the two surfaces [mls]

g(X) The stribeck curve as it was found in paragraph 2.2.2 [N]

The identification of the model parameters is done in different friction regimes; (i) in the sliding phase and (ii) in
the stick phase. The identification of the parameters in the sliding phase has been discussed in paragraph 2.2.2.
The identification of the parameters in the stick phase is described in the following paragraph.

3.1 Determining the parameters of the LuGre friction model

To be able to determine the dynamic parameters of the LuGre model, it has to be linearized. The method by
which this is done is described in [4]. After linearization ofequation (2.1), the total model of the X-axis is the
following:

(3.3)

In this equation, a is the slope of the cogging force - position graph and its value varies between -100 [N/m] and
100 [N/m], as can be concluded from figure 2.10

(3.4)

After the linearization the Laplace transformation of (3.3) is taken, resulting in the frequency response function
(FRF) for the stiction regime at zero velocity, which is shown in the following equation:

1
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To compare this theoretical FRF with the experimental one, the system is excited at zero velocity by a noise
signal with a bandwidth of200 lHzl and an RM$-Ievel of0.25 lv). This level lies below the values of the static
friction to obtain valid measurements for the linearized model. The bandwidth of200 [Hz] is chosen in such a
way that the coherence is good until just after the first resonance-peak. To measure this FRF, the system is
moved to the point x = -0.42 [m], after which the controller causing the system to move a little. This point is
chosen, bea!use it is locally stable and the cogging force in this point is almost equal to zero. The measured FRF
is tilled using the Matlab command frfi t. ffi. In this case fitting the (anti-) resonance is not of interest, since
only the stiffuess and damping parameters are to be found, so a second order tit meets the demands. Both the
measured and the fined FRF are shown in figure 3.2.

i.9Q
i _100

} .110

".:r 0•l .100

Figure J,l' Measured andfilled f"RF

The fined FRF is given by the following equation:

H (j ) 5.54 = I
f ro = -ro'+274.5'jro+9.43.IO' -O.18.ro'+49.6'jro+1.7.IO'

(3.5)

Comparing this experimental FRF with the theoretical FRF fi"om equation 3.4, the following values ofthe
parameter combinations ofequation 3.4 can be found:

~=O.18 [A;']cm

(0", +0",)
49.6 [~]cm

(0"0 +a) 1.7 .10' [~]cm

m
The value of the term - can be compared with the value of the same term when it is obtained from the second

cm
order fit ofthe plant FRF (see also figure 2.3). From this fit it seems that in this case the term has a value of0.13,
which is lower than the value obtained in this experiment. The values of these terms are computed from the (-2)

m
slope ofthe fits and since the fit of the plant FRF is more accurate, the value of - is assumed to be 0.13.

cm
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The value of the motor constant e", is set to one and since the value of 0'1 is already known, now all parameters of
the LuGre model are known and they are given in table 3.1. Since a is very small compared to (O'Q+a), the tenn
a will be neglected.

Parameter Value
F' 0.18,
F: 0.38,

0.019'.
b' 0.49
F' -0.19
F; -0.37
,; -0.020
b- O.SI
m 0.13 k
a, 49.1 [NslmJ
a, 1.7e4 [N/mJ

Table 3.1: Parameler ~'afue$ aflhe LIiGre model

3.2 Validation of the LuCre model parameters

The obtained model parameters are validated by two time-domain experiments, i.e. (i) a breakaway experiment
and (ii) a sinusoidal excitation of the system in the stick regime. After the experiments simulations are done
using the values of the parameters as they are described in paragraph 3.1.

To perform a breakaway test, the system is moved to the same position at which the FRF was measured
(x = -0.42 [mD. Then the controller is turned off, after which the system moves a little (about 5"10-4 [mD. Now
the system is in open loop, and a ramp input (u = 0.005't) is used to perform the test.
In the simulation, the initial position of the system is equal to the position in the experiment after turning off the
controller. Then a ramp function is used as the input for the system. Both the experiment and the simulation are
performed for positive and negative ramps and the results are shown in the figures 3.3 and 3.4 .
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Figure 3.3: Breakaway lesr, {JQs/llve!arce.;r ",-0,42 (mJ FIgure 3.4: Brealwway les/, negallve!orce,:C ",-0.42 (mJ

From these figufCS. two phenomena can be secn:

• For both positive and negative forces it appears that Ule breakaway forces in the experiments are not equal to
those in Ule simulatjons. TIllS might be caused by the fact that tllC reluctance force is not modelled_ by an
inaccuracy in the map of the cogging force or by the fact Ulat tlle value of the static friction is not constant.

