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Part 1

The State of the Art in Friction
Modeling for Systems Identification

1.1 INTRODUCTION

Friction is a complex nonlinear phenomenon. A great deal is known about friction in specific circumstances, but not
in the general case, if there is such a thing. There is still much to be learned about its nature and how it changes under
different circumstances, and how it can be predicted and controlled. Indeed, it is difficult to find a process, in nature or
industry, that is entirely free of friction [1]. Examples of frictional effects in everyday life are, without a doubt, endless.

What is the definition of friction? Before anything else, we must say that the term friction is used more as a
descriptive convenience rather than as a rigorous definition of friction phenomenon. The term friction comes from the
Latin verbfricare, that is, to rub. The word tribology (Greek word for the study of rubbing), however, includes not only
friction but also lubrication and wear. So, tribology is the science of the mechanisms of friction, lubrication, and wear
of interaction bodies that are in relative motion. Tribology addresses and answers questions such as the true contact
area, the relationships between friction, material properties and lubricating processes, wear mechanisms, and so on. In
[2] is presented a timeline of the scientific study of friction starting with Leonardo Da Vinci (1452) giving the 1994
state of the art in friction for control purposes. Until recently, in tribology frictional dynamics has not been a focus
[2]. Nevertheless, for the control engineer thenamicsof friction is of greatest interest; and here, lately, the control
literature has become a major developer.

We will focus only on just a group of frictional phenomena: static and dynamic friction between solid bodies,
friction modelling, and compensation methods for machines with friction.

Usually friction is not wanted, so a great deal has been done to reduce it by design, or by control. Friction introduces
significant limitations to achieving good performance in controlled mechanical systems. In this respect, a widely
used principle of friction control is model-based friction compensation which is utilized to apply a force or torque
command equal and opposite in sign to the instantaneous friction force. An accurate friction model is needed for
this purpose. Thus, various mathematical relationships have been developed to determine the influence of friction
on machine behavior. Due to the fact that friction is such a common phenomenon, when feedback control methods
are applied to machines and bodies in motion, friction appears invariably among the forces of motion [2] and which,
oftentimes, cannot be simply ignored.

The number of friction models proposed in literature is huge, see [2] for a complete literature survey, and can be
subdivided with respect to their detail in describing surface contact properties occurring on a microscopic and macro-
scopic level. In the past decade major effort and contributions [3], [4], [5] are made in the development of friction
models, suitable for analysis and controller synthesis, which have relatively limited complexity but a relevant similar-
ity to practically observed friction phenomena.

1.2 STATIC FICTION MODELS

Various mathematical models have been proposed in the literature that describe the important friction phenomena
observed. Most of them are still used now, which model is preferred now depends on the purpose of it, but the model
that accurately describes all the observed phenomena is in general to be preferred. Besides the question of effectiveness
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also the model efficiency, e.qg., the required computational resources in terms of time, can be of importance when for
instance the model will be used in simulation studies. Due to the complexity of the physical mechanisms underlying
friction, most models are of an empirical nature. Furthermore, a distinction was made bstateand dynamic

models depending on the inclusion of frictional memory. For static friction models, this frictional memory is not
take into account, whereas for dynamic friction models this memory behavior is described with additional dynamics
between velocity and the friction force.

The observed friction phenomena during the early days of scientific study of friction, Amontons in [6], then
Coulomb in [7], and then others, have led to models of Coulomb, viscous, static friction (stiction), and their possible
combinations, which are often referred to @dassical models of friction The Stribeck model, which models the
Stribeck effect [8], can also be classified nhowadays as belonging to this set of models. Four possible combinations are

shown below.
F F /

— —
/
(a) Coulomb (b) Coulomb + viscous
/ /\
(c) Coulomb + viscous + stiction (d) Coulomb + viscous + Stribeck effect

The static friction models are those that give the friction forces a function of velocity. These models only describe
the steady-state behavior between velocity and friction force. One drawback of the above models is discontinuity at
zero velocity that allows the friction rate to take on an infinite number of possible values. The discontinuity does not
reflect the real friction behavior in a good way and causes errors or even instability in the algorithms used to compen-
sate friction.

1.2.1 Coulomb Friction

Independent of the area of contact, the Coulomb friction always opposes relative motion and is proportional to the
normal force of contact. The Coulomb friction is the friction phenomenon that is only dependent of the direction of
the velocity, not of the magnitude of the velocity. It is modelled as a static map between velocity and friction force that
depends on the sign of the velocity.
F =Fcsgnv)
where Fc=u|fa|, M being the coefficient for friction ané, the normal force.

Coulomb friction is called als&inetic friction because it defines friction for non-zero velocities. For zero velocities
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the above Coulomb friction depends upon signumfunction definition. A common use of the switching function is

+1 V v>0

sgnv) = 0 VvV v=0
-1 V v<O

A question that immediately arises is with Coulomb friction and which is very important because can create in-
stability in the algorithms that depend on the true zero velocity to compensate frictfhen precisely the velocity
reaches and crosses the zero lev&iZact, this is the fundamental problem with alassical models of frictiothey
are not causal, i.e., the discontinuity at zero velocity permits friction to take an infinite number of values [9].

1.2.2 Viscous Friction

Viscous friction results from the viscous behavior of a fluid lubricant layer between two rubbing surfaces. As shown
in above, viscous friction is represented as a linear function of velocity.

F=Rv

Viscous friction is the friction component that is proportional to velocity and goes to zero at zero velocity.

1.2.3 Stiction

Experimentally has been observed that friction force at rest is higher than the kinetic force or Coulomb friction. If the
system is in sticking an externally applied force is need that is equal or greater than the stiction force to put the body
in motion, i.e. in slipping. This has been studied intensely in the 1950s, see the study of Rabinowicz [10] about the
nature of the static and kinetic coefficients of friction. Static friction (stiction) is the force required to initiate motion
from rest. Typically, the magnitude of static friction is greater than the magnitude of Coulomb friction which can lead
to intermittent motion known as stick-slip motion.

Stiction is assumed to be independent of the velocity, however varies as a function of the dwell-time when sticking
and the rate of increase of the applied force. Thus, friction at rest cannot be described as a function of only velocity.
Instead, it has to be captured in the model an external feyes in the following description.

. Fe if v=0 and |F|<Fs
| Fsson(Fe) if v=0 and |Fe|>Fe

1.2.4 Stribeck Effect

Stribeck effect is the friction phenomenon that arises from the use of fluid lubrication and gives rise to decreasing
friction with increasing velocity at low velocity. For low velocities the friction force decreases with increasing velocity.
Stribeck effect is needed to correctly predict initial conditions leading to stick-slip motion.

Stribeck curve [8] is a continuous drop in the friction force for small velocities, which originates from the transi-
tion of boundary lubrication to full fluid lubrication through partial fluid lubrication [2]. The Stribeck effect could not
be ignored for most of the cases and had been introduced and used extensively into the new frictional models developed.

1.2.5 Continuous zero-velocity crossing model

The discontinuity of friction at zero velocity can lead to unwanted consequences such as (1) non-uniqueness of the
solutions to the equations of motion for the system [2] which can occur in real friction and (2) numerical problems if

such a model is used in simulation like numerical chatter. Precautions have to be taken when numerically integrating a
system model that includes discontinuities as introduced by the classical friction models. One approach to overcome
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N
—

(e) Stribeck curve of steady-state friction force

(f) Continuous zero-velocity crossing model

the discontinuity is approximating or smoothing the map by a curve with finite slope [11] as depicted in the figure
below

Nonetheless, a very steep slope around zero velocity can result in very short integration time steps which slows
down simulation. Moreover, the body connected to the frictional contact surface will accelerate even if the external
forces on the body are less than the peak static friction force Fs and therefore these alternate friction models will not
provide true stiction.

1.2.6 A more general static model

A more general model than the classical models of friction is given in [12] and it covers Coulomb, viscous, stiction,
and Stribeck friction.