• Looking at tlle microscopic displacement of the experimcnt and simulation for positive forces, it appears that
for small forces the experiment cliffers quite a lot fTOm thc simulation, which means that the bristle stiffness
0'0 is not estimated properly. TIle slope of the experiment is larger lllan Uuu of the simulation, meaning that
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the value of 0"0 is too large when a positive force is applied. The slopes of the simulation and experiment are
quile equal for negative forces, which means that in this case the estimation of 0"0 is good.

This same breakaway experiment has also been done in another locally stable point where the eogging force is
almost equal 10 zero (x = -0.34 [mD. The results are shown in the figures 3.5 and 3.6.

."L,-~c-.;,,--c!.~.~~~~-:-:~c=-0,4$ -0,4 -0.311 -03 -025 -0'2 -o,l~ .{l,l -OM 0
Fon:tlNI
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•~;,"-;;,;;;;-c~"::..:.-,:,-o';.~;-c"""",""0.0'2 0.001 0,05 O.OS 0.' 01'2 °1~ 016 0,16 0,2
Fon::t(N)

.{l.~'2 -0'6 -0'& -014 .{ll'2 -01 .(lOS
F""'t!N) "

FIgure 3.j: Breo/w..."Cly lesf, positive force, x ".·0.34 [m} Figure 3.6: Breoko...·oy lesf, negoriveforce. x ",,·0.34 [m}

From these figures, the same conclusions can be drawn as from the figures 3.3 and 3.4.

The second experiment to validate tllC model parameters of the LuGre model is the sinusoidal excitation of Ule
system in Ule stick regime. Again the system is moved to x = -0.42111I1 and the controller is turned ofT. In Ulis
open loop situation the system is excited with a sine function with a frequency of20 IHzJ and amplitude of0.1
IN!, which is lower Ulall the static friction. lllis experiment is also simulated, where again the injtial position of
the syslem is the one in the experiment after turning ofT the controller. The results of the simulation and
experiment are shown in the figures 3.7 and 3.8.
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Figure 3.7: Sinusoidal excl/a/ion, x ",,·0.41/mJ Figure 3.8: Smusoidal ere'faflon, x ",·0,41 [m}

From these figures, the following phenomena can be seen:
• The amplitude of position in the experiment is equal to the amplitude of the position in the simulation

(figure 3.7), but there seems a phase shift of 180 Ideg]. This phase shift however, is caused by the phase
shift of the exciting forces.
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• The average position of the system in the experiment differs from the average position in the simulation.
This again might be caused by the fact that the reluctance force is not modelled or by an inaccuracy in the
map of the cogging.

This same sinusoidal experiment has also been done in another locally stable point where the cogging force is
almost equal to zero (x= -0.34 [m]). The results are sho\Vl1 in the figures 3.9 and 3.10.
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Figure J.9: Slnu$oidal e:rcilalion.:r .. -0.34 Iml F,g"re 3.10: Smll.wida{ exclrar,on.:r ...0.34 1m)

From the figures 3.9 and 3.10, the following can be concluded:
• The amplitude of position in the experiment is not equal to the amplitude of the position in the simulation

(figure 3.9). A wrong estimation of the bristle stiffuess 0'0 might cause this effe<:t. Again there seems a phase
shift, but it is also caused by the phase shift of the exciting forces.

• The average position of the system in the experiment again differs from the average position in the
simulation.

Considering the conclusions dra\Vl1 for the various validation experiments, the value of the bristle stiffuess 0'0

might not be estimated properly. To validate this, 0'0 is estimated again in the same way as has been done in
paragraph 3.1, with the only difference that the FRF is measured in x = -0.34 [mI. A second validation is done in
the same point, but now the bandwidth of the injected noise is 50 [Hz], to obtain a beuercoherence allow
frequencies. The results of both experiments, as well as the original measurement of H(jw), are depicted in figure
3.11 where the blue line represents the first validation. the red line the second one and the green line the original
measurement.

."

4,;"", ;~......,~i--h,;-'-'''08'-;''':~i:JI
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F,.q...-.:y 1111]

Fig"re 3. {I: Frequency Respons Func/ions/or the \ICllido/lon offfw. e.slimaflon ofUol
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Figure 3.11 shows that magnitude ofthe second validatioo is about 3 [dB] larger than the magnitude of the
original measurement of the FRF, resulting in a reduction in 0"0 ofa factor 1.4, from which can be concluded that
the value of 0"0 is dependent of the position. Reducing the value of 0"0 in the simulation with sinusoidal excitatioo
atx 1'1:< -0.34 [ml results in an increase of the amplitude of the measured position (see figures 3.12 and 3.13).
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4 Hunting

From previous chapters, it appeared that friction is present in the considered system. As a result of this the
performance of this servo system will be limited in terms of increasing tracking errors and the occurrence of
limit cycles, i.e. periodic solutions of the system. Especially the occurrence oflimit cycles is an undesirable
phenomenon because of its oscillatory and persistent behaviour. Limit cycling is mainly caused by the
combination of the integral action of the PID-controller and the difference between the static and coulomb
friction. The PID-regulator task might end up in a stick-slip oscillation around a reference position that is also
called hunting.
In the following paragraph limit cycles with and without cogging feedback will be discussed. Paragraph 4.2
shows the influence of the control parameter P and in paragraph 4.3 predicted lirPit cycles by simulation are
discussed and compared to experimental ones.

4.1 Limit cycles

In order to create limit cycles about a reference point, a weak PID controller has to be designed. The first and
second zero of the controller are fixed at 1 [Hz], a pole is placed at 500 [Hz] and the controller gain P can be
altered. The controller structure is given by the following equation:

C(S)=Po('t; oS+lJo('td .S+l],'t*'to oS 't ·s+l
1 p

1

2 o n o j.
(4.1)

For the linear system without friction a stability condition for the closed-loop system can be obtained by the
Routh-Hurwitz criterion, which in this case is given by

(4.2)

For the observed system the minimal value ofPis 2.6 and it is assumed to be a lower bound which is also
applicable to the non-linear system, since the friction force will dissipate energy from the system. The reference
point of the system is again x = - 0.42 [m], the locally stable point of the linearized equation of motion (equation
3.3) at which the parameters of the LuGre model are determined. To compensate for the cogging force, the map
of the cogging is implemented in feedback loop. In the case oflimit cycling the map cannot be implemented in a
feedforward loop, because during the experiment the actual position is not equal to the desired position. With the
values of the zeros and the pole mentioned above and a P-value of 5 the limit cycles are obtained and they are
depicted in figure 4.1.
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Figure 4.1: Limit cycle with coggingfeedback
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Figure 4.2: Limit cycle without coggingfeedback

From figure 4.1 it can be seen that a period ofa limit cycle consists of a stickphase and a slip-phase. During the
stickphase the I-action of the PID-controller builds until the feedback controller force is larger than the static
force. During the sliding phase, energy enters the system because of the decreasing friction force with increasing
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velocity (see figure 2.10). Unfortunately, the limit cycles found when using the map of the cogging in a feedback
loop are not reproducible. Therefore the map of the cogging force is not fed back and the reference point is
changed into x = -0.38 [m], which is a locally unstable point of the linearized equation of motion (equation 3.3).
When the values of the control parameters are the same as used to induce the limit cycles in figure 4.1, the
reproducible limit cycle of figure 4.2 can be induced. From this figure it can be seen that there are several
stickphases instead ofone. During these stickphases the I-action of the PID-controller builds until the feedback
controller force is larger than the static friction and the cogging force at the position of the system. Due to this
and the fact that the cogging force is not constant but is position dependent the occurrence of several stickphases
can be explained.

4.2 Influence of the control parameter P

Now that stable and reproducible limit cycles can be found, the influence of the control parameter P can be
looked at.
The first phenomenon that can be seen is that with increasing value ofP the numbers of stickphases of a limit
cycle changes. In table 4.1 the number of stickphases for positive and negative position errors is shown.