F(v) if v#0 and |F|<Fs
F= Fe if v=0 and |F|<Fs
Fssgn(Fe) otherwise

whereF (v) is a nonlinear function, e.g., of the form

vé

Vs

F(v)=Fo+ (Fs—Fo)e

with vs as the Stribeck velocity andlas the form factor. Such kind of friction models have been used for quite a
long time.

+FRv

1.2.7 Karnopp Model

For control purposes, the main disadvantage when using a model such as the general model above, is the problem of
detecting when exactly the velocity is zero. Karnopp in [13] developed a model to overcome the problems with zero
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velocity detection and to avoid switching between different state equations for sticking and sliding. The model defines
a zero velocity intervallv| < DV. For velocities within this interval the internal state of the system the velocity may
change and be non-zero but the output of the block is maintained at zero by a dead-zone.

The drawback with the model is that it is so strongly coupled with the rest of the system. The external force is
an input to the model and this force is not always explicitly given. The model therefore has to be tailored for each
configuration. Variations of the Karnopp model are widely used since they allow efficient simulations. Nevertheless,
the zero velocity interval does not agree with real friction phenomenon and has not been used to extensively.

1.2.8 The seven parameter model

The seven parameter model is a friction model designed to include all relevant experimentally observed friction phe-
nomena and was proposed by Armstrong in [2], [11]. It consists of two separate models: a stiction model and a sliding
model. During stiction, friction is modelled as a stiff spring to account for presliding displacements.

Fi (x) = ox
In sliding, the model is modelled as Coulomb + viscous + Stribeck effect with frictional memory:

. . 1 .
Fr(x,t) = | Fe+RX| +Fs(Y,t2) ——————— [ sgn¥)
<X(t—'[|_))
1+ ——=
Xs
t2
where Fs(y,to) = F Fsw—Fsa)——
s(Vst2) = Fsa+ (Fs, sa)t2+y

describes the varying friction level at break-away.

The level of the stiction forc€s varies with the time at zero velocity (dwell time). A long dwell time means a
high break-away force. The forég , is the magnitude of the Stribeck friction at the end of the previous sliding period,;
y is an empirical parameter. The friction force for the sliding mode is equivalent to a static friction model where the
velocity has been replaced with a delayed version and which has a time-dependent coEff[éiéhtThe time delay
1. models the desired frictional memory. When used in simulations some mechanism has to be employed to switch
between the two modes for sliding and stiction. Also, the model statadx have to be initialized appropriately every
time a switch occurs. Although useful for analysis of stick-slip behavior [11], for simulation purposes the model seems
to be less appropriate, see [15] where was performed a simulation study employing, amongst several other friction
models, the seven parameter model.

1.3 FRICTION PHENOMENA

Experimentally has been shown that friction in control applications exhibits phenomena that cannot be modelled with a
static friction model as above, such as presliding displacement, frictional lag, varying break-away force, and stick-slip
motion. In studying friction there is a clear necessity of using dynamic friction models to take those phenomena into
account and, thus, the following properties of a friction model are considered to be very important for the control of

friction in mechanical systems.

1.3.1 Presliding Displacement

If a force is applied to two surfaces in contact a small displacement will always occur due to limited stiffness of
contact asperities [8]. Friction force behaves like a spring (and that causes a displacement linear dependent on the
applied force) if the externally applied force is less than the break-away force. Small motions in the elastic region
in sticking are referred to as presliding displacement or the Dahl effect. Presliding displacement is a consequence
of elastic deformation of the surface asperities where contact and sliding occur and it significantly influences friction
forces during velocity reversal [11]. It is the compliance of presliding displacement that softens the hard nonlinearity
of friction at zero velocity. Presliding displacement is needed to correctly predict small displacements while sticking
(including velocity reversals).
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Contrary to the predictions derived from the classical friction model, researchers including Courtney-Pratt and
Eisner [16] and others have found experimentally that small relative displacements between two bodies in contact
do occur when the applied relative tangential force is less than the static friction. Although the magnitude of this
pre-sliding displacement is small, with sufficient gain, as in a robot with a fairly long link, small displacements at
the rubbing surface can translate into significant displacements elsewhere in the mechanism. Further, the nature of
pre-sliding displacements provides insight into a difficult part of the control problem, the transition between sticking
and sliding. Courtney-Pratt and Eisner interpreted the pre-sliding phenomenon within the framework of the theory of
asperity junction adhesion, asperity junctions being the load bearing interfaces between rubbing surfaces. Specifically,
as the shear force at the contact surfaces increases, the asperity junctions deform elastically and then plastically. When
the applied force finally reaches the stiction level, the asperity junctions break and sliding begins. Because of the
plastic deformation, alternate increases and decreases in applied tangential force result in friction hysteresis loops. The
pre-sliding displacement phenomenon is illustrated in figure below, which shows frieti@na function of displace-
mentx based on experimental results.

friction F increasing
“ tangential
force
F. -
¢ ’

/ decreasing
tangential
force

P
¢ displacement x
— -F,

1.3.2 Frictional Lag

Frictional lag is the delay in the change of the friction force as function of a change in the velocity which may have a
significant impact on dynamics as noted by Hess and Soom [17]. There is a hysteresis in the relationship between fric-
tion force and velocity. Namely, the friction force is lower for decreasing velocities than it is for increasing velocities.
The width of the hysteresis loop increases with frequency and with higher rates of velocity changes [3].

FA

N
AN

v

Frictional lag is a dynamic behavior that results in a larger friction force for increasing velocities than for decreasing
velocities and becomes more apparent for large acceleration and/or deceleration [17].

We note the considerable empirical evidence that has become available indicating that friction does not respond in-
stantaneously to a change in velocity. The primary work here is due to geophysicists who use stick-slip for earthquake-
related predictions. Hess and Soom also found strong evidence of frictional lag, in their experiments on a flat steel
button rubbing against a rotating steel disk. Frictional lag makes stick-slip instabilities less likely. Because a decrease
in friction occurs slowly when velocity is increased, stiff systems will not experience stick-slip [11].
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1.3.3 Varying Break-Away Force

The break-away force is the force required to overcome stiction and initiate motion and it has been intensely studied
for the last several decades [2]. Varying break-away force or rising static friction (sometimes also called static friction
level) is the dependence of the break-away force on the rate of increase of the applied force [16].

break-away force

N

—>_

force rate

N

The dwell-time when sticking is always related to the rate of increase of the applied force and the effects cause by
these two connected factors cannot be separated. Also, the break-away force can be interpreted in the control systems
as the minimum open-loop force.

1.3.4 Stick-Slip Motion

Stick-slip motion manifests itself as repeated sequences of sticking between two surfaces with static friction followed
by sliding or slipping of the two surfaces, for instance, when moving slowly, machines are likely to exhibit stick-
slip motion [11]. Stick-slip is a phenomenon which happens when sliding one body over another under a steady
pulling force and the sliding velocity fluctuates widely. These fluctuations consist of sticking where the motion stops
and slipping where the bodies suddenly accelerate again. In most practical sliding systems, these fluctuations of the
sliding velocity are considered a serious nuisance. Eliminating or reducing the amplitude of the fluctuations is usually
necessary. Stick-slip motion is caused by the fact that friction is larger at rest than during motion. When the applied
force reaches the break-away force the body starts to slide and friction decreases rapidly due to the Stribeck effect.

For the servo-mechanism control problem, stick-slip can diminish control accuracy. The stick-slip limit cycling
can be avoided if damping and stiffness are sufficiently high.

1.3.5 Time-dependent, position dependent, and direction-dependent friction

Time-dependent frictionFrom practical experiments can be seen that friction changes with time [1]. These changes of
friction with time are due to such things as loss of lubricant, deformation of the surface material, change in temperature
due to generated heat and accumulation of wear debris, and the like.

Position-dependent friction Friction exhibits also a dependence on the positioning of a system. This has been
experimentally observed and is well known by a lot of tribology researchers. This position-dependency is caused by
spatial inhomogeneities [1] in the transmission of the system due to contact geometry and loading which varies as a
function of position. As the load varies, the normal force between the sliding surfaces varies, causing a varying friction.

Direction-dependent friction Again, experimentally, has been found the friction to be dependent on the direction
of the motion of a system. Different Coulomb and viscous friction levels in the left and right directions of a single,
linear motion have been observed experimentally on many occasions. This may be due to anisotropies in material or
material geometry.
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1.4 DYNAMIC FICTION MODELS

One of the major disadvantage of the discussed static friction models is the limited richness of the models, which
will result in inaccurate friction models for certain regions of interest, such as presliding displacement in the stiction

regime or frictional lag for the sliding regime. For the analysis of friction related problems or controller synthesis these

phenomena may be of importance, which motivated control researchers to make a creative effort in this direction.

The seven parameter model and similar static models try to capture the dynamics of friction by introducing time
dependency or a time delay. A better alternative approach is the use of dynamic models, which are also often referred to
as state variable models. In its general form state variable models were introduced by geophysicists to study stick-slip
phenomena. Interest in these phenomena stems from the hypothesis that earthquakes are stick-slip events, in which the
earth’s tectonic plates in succession stick and slip . The idea is to introduce extra state variables (or internal states) that
determine the level of friction in addition to velocity. The evolution in time of the state variables is governed by a set
of differential equations. Often the introduced state variables can be given a physical interpretation, which depends on
the friction mechanism that the friction model is supposed to describe. Over the past decades a few friction models
belonging to this class have been proposed, i.e., in the late 1960’s the Dahl model [18], but only recently interest seems
to have increased especially within the control community where several dynamic friction models have been proposed
in the 1990’s by Haessig et al. [4], Dupont et al. [19], Canudas de Wit et al. [3] and Bliman et al. [5]. The research
path which starts with the Dahl model will be discussed in more detail, because it resulted in the nowadays widely
used dynamic LuGre friction model [3]. To describe presliding displacements, i.e., elastic and plastic deformations of
the asperity junctions before macroscopic sliding, Dahl thought of exploiting the stress-strain curve of two surfaces
under contact known from solid mechanics. Dahl showed how the stress-strain curve can be transformed into a force-
displacement curve.

1.4.1 Dahl Model

Dahl model is a generalization of the ordinary Coulomb friction, that is, the steady-state version of Dahl model is
Coulomb friction. Dahl [18] started with the following relation for the stress-strain curve.

dF _OF  oF dx
dt ot = ox dt
Then he made the assumption t%(t does not depend on the variable

dF _ oF dx
dt  ox dt
dF  dFdx dFV
dt ~ dxdt dx
It can be noted that WltdeX =k, wherek is a positive constant, by integration the expression can be written as
F = kxwhich is a linear spring model. The general Dahl model is written as:

% = 00’17 %sgn %isgn(lf %Sgﬂ V)
or
?T't: = 00‘1_ %sgn \{isgn<1— %sgn v) v

With i = 1 we get the simplified Dahl model which is used much more.

Z—i :00(1— %sgnv)
or
%'t: —ao(1- %sgnv)%(ﬂfo(lf %Sgn\l)v

that is
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— = 0gV—0p—Sgnv)v
dt — 00V~ 0o gn(v)
. . _F
IntroducingF = 0pz, which means also that = o we get
o
. OpZ
Z = v——
Fe \
F = opz
in steady state Dahl model simplifies to
Fc
zZ=—sgnv
Op 9
F=Fcsgnv

that is, the Coulomb friction model.

Dahl model does not capture Stribeck effect (which is a rate dependent phenomenon) nor does it capture stiction.

It can be observed also that LuGre model reduces to Dahl modgivf = o ando; =02 =0.
0

1.4.2 The Bristle Model

The contact of two rough technical surfaces the external forces lead to elastic and plastic deformations of the contact-
ing asperities. The bristle model captures the randomness of friction that originates from the random distribution of
asperities on a surface and was introduced by Haessig and Friedland [4]. They assume friction between two contact
surfaces to be caused by a large number of interacting bristles.

\\

A connected bristle acts as a spring and when the stsqin bj| of a certain bristle exceeds a certain level the
connection is broken and a new connection with a random strain is established. Friction is made a function of velocity
by further assuming that the number of bristles depends on the relative velocity of the opposing surfaces. The friction
force is the sum total of the separate spring forces and is

where
N - the number of bristles
0y - the stiffness of the bristles
X; - the relative position of the bristles

b; - the location where a connection takes place

The model captures the random nature of friction which depends on the number of bristles chosen, the greater

the number the more complex the bristle model.

This makes the model inefficient as far as the complexity of the

algorithms is concerned. Numerically, the bristle model is highly ineffective and is therefore normally not be used in
simulations. The merits of this model are found in the interpretation of friction as interacting bristles and the real-life

random behavior that it reproduces.
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1.4.3 The Reset Integrator Model

In the same paper Haessig et al. [4] introduces a more workable and numerically more efficient model for simula-
tion purposes named the reset integrator model. This models the bonding effect during stiction by a single position
variable named presliding displacementhe local randomness of friction being modelled by averaging the stochastic
properties of the different bristle connections.

This model captures the dynamic effects of friction using an integrator with a reset action to distinguish between
the two casestickingandslipping When a characteristic presliding distarzges reached macroscopic sliding starts
and the model changes from the sticking mode to the slipping mode. In must observed as was already the case for the
Karnopp model and the seven parameter model, the friction model consists of two different models which are coupled
by a switching variable. The position varialdeiewed as a state variable, and its dynamics is given by:

0 if x>0 and z>2z7
z=¢ 0 if x<0 and z<-7
X otherwise

The friction force can be only in two modes, either stiction or sliding:

c oo(X)(1+a)z+012 |7 <7
Oo(X)z1 1z >z

where g1z is an supplementary damping term introduced physical realism by having damped oscillations during

the sticking mode and introduces the viscous friction effects during presliding. The stiéfpegsis an arbitrary
function of velocity and the coefficiertis added to give a higher level for stiction. During stiction, the friction force
cancels the driving force through spring-damper system. The reset integrator model is discontinuous in the state vari-
ablez due to switching from stiction to sliding and numerical problems may arise for very large damping values or
spring stiffness.

1.4.4 Models for lubricated contacts

The friction interfaces in most engineering applications are lubricated. Friction interfaces in machineries and real
applications are lubricated and for this reason friction models have been derived in the literature using hydrodynamics,
for instance the viscous friction, but other lubricated models were also developed. Harnoy and Friedland [20] propesed
a model based on the hydrodynamics of a lubricated journal bearing. The model stresses the dynamics of the friction
force. The eccentricity e of the bearing is an important variable in determining the friction force. A simple model is
given by

F=Ky(e—&r)?A+

V1-—g2

It consists of two terms, first term is due to the shearing of the asperity contacts and the second term is due to the
viscosity of the lubricant and has five parameters.

1 if e>¢
A=
0 otherwise

The functionA implies that for small eccentricities there is no friction due to asperity contacts. The eccentricity
is given by a fourth-order differential equation, which determines the pressure distribution in the lubricant. The model
from the start requires initial values when switching between slipping and sticking occurs.
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1.4.5 Bliman-Sorine Model

Another dynamic friction model inspired by the Dahl model is the Bliman-Sorine friction model [5]. This second order
linear dynamic friction model connects a fast and a slow Dahl model in parallel, where the fast model has the highest
steady-state friction and the force from the slow model is subtracted from the fast model, which results in a stiction
peak. However, comparison studies [21], [22], [14] revealed that the dynamic LuGre model is beneficial with respect to
the ability to model rate dependent friction phenomena, such as varying breakaway force and frictional lag. Moreover,
the model order of the Bliman-Sorine model is higher than for the LuGre model and the damping properties during
stiction is numerically more efficient for the Lugre model. Hence, the Bliman-Sorine friction model will not be used
further.

Bliman-Sorine model generalizes Dahl model to obtain the Stribeck effect. Bliman and Sorine replaced the time
variablet by a space variablgethrough the transformation

ds= |v(t)|dt
or the integral form
t
s= | |v(T)|dt
| vl

The variablesis a space variable defined as #iesolute relative displacemeaf the bodies in contact since the
last change of velocity sign. By applying the above transformation to the simplified Dahl model we get

dF = 0gV— O is nv)v
ar 90 OFC g

dF F

g5 V| = ooV — oo%sgr(V)v
dF F
P —OOE +opsgn(v)

which is a linear first-order systemsgn(v) is regarded as an input.
Bliman and Sorine replaced the equation above by a second-order model
2
% + 2Ew% + w’F = W?Fesgn(v)

in order to model stiction force as an overshoot in response to sign changes in the velocity. This model gives only
a spatially transient Stribeck effect after a change of the direction of motion and the Stribeck effect is not present in the
steady-state relation between velocity and friction force.

Bliman-Sorine model is rate independent.

1.4.6 LuGre Model

A model that is in line with the considerations of the Dahl model and also employs the idea of an averaged characteristic
presliding displacement, as introduced by Heassig et al. [4], has been proposed by Canudas de Wit et al. [3], where
it is presented as the LuGre model. It combines the Dahl model with arbitrary steady-state characteristics such as the
Stribeck effect. However, the interpretation of the internal state is that of the bristle model, i.e., friction is visualized as
forces produced by bending bristles behaving like springs, but instead of modelling the random behavior of friction it
is based on the average behavior of the bristles. LuGre model is rate dependent.

In the LuGre model the friction force during stiction is modelled as the average force applied by a set of elastic
springs under a tangential microscopic displacement. An interpretation of these elastic springs can be given under the
assumption that the two moving surfaces are in contact by a large number of bristles with a certain stiffness which can
be represented as in the figure below.

Bristle stiffness and microscopic damping are introduced to model the average bristle displacement.

7 = vf%z\v\ (1)
gv) = Fe+(Fs—Fo)e V%’ )
F = 0pgz+012+0oV (3
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where

v(t) is the relative velocity of the bodies in contact.

z is the average bristle deflectianis the internal state of the model.

0o is the stiffness of the bristles.

o1 is the microscopic damping.

(o1} is the viscous friction coefficient.

g(v) is the function that models the Stribeck effect, i.e., the Stribeck curve for steady-state velocities.
f(v) is the viscous friction.

Fc is the Coulomb friction level.

Fs is the stiction level.

F is the tangential friction force, the output of the model.

Vs is the Stribeck velocity and determines hgv) varies within its bounds~; < g(v) < Fs— F.
ooV is the viscous friction (important only for higher velocities).

LuGre model description is characterized by six parametegso1, 02, Fc, Fs, and vs.
0p, 01 are thedynamic parameters
Fc,Fs, Vs, andoy are thestatic parameters

For the same reason as with the reset integrator model an extra damping term is included and viscous friction
is represented by, v. The Stribeck effect is reproduced by assuming that the average deflection of the bristles at
steady-state motion, and therefore the friction force, decreases with increasing velocity. Thus, neglecting for a moment
viscous friction, at steady-state the friction force is given by

F =00z=g(v)sgnv)

The LuGre friction model is a special case of the model and is denoted as the standard parametrization, which is due
to linear viscous friction and a constant bristle microscopic damping paramefe4]. This standard parametrization
can be restrictive with respect to the desired passivity property of friction as shown by Barabanov et al. [23] who
present necessary conditions so that the passivity property to hold for the LuGre model. The conditions are expressed
in terms of a simple algebraic inequality involving the parameters of the model. A velocity dependent parametrization
of the bristle damping might result in a model which is dissipative. If the damping coefficient 1 decreases for increasing
velocity, a dissipative model is obtained, which is physically motivated by the change of the damping characteristics
as velocity increases, due to more lubricant being forced into the interface of the two contact surfaces.

In turn, Lugre model has been subjected to several criticisms by Swevers et al. [24], mainly focusing on the relation
imposed in the LuGre model between the friction force during presliding and the state variable of the model. Swevers
et al. showed by experiments that the relation is more complicated, and is characterized by hysteresis behavior with
nonlocal memory. They also modified accordingly the LuGre model into the Leuven model. These findings were also
confirmed in [25]. Later, the stack mechanism used to implement the hysteresis behavior (quite cumbersome to be
implemented in real-time systems) has been replaced by the more efficient. Another criticism to the LuGre model has
been recently raised by Dupont et al. [26], who underline a nonphysical drift phenomenon, arising when the applied
force is characterized by small vibrations, well below the static friction limit.
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1.4.7 Leuven Model

The integrated friction model by Swevers et al. in [24] called the Leuven model is a more elaborated friction model
than the LuGre model proposed by Canudas de Wit et al. [3]. Leuven model structure allows accurate modelling both
in the presliding and the sliding regimes without the use of a switching function. The model incorporates a hysteresis
function with nonlocal memory and arbitrary transition curves. This model can account accurately for experimentally
obtained friction characteristics: Stribeck effect in sliding, friction lag, varying break-away, stick-slip behavior and,
hysteretic behavior in presliding. This last property cannot be modeled with the LuGre model.

Leuven model also consists of two equations: a friction force equation and a nonlinear state equation. It uses a
state variable which can be seen as the average deflection of the asperity junctions.

dz2 (R \| R |
dt*VO'SW(aw—H) V)~ F )
Fi =Fh(2) +013—tz+02v

where

vis the current velocity
nis a coefficient used to shape the transition curves
s(v) is a function that models the constant velocity behavior

<V|>5
s(v) =sgnv) | e+ (Fs—Fe)e \ Vs

Fn(2) is the hysteresis force, i.e., the part of the friction force exhibiting hysteresis behavior with state aamble
input. The hysteresis force is a static nonlinearity with a nonlocal memory. The implementation of the hysteresis
force is made of two parts

Fu(2) = Fo-+ Fu(2)

with R, being the beginning of a transition curve at velocity reversalftd) the transition curve active at a
certain time.

Leuven Model includes the friction properties of the LuGre model and a more accurate modeling of the presliding
regime using a hysteresis function with nonlocal memory. Leuven model has been improved in [27] by overcoming
the detected problem of a discontinuity in the friction force upon closing a hysteresis loop and by proposing a more
appropriate implementation of the hysteresis force based on the general Maxwell slip model which can eliminate the
problem of stack overflow noted in [24] for the Leuven model implementation.
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1.5 CONCLUSIONS

We have reviewed the mathematical models of friction used in controls literature starting from the simplest to the most
complex, each of them trying in one way or another to capture the complex friction phenomena. It must be stressed
that LuGre model is today one of the most used in the literature. LuGre model exhibits a rich behavior in terms of
observed friction phenomena and in particular is able to model: stiction, the Stribeck effect, frictional lag or hysteresis,
and stick-slip transitions. However, some of the practically observed hysteresis related phenomena can not be predicted
accurately by the LuGre model as noted by Olsson et al. [14] and Swevers et al. [24]. The latter proposes an extension
of the LuGre model to approach these hysteresis problems. The notion of stiction is re-addressed by Dupont et al. [19],
who discusses the difference between stiction and presliding displacement. In their analysis both the dynamic Dahl
and LuGre friction models are considered to possess presliding displacement but no stiction. A new elasto-plastic state
variable friction model is proposed which models both stiction and presliding displacement. However, the proposed
Leuven model by Swevers et al. [24] is more complex than the standard parametrization of the LuGre model due to
the use of a hybrid hysteresis model and therefore more difficult to be used for control design and analysis. On the
other hand, the elasto-plastic state variable friction model proposed by Dupont et al. [19] is mainly based on simulation
studies and the presented ideas are not yet confirmed experimentally. Hence, the standard parametrization of the LuGre
model is still most wildly used nowadays.

All these experimentally observed phenomena and their modelation are necessary to fully understand the problems
present in controlled mechanical systems with friction, since a motion system faces one or more of the above described
frictional stages for each task performed. Moreover, the simplest friction model combining all these properties has to
contain extra dynamics for the modelling of varying static friction and hysteresis due to frictional lag and should at
the same time be nonlinear to capture the Stribeck curve. However, for the analysis of controlled mechanical systems,
simplification of the friction model is often necessary due to the limited applicability of the used analysis tools. On
the other hand, some friction induced phenomena can successfully be described with less complex friction models,
which is desirable from a conceptual point of view and is also an important research issue. The estimation of the model
parameters is important for obtaining quantitatively accurate friction models, which can be used as a mathematical
representation of the friction. In general, it is not possible to measure the friction force directly and therefore the
identification of friction in a mechanical system is far from trivial. Since the friction force can not be observed directly,
experiments for the identification procedure are performed by sensing quantities that are influenced indirectly by the
friction force, such as displacements, velocities or acceleration of the mass connected to the frictional contact surface.
To estimate the model parameters, often extended with parameters to describe other dynamics in the system, such as
mass and stiffness, different dedicated and time-consuming experiments must to be conducted. Each experiment must
be designed to visualize one of the friction phenomena as described above by excluding other dynamics in the system.
However, the time-varying nature of friction due to wear and exogenous variables such as changing load or operating
temperatures might limit the applicability of an estimated friction model considerably. At a macroscopic level friction
forces vary in time due to microscopic effects such as deformation of contact surfaces, accumulation of wear particles
or changes in the properties of the lubricant. Since these influences are hard to measure it is also difficult to model
these time varying phenomena. Hence, the estimated friction model is expected to capture at best an averaged behavior
of the actual friction over time. Validation of the friction model with its estimated parameters can either focus on
the ability of the identified model to predict the friction characteristics of interest or on the closed-loop performance
when the identified friction model is incorporated in the controller design. Typical errors caused by friction in control
loops are steady-state errors in position regulation, tracking lags, and limit cycles. The models can be validated in an
open-loop or closed-loop setting and results might be improved, if desirable, in an iterative procedure, by choosing a
more complex friction model.



Part 2

Summary of the Work Done

2.1 M220 - THE EQUATIONS OF MOTION

For the purpose of studying friction phenomena in all detail our investigation group CoDAlab from UPC Barcelona
has purchased an industrial emulator made by ECP Systems, see [28], which will be referred to from now on as M220.
This machine is a solid tool and testbed used primarily for experimentation in systems identification and control. M220
consists of a drive inertia and a load inertia, namely, it has a motor connected to a first smaller disk or "drive inertia"
which in turn is connected to an idler pulley by an inelastic belt whose shaft is connected to the second larger disk or
"load inertia".

The main advantages offered by M220 are: 1) it can be used for studying the nonlinear dry friction phenomena
that occur in mechanical systems, and 2) it provides accurate and reliable data by means of high resolution encoders
controlled by a DSP controller and a specialized C-like software which interface with a PC.

2.1.1 Two-gear belt mechanism

Let us consider thewo-gear belt mechanisas shown below.

We have:

01 is the angular position of theriving gear(motored).

0, is the angular position of thdriven gear(load).

ry is theradiusof the driving gear.

ro is theradiusof the driven gear.

Gear ratio is the number of turns thdriving gear(motored - offirst gear) does
per one single turn of theériven gear(load - orsecondyear).

rp . . .
Ng = -2 s thegear ratio, and becausey > 1 is calledspeed reducer
r

1
Ji is the driving geamertia.
Jo is the driven geainertia.

17
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Ty is thetorqueof the driving gear (generated by the driving motor).
T, is thetorqueof the driven gear (load torque).

Definition 1

Definition 2

Inertia is the resistance an object has relative to changes in velocity.

Themoment of inertia J of a body is a measure of how hard it is to get it rotating about some
axis. The momenl is to rotation as mags is to translation. The larger thke the more work
required to get the object spinning, just as the larger the masise more work required to get it
moving in a straight line.

Analogies
J = moment of inertia I = mass
8 = angular position X = position
Q = angular velocity X = velocily
é = angular acceleration X = acceleration
T = torque F = jorce
T=78 F=mx

We make aorque balancei.e. aforce balance A torque balancés usually done at thdrive motor sidenot at,
for instance, théoad side If so, we have to express all the other reletanuesin the system to thdrive motor shaft
i.e. "in terms of the drive motor shaft torque

Definition 3

Definition 4

Definition 5

Definition 6

A reflected inertiais a given inertia (at any point of the system) as seen (through the respective
pulleys and/or belts) by thdrive motor shaft

Reflected load inertiais theload inertiaas seen by thdrive motor shafthrough pulleys and/or
belts.

Reflected SR pulley assembly inertids thecalculated SR pulley assembly ineréia seen by the
drive motor shafthrough the respective pulleys and/or belts.

Gears that botdrive and are, in turndrivenare calleddler gears.

The driving gearangular displacement and tkeiven gearangular displacement and their derivatives (angular
velocity and angular acceleration) are related by the gearnmgiiothe following manner:

Therefore:

r16; = arc=r,6,

0 r
lezw
6 n

6, r

O _r2_
6 n

é]_ . ) o
8 n 9

@)

91 = ngez



Summary of the Work Done 19

91 =Ny 92 2)

é]_ = I"Igéz (3)
A speed reducegear train is also sorque multiplier

Power= Torque * Angular Velocity
Poweri, = Powergyt
Torquein * Angular Velocityi, = Torquegyt * Angular Velocityout

Tin.ein :Touteout

T161 = T26,
61 r2
Th=—Ti=-=T
2 5, 1 r 1
Therefore:
To=ngT (4)
The torque balance on the load:
T, =56, (5)
Substituting (3) and (4), we can rewrite (5) as :
I -
ngT1 = 28; (6)
Ng
rearranging:
- 28 - :
1= 2% or Ty = Jeflected01 (7)
g
N7
Jreflected= ? (8)
(¢

Equation (7) is the torque equation imdtor coordinate’s
Jreflecteqis the driven gear inertiddad inertia) reflected by the driving gead(iving motoi) or the load inertia
"felt" by the driving motor.

This means that thiwad inertiahas been reduced by a factorngfdue to the fear train' from the motor's point of
view.

rg_Nz_el_él_(il_

—_—=— == =-+—==-=0N
rn N 6 6 8 °
T is thetorqueon the shaft of the driving gear (motor torque).

The equation of motion for the free body in diagram (a) is:

J161=T+I’1 Fi—rq szclél
HO1+C10—r P4 =T

IO +c1014+1 (RR—F)=T
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The free body diagram

-1z
Fy
@) ®)
Fet=FR—F1
IO +c01+r1 Fper =T 9)
Respectively, the equation of motion for the free body in diagram (b) is:
J2é2+0292+r2F2—r2F1 =0
JoB2+ o0 — 12 (FL—F2) =0
02 + 202 — 12 Foei = 0 (10)
r_6_ 6 b (11)
rn 6 6, 6
Jo .. Co:
Foeit = 202+ 26, (12)
r2 r2
Thethree relevanequations are:
J61+C101 411 Fpei =T
382 + €202 — 12 Fper =0
r_ 0 6 6
rl_ez_ez_éz_ :
Substituting (14) in (12)
r .. r .
Jl(i>62+cl<é)92+|:belt rn=T (13)
Substituting (15) in (16), and then multiplying brf
1
roN = AW 1\ = I\ - - I;g
Jl(a)ez+C1(H>62+J2<E>GZ+C2(E)62_T * r (14)
It results:
{Jl<r*2>2+32]éz+ {Cl(rl)z-i-Cz].ez:rsz (15)
r r r
or

[Jlné + JZ} B+ [clns + cz} 8, = ngT (16)



Summary of the Work Done 21

2.1.2 Three-gear belt mechanism - M220 Industrial Emulator

The M220 diagram shows a three-gear belt mechanism and is presented in the figure below:

It can be observed that the system can be decomposed into three pabtsipdeee diagranfor more details.
T is thetorqueon the shaft of the driving gear (motor torque).

Firstly, theequation of motiorfior the free body in diagram (a) is:

Wb =T+rFi—riF—c16

N0+ ¢b - Ftr F=T

Jlé1+0191+r1 (Fo—F)=T
Foelt, =F2 —F1

301 +¢161 411 Foely =T (17)
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The body-free diagram of the system ©

Secondly, theequation of motioffior the free body in diagram (b) is:
B8 =0—12F1 + 1R +r3F3 —r3Fs— 20
Jobo+CoBy+1oF —1oFp —r3Fa+r3Fs =0
3282+ 202 — 12 (R — F1) +13(Fa— F3) =0
Foely =F2—F1  Fpel, =Fa—F3
82+ 20,12 Foelt, +r3Fpei, =0

r2_61_ 661 Mpa_

I - = — /
ri 82 8 8 n g

Thirdly, theequation of motiorfor the free body in diagram (c) is:
JaB3 = 0+ r14F4 —r4F3 — 303 —r5 Fosgn(63)
383+ 0363 —raF+raR3+rs R sgr(é)g) =0

J3B3+ 303 — 4 (F4 — F3) + 15 Fesgn(83) = 0
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J383+ €303 — 4 Fper, +r's Fosgn(83) = 0 (18)

E:%:%:%:ﬂ:ng (19)
rs 8 63 B3 np
Thefive relevanequations are:

301 +0101+11 Foely =T

JBr+ 0,12 Foett, +13 Foelt, =0
r2 — % = i 91 npd =

ri 62 06 62 n 9

J383 + €303 — 4 Fper, +'s Fosgr(03) =
4 6 6 6 N _
Lottt " =

rs 63 03 B3 np

And it results:
Jg. Cg. T :
Foely = 83+ 03+ > Fsgr(83)
ra ra M4
Foel, = —% [— r3 Foel, — J262 — 0292] = é {fs Foel, + 3202 + 0292]
. . 1 . .
31081 +¢C161+11 P [fs Foelt, + 3282 + Czez] =T

. . 1
J161+C101+r11 o [rg < 93 + 93 + s Fc sgr(93)> + J292 + 0292]
2

rziel

I’j_ieg

I'4_92

r3 63

r46

92:—‘:33

rz 6

rl_ r403

ra

ror46
9, — 24 3: / //e3_nge3
rirs

r46

92:‘:733
ror 48 rors6 1 J c rs6 146

J z4 3+C1 2473 -H’lf[l’g (—3934— 393-1-* chgr(93)>+324—3+c 4SBT
rirs rirs 1 r2 4 r3
ror rir rir ror rir rar rqr
243, 14}6 +[c N ﬁ]e +1—3r5chgr(63)
raira Farg r2r3 raira forg f2r3 Fara

Then multiplying by :—2:—4
113

[h(:i::) +33+32<%>2}é3+[01<%> + 3+C2( )]93+r5 Fesgr(Bs) = :i%T

[Jlng +Jong? + Jg} 03+ [clng +eong?+ Cs] 83+ rs Fesgn(6s) = ngT
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Jiotal O+ O+ fsgn(®) = ngT

where:
Jotal = I+ 2ngZ + 3
C=cng +Cong?+ 3
f = I’5 FC
0=03
T isthetorqueon the shaft of the driving gear (motor torque).
n isthe number of teeth on the drive disk pulléyed number; n=12.
N is the number of teeth on the load disk pullyed number; N =72.
Npd is the number of teeth on the bottom pulley.
npi is the number of teeth on the top pulley.
ng isthetotal gear ratia
N n 72n 6n
where ng= — 24— ~=pd_ 27pd
Np N np 12 Npl
n’g is thepartial first gear ratia
Npd  Npd
where nj =% = K
9 n 12
n’g’ is thepartial second gear ratio
N 72
where nj=—=—
np| np|
If we write:
Jotal = g+ Bong?+ 3
as

nu2 J
g g g
Jotal N
J= 2 = Ji+ W2 + 2
g 9 g

Now, if we look at thereflected inertian the equation (10):

Jp n Jail + i
(g2~ (ng)?

Jd = Jdd + Jwd +

We can identify the following:

Jd _ Jtotzal -7
ng
J1 = J4d + Iwd

J3 = Jg1 + i
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From the M220 manual [28]:

Jgq = 0.00040 kg-m

Jrive disk= 0.000381 kg-m

Jmotor = 3.8+ 1072 kg-n? - (from manufacturer specifications)

Diameterof thedrive diskis: 13.21 cm.

Thicknes®f thedrive disk plate= 0.47 cm. Paluminum= 2.71g/cn®

A brass weighhas 500 g (includingttachment boltandnuts.

Theinertia of the cutout sloton the drive load and disks is negligible.

The inertia of the encoder, and the belt and pulleys between the motor and the drive disk can
be neglected too.

Thecalculated massf drive disk is 0.174 kg.

System Dynamic Parameters

Parameter Value
Jaa 0.00040 kg-4m?
Ja 0.0065 kg-m?
Jar = Jacmotor 0.0065 kg-m? - 0.000033 kg-m?
Jowa (with 4 %0.20 kg masses atr = 5.0 cm)! 0.0021 kg-m?
Jowr (with 4 %0.50 kg masses at r = 10.0 cm)t 0.0206 kg-m?
¢y (drive friction (modeled as viscous)). 0.002 N-m/rad/s (approximately)
No belt to SR assembly
Cjy (drive friction (modeled as viscous)). 0.004 N4n/rad/s (approximately)
Belt connected to SR assembly
¢ (load friction at load (modeled as viscous}) 0.05 N-m/rad/s (approximately)
Includes load disk-to-SR belt

t Includes inertia of weights abouttheir c.g. (center of gravity)

SR Pulley Inertia Values

Number of Pulley Teeth Pulley Inertia, JI, {kg-am2)
18 tooth 3%10%
24 tooth 8*10%
36 tooth 3.9%10°%
72 tooth 5.5%10%
Backlash device (incl. attachment screws) — 3.1*10°%
add to J,
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2.1.3 The Inertia Balance

Ja = (Jad + Jdi + Iwd + It + Ip)reflected (20)

where

Jqq is the inertia of the bare drive disk plus the drive motor, encoder,
drive disk/motor belt, and pulleys.

Jqi s the inertia of the bare load disk plus the disturbance motor, encoder,
load disk/motor belt, and pulleys.

Jwg is the inertia associated with the brass weights at the drive disk.

Jwi is the inertia associated with the brass weights at the load disk.

Jp isthe inertia associated with the pulleys in the SR assembly.

Jdd = Jpare drive disk+ Jdrive motor+ Jencoder1 + Jdrive diskmotor belt+ Jdrive disk pulleyt Jdrive motor pulley
Jai = Jpare load diskt Jdisturbance motor 1+ Jencoder2 +‘Jload disk/motor belt T Jioad disk pulleyJF Jioad motor pulley
Jo = (Jbare drive diskt Jdrive motort Jencoder1 + Jdrive disk/motor beltt Jdrive disk pulleyt Jdrive motor pulleyt

*+ Jbare load diskt Jdisturbance motor + Jencoder2 + Jioad disk/motor beltT Joad disk pulleyt

+ Jjoad motor puIIey+ Jdrive disk brass Weight’é‘ Jioad disk brass weightﬂ‘ Jsr assembly puIIey‘S
+ \]top pulley belt+ Joottom pulley beI}reercted to the drive motor shaft

Load s SR
Inertia (- GIFiEERi Assembly
an top pulley)
o LY
° (no. of teeth an
bottom pulley)

Because theeflected inertia of a given component imversely proportionato thesquare of its the gear ratito
the motor shaft - see equation (8) - we have:

Jp

Jai + Jwi .
(ng)?

(ng)? @)

Jo = Jad +Jwd +

+

where
n isthe number of teeth on the drive disk pulléyed number; n=12.
N is the number of teeth on the load disk pullyed number; N =72.
Npd is the number of teeth on the bottom pulley.
npi is the number of teeth on the top pulley.
ng is thetotal gear ratio(between thérive Inertia and theLoad Inertia ).
where ng= N Dpd = 72 Npd = ENpd
Npi N npi 12 Npl

/

Ng

is thepartial gear ratio (between thé®rive Inertia andSR Assembly.

Npd  Npd
where nj= - =K
97 n 12
rwdg IS the distance between the center of the drive disk and brass weights on it,
in centimeters

rwi is the distance between the center of the load disk and brass weights on it
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in centimeters
m,q is the total mass of the brass weights on the drive diskilagrams
m,, is the total mass of the brass weights on the load diskilagrams

Thus, we can rewrite equation (10) as:

J Jar +
Jg = Jgg + Jwa + nz b+ (22)

(B G2

The primary types ofesistancein M220 are:

Elastic resistance- resistance proportional tfisplacement
Static friction - initial resistance tahe beginning of motian
Coulomb friction - resistance tonotion

Viscous damping- resistance proportional teelocity.
Inertia - resistance proportional tcceleration

2.1.4 Plant continuous and discrete transfer functions

Let us ignore the friction force for a moment and calculate the continuous and discrete plant transfer functions.

Continuous time transfer function

d?e(t)  de(t)
J iz c T ngT(t)

L{ %(tt)} =s8(s) — 6(0)

2 .
L{ d d?gt) } — 26(s) — s6(0) — 8(0)

L{Tt)} =T(s)

Usingzero initial conditionsve can rewrite:

JS6(s)+csb(s) = ngT(9)

T(t)—> Hy(s) —>0(1)

Then the plant’s continuous transfer function is:

(s Ng
H(s) = —2 =
(s (s) J+cs
There are no zeros and two poles at:
=0
Ps1 " e
Ps2 = 3
The gain is
k="9
J
So K K
H=———+—F+—— or H(s) =

(5= Ps1)(S— Ps2)  S(s—psp)
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Discrete time transfer function

Zero-order hold for our continuous plant gives:

Ll{Hf‘)H =(1-zYz
- szngcs - N,
£ 1{J s+ }:L 1{S(JSZQ+CS)}

Q R _P(Js+c)+Qs(Js+c) RS
s Js+c & s Js+c

Hz=01-z1Y2

P
sJ& +cy &

+
P(Js+¢)+QsJs+c)+RS =ng

(R+QJ) S + (PI+QJ) s+ Pc=ng

Pc = ng
R+QJ = 0
PJ+Qc = 0
p_o
c
-PJ -R
=% =7
Thus
p_o Q_—ngJ R ngJ?
T T2 c2
So we have

R c
-1 Ng )P Q R )P Q3 R 3t
£ {s(J§+cs)} £ {32+3+Js+c £ 52+s+s+§ t+QJFJG

c c
n R—=t n —ngJ ngJ —=t n ngd ngJ —=t
9 VU _py AAPARNG L L R PN T IR R PN
{s(J32+cs)} +QJFJ cTTe T c 2 e
H(s) I ngd —ot St
s n n ngd —= n —=
HZ)=(1-zYz|c W 2V =1-zYz| 2t- 2L+ e J |=(1-z1H22|ct—-J+Je J
@=0-7Y {SH( ) o+l (1-74H3 -

_nhgz-—-1 Tsz z z _Ng cTs z—1
HEZ) =% — [0(2—1)2 J(zl)+Jze§Ts] —n T esE

ngCT(z—e 3% —J(z-1)(z—e ) +I(z-1)? ngcTfz—e IR -ze T —z+e I +I[R-22+1]

H z - [9 - [ 9
@=z (z—1)(z—e 3 T) c? R-zeilk-z4e i
H(z) = ngcTsz—cTee 5537 +Jze 355 +3z2- e 55437 20243 ngzZcTs+Jde 35— —cTee 55 —Je 3™+  orderl
T2 2—Ze i+l +e i 2 Z—Ze i1 +e 1 ~ order2
B1z+ B2 order1
H(?) = =
ZZ+01z+0ap, order2
where:
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Laplace Domain Time domain Z Domain
(t=nT;)
1 B(t)  unitiropulse 1
1 uit) umtstep _Z
8 z—1
1 " Tz
g (z—1)°
1 z
- —at
§+a ¢ F— e‘aTs
b < o) ze Tssin(bT;)
2, 1.2 ¢ sl = =
(s+a)"+b 2 —2z¢ Tscos(bTy) + ¢ 4T
s+a “ gos(bt) 2 —z¢ T cos(bTy)
Fl 2 € GO S| — =
(s+a)°+b 2 —2ze Tscos(bTy) + ¢ s
B-aA .
—at |
: e | Acos(bt) + sin(bt)
As+B . b
g +aas+¢
b = -Je— az
c
I
a=e J °
c
T
Bl:%[cgue N |
c c
T T
ﬁ2=%[*CTse J P _Je J 4y
Furthermore 1 L
B1z+ B2 2(B1+P23) 1 (ButBr)
H(Z):zz+alz+0(2: 2 1 I,z 1 1
z (1+G12+02?) (1+012 +02?)
or
Hz Y =71 BitPz?) Pz +Bez?
(1+o1z 1+az2)  1+a1z 140,272
or using thebackward shift operator:
H(qfl) _ Bl q71+82q72 _ B(qil)
1+0191+a,92  Algl)
There is one zero:
.
7 = —% Note that the gain isk = 1 = %[cTﬁ—Je NI |
1

c c c c

n T T ¢
3% 3 A “Sr S
zg[*”se Jo-de I e 3436 J°-0 cTe J —cTtcTtde I °—J

Zy=— T T
n —=Ts —=Ts -
zg[cTsHe 3oy cTetde J °—J cTot Je

C
2T
J s

J
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c c
T T et
—%Ts cTs{e J 1 [e J Sl} {16 J S}
cTse —CTe
7 = —— c——+1 = +1= C +1=1— -
—=Ts —=Ts —=Ts —=<Ts
cTs+Je J " —-J cTs+Jle J " -1 e J -1 1-e J
1+ 1-
o o=
J J
2 2
X X X X
1-e*¥ 1-1 — ——
c { } +1' 2!} [1! 2'}
st:X ZZl:]_— = — ~1— < X2_ ~1— K
—X
1-e -1+ -5 2
1-+ - 1-+ -
X X
X
-
22 33 2
x_q X ax axs SOR P S IUUP Y PR IO TSR P
{ea 71+1!+ o + 3 +} z~1 ?f ~1 2[1 2}_ 14X~ 1+JTS
2
And two poles:
—01+ /02 — 4o, —01 — /02 — 40,
lezf pZZZf

2c c c 2c c

C C
—IT I T 2T ST g 2T ST
./af—mzz\/—[e J 11228 J S:\/e J 42 J %4140 J S:\/e J %2 J4+1=
C
/ R I T
=\(1-e J 5)2:1—6 J s

- c o c
J S+1+17e/3/E 2
Pz = =—=1
2 2
A B c
e il Aye 30 230 T
Pz2 = 2 T2 T
So ‘
H(Z): (Z—Zz]_)
(2= Pz1)(z— Pz2)
where
c
n —=Ts
k:c—g[cTS—i—Je J 7=
c
221:—1+3Ts
Pz1=1
€
P =¢ J s
. J
Observation 1: < > 1.

Observation 2: Thetwo polescan be written in two equivalent ways and also zbeo.
Thepolescan be written as:
_CTs
Py =1 pp,=¢e J

—ay— /02— 4ay —01+ /02 — 4,

p21 = 2 p22 - 2
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—ontyfed—day e A1/ e iy et e 1o yfe Do hgehi
Pz = = =

2 2 2
0y, (e_)‘+1)*m_974‘/+17e’4+1_1
Z 2 = > =

0g, (e_)‘+1)+m e hare
2 =

cTs
2 = > e where A=-——

And thezeroas:

‘T T -
n —= c _¢
Zg cT+de J "1 1856 352
By J Arer-1
2=, " C C = C C T rah L e
B2 n _ T B T —-Ts  —-T Ae P peh-1
Zg{—cTse J P _Je J %4 J{Jse J%4e d 5—1}
z = Are? 1 where A= —
27 xerpero1 -

J
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2.1.5 M220 - DC Brushless Motor

|. DC Brushless Motor Overview

TheDC brushless motoris known also apermanent magnet synchronous motor
The main advantage over the conventioD@l brush motoiis the elimination of brush friction associated wear. Other
advantage is greater volume-to-power ratio.

The permanent magnets are fixed on the rotor. The three phase windings are distributed in slots of the stator.

In a DC brushless motor, a rotor positioning sensor is used and the commutation procedure is done electronically:
it can berectangularor sinusoidal.

A brushless dc motor is essentially a dc motor turned inside out. However, the basic principle of operation of a
brushless dc motor is similar to that of a normal dc motor. A brushless dc motor has a rotor with permanent magnets
and a stator with windings that are connected to the control electronics. The control electronics act as a replacement
for the commutator and perform its function of energizing the proper winding. The windings are energized in a pattern
which rotates around the stator. Then the energized stator winding leads to the rotor magnet and switches just as the
rotor aligns with the stator. In contrast to the conventional dc motor, the permanent magnets of the brushless dc motor
are affixed directly onto the rotor itself. The phase windings (there are typically 3 phases) are distributed in the slots
found on the stator. This arrangement provides for greater heat dissipation, which in turn leads to improved life and
typically greater volume-to-power ratios for brushless motors than for brush motors. In any continuously rotating
motor, to provide a continuous torque, the current must be successively altered or switched depending on the absolute
position of the rotor. In a dc brushless motor, a rotor-positioning (opto) sensor is used and the commutation procedure
is performed electronically. A brushless dc motor is actually cleaner, faster, more efficient, less noisy, and more reliable
than a brush motor because there are no sparks involved in a brushless dc motor, and because a brushless dc motor is
not restricted by the limitations of brush life, brush residue, maximum speed, and electric noise. One advantage of the
brushless dc motor is its ability to use opto sensors that can provide reliable position sensing in harsh environments
where high vibration, moisture and relatively high temperatures exist and because they are also known for their long
life, fast response time, high repeatability, and zero speed-sensing capabilities.

ift) R

- K ()
VISCONS
\‘ friction

DC Motor | |Imertial

Load J

Q Q N,
]
torque wfl

angular velocity

where

w(t) - is the motor shaft angular velocity.

T(t) - is the torque of the motor.

va(t) - is the applied voltage.

Vp(t) - is the back (induced) voltage.

Kp - is the motor constant.

K: - is the motor torque constant (called also the motor armature constant).

K; -is the motor viscous friction (damping), a function of motor’s angular velocity.
L -isthe armature winding inductance.

R - is the armature resistance.

Jn - is the motor's moment of inertia.
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2. Electrical Equations

The torqueT (t) seen at the shaft of the motor is proportional to the curi@htinduced by the applied voltage,

Va(t),
T(t) =Kti(t)

wherekK; is the armature constant, is related to physical properties of the motor, such as magnetic field strength, the
number of turns of wire around the conductor coil, and so on.
The back (induced) electromotive forog,(t), is a voltage proportional to the angular veloadityt) seen at the
motor shaft,
vb(t) = Kp 0(t)

whereKj, the motor constant, also depends on certain physical properties of the motor.

Va(t) — vp(t) = L% +RI(t)

va(t) = L% +Ri(t) + Kpo(t)

d R Ky 1
= L0 T 0+ valt)

Il. Mechanical Equations

The mechanical part of the motor equations is derived using Newton’s law, which states that the inertigl load
times the derivative of angular rate (i.e. angular velocity) equals the sum of all the torques about the motor shaft.

dw
Jma = ZT| =—Krw(t)+T(t)
T(0) = 3 29 4 Ky co(t)
at
d .
deif — Ky 0(t) +Kmi(t)

where—K; w(t) is a linear approximation for viscous friction.

d(JL)_ Kf Km.
FT m(t)+£ i(t)

Ill. State-Space Equations for the DC Brushless Motor

Given the two differential equations derived in the last section, we can now develop a state-space representation
of the DC motor as a dynamic system. The curiéntand the angular velocitg(t) are the two states of the system.
The applied voltages,(t), is the input to the system, and the angular veloait) is the output.

d R Ky 1
Fria i(t)— T(;)(t)—i— [Va(t)
dw K¢ Km

e C RS (0
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IV. Block Diagrams
Diagram 1
Applying Laplace transform to the following equation

va(t) —w(t) = L3 4 Ri)

dt
we have
Va(s) —Vp(s) =sLI(s) + RI(s)
1(s) 1
Va(s) —Vb(s)  sL+R
Va(s) + 1 I(s)
- 1 sL+r
Vi (s)
Diagram 2
From T(t) =Kti(t)
we get
T(s) =Ktl(s)
I{s) T(s)
—_— Kt ———
Diagram 3

In the same manner, applying Laplace to

it results
T(s) = ImsQ(s) — Kz Q(s)
Q(s) 1
T(s) T sh+Ks
T(s) 1 Qfs)
sJmt Ky
Diagram 4
From Vp(t) = Kp w(t)
we get

Vb(s) = Kp Q(s)
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Q(s) Vp (5)

DC Motor Block Diagram

Connecting all the four block diagrams above we obtain the DC Motor block diagram.

Va(s) + ] G T 1 Qfs)
i sL +R ! 1 sum* K¢ il

Vp ()

Kb +

V. Transfer Functions

A. The transfer function between the applied voltage and the angular velocity of the shaft of the motor

From the above diagram block we can write the transfer function between the input of the motor, the applied
voltageVa(s) and its output, the angular velocity of the shaft of the mdiis) as:

Kt 1
Q(s) _ (sL+R) (sdh+Ks) _ K¢
Vals) g 1,

Hi(s) = K 1 (sL+R)(sdn+Kr) + KpK;

(sL+R) (sdn+Ks)

B. The transfer function between the applied voltage and the torque of the motor

The transfer function between the input of the motor, the applied volg@® and its output, the torque of the
motor, T (s) can be written modifying the last diagram block as follows.

Vals) + 1 CIN T(s)
- sL +R il t >
Vp(©)
Q
Kb . (s) 1
Sdmt Kf
Kt
Ha(s) = T(s) (sL+R) B Ki(sdh+Kg) _ orderl
2 " Vs 14K 1 Ki  ~ (sL+R)(sdh+Kf)+KpK;  order2
P (sdh+K;) (SL+R)
SKt KiKs
Jm+ KK Tt
Ha(s) = 1 S Kdm + KKy L " Lom

Va(s) ~ 2LIm+5S(LKf + Rdn) + RK; + KpKy @4 s KT FRI RK KoKy
LIm LIm
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2.1.6 Zero-order hold for DC motor and plant together

Kk oy g Kt
H(s) = Hm(s) Hp(s) = [K LR LJEK KoK S L
@15 f+ \111+ i +KpKe J& +cs LKi +RIn  RKf + KpKs
Lm Lm s(Js+c)| L+s L + Lo
Simplifying the notations
_ K KKy
N — LKt +RJn 0 — RKs + KpKt
1T T 27T U
we have
S +mp
()

S) =
S(Js+C)(S2+sm+ny)

O CASE1-The factor 2+s m + Ny has two complex conjugated roots

sm+my
_ _1) H(9) _ _1) sTsfo)(P+sn+np) N sSm +mp
11 1 | 1 2 —1_1y -1
H(z=(1-z")z|L { S H 1-zYz|L {s 1-z)c 20st0)(Frsmin)
Sm +mp _é+§+ C n Ds+E
LIs+c)(+sm+nm) 2 s Jstc SEsm+m
where
A M2
cp
g Mmcn—m (Jnptcm)
02n22
33 (mpd —my o)
C=
¢ (Pnp—Jcm+c?)
D_mlnz(Jnl—c)+mz(cnl—.](nlz—nz))
- nx2(32n; —J c m +¢2)
£ MmN (I(m2—ny) —cm) —mp (Ing (M2 —2np) +c(np —m?))
B n22(J2n2 -Jc n]_+02)
So we have

Hz=01-z1Yz

- s+ My 1 _1JA B C Ds+E
£t =(1-zYHz|c KT+
{sZ(Js+c)(s2+sn1+n2)H (1-27) {52+5+Js+c+sz+snl+n2

From the table above we have

Sl Al AT
£ (| (