Value ofP Number of stickphases, Number of stickphases,
e > 0 [m] e < 0 [m]

5.0-6.1 2 3
6.2-7.3 No reproducible limit cycles
7.4- 9.0 3 4
9.1 - 12.5 3 3

15 2 3
17.5 - 20 2 2
22.5 - 30 2 1
32.5 - 45 1 1

>45 No limit cycle

Table 4.1: Irifluence o/the controlparameter P on the number o/stickphases

From this table it can be seen that for values ofP larger than 45, no limit cycles can be found. In this case the
gain of the controller is too large so the system moves to its reference position. When the value ofP is in the
interval [6.2 7.3] it appears that the limit cycles are not reproducible, so nothing can be said about the number of
stickphases. When the number of stickphases ofa limit cycle decreases from, for example, 3 to 2, it appears that
two of the stickphases move towards each other and become one.
The second phenomenon that can be seen when the value ofP changes, is a change in the period time and
amplitude of the limit cycles, as shown in the figures 4.3 and 4.4 respectively.
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Figure 4.3: Influence o/the controlparameter P on the period time Figure 4.4: Irifluence a/the controlparameter P on the
amplitude

From figure 4.3 it can be seen that the period time decreases with increasing value ofP, until P = 32.5, the fIrst
value ofP at which there are only two stickphases, one for positive and negative position error each. For larger
values ofP the period time increases, meaning that the stickphases last longer. In this case it takes more time for
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the I-action to build until the feedback controller force is larger than the static friction and the cogging force at
the position of the system. In figure 4.4 the amplitude ofthe largest stickphase is plotted as a function onhe
control parameter P. It can be seen that both the amplitudes of the positive and negative error decrease with
increasing value of P.

4.3 Simulation of limit cycles

With the use of the LuGre model and its parameters as they were found in paragraph 3.1, the occurrence of limit
cycles can be predicted in simulation. In order to do this, the map of the cogging force is used as a disturbing
force and the control parameters of paragraph 4.1 are used. To obtain a limit cycle with the correct number of
stiekphases and satisfying period times and amplitudes, it appeared that the values of the parameters 0"0 and VJ

had to be adjusted a little to 0.30 [N/m] and 0.01 [mls] respectively. The resulting limit cycle in the simulation is
depicted in figure 4.5, as well as the experimental limit cycle.

Figure 4.5: Comparison ofllmll cycles
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From figure 4.5 il can be seen that the period lime oflhe predicted limit cycles is a billarger than that of the
experimental ones, because the stickphases are larger. The figure also shows that the amplitudes of the several
stickphases differ a little bit UnmodelIed disturbing forces, for example tlle reluctance force, might cause these
differences. The nwnber of stickphases however is predieted correctly. Figure 4.6 shows that the shape ofthe
stickphase of the predieted limit cycles is the same as thai of tlle experimental one.
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5 Conclusions and recommendations

In order to achieve the goals of this research, i.e. (i) predicting and experimentally inducing limit cycles on the
H-drive and (ii) making a map ofthe influence of the control parameter P, fIrst a model of the system has been
made. The next step was identifying the different parts of the model by making extensive system identifIcation,
consisting ofa linear and non-linear part. By measuring the sensitivity Frequency Response Function (FRF),
from which the system FRF is calculated, the identifIcation of the linear part has been done. By making a map of
the cogging force and identifying the friction by means of the Stribeck curve, the non-linear part of the system
has been identifIed. The third step to achieve the goals mentioned above, the dynamic LuGre friction model has
been chosen to predict the limit cycles and its parameters have been estimated.

With the use of the extensive system identifIcation and the LuGre model, limit cycles can be predicted quite
accurately. Although the amplitude and period time of a predicted limit cycle differ a little, the number of
stickphases and their shapes are predicted well. Also a clear view of the influence ofthe control parameter P on
the period time and amplitude of the limit cycles has been found. Both decrease with an increasing value ofP,
but the period time increases when the limit cycle consists of two stickphases, one for positive position errors
and one for negative ones.

During the performed experiments, it appeared that unmodelled dynamics, for example the reluctance force, and
the position dependency of some of the identifIed parameters caused a difference between the experiments and
simulations. Therefore it can be recommended that further research is done to model these phenomena.
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Appendix A: Control parameters

PID-controller Gain 4450
First zero 8 [Hz]
Second zero 10 [Hz]
Pole 150 [Hz]

First order low pass Pole 300 [Hz]

Notch 1 Zero 143.75 [Hz]
Damping zero 0.05
Pole 143.75 lHzJ
damping pole 0.012

Notch 2 Zero 162.5 [Hz]
Damping zero 0.019
Pole 162.5 [Hz]
Damping pole 0.09

Table A.I: Control parameters
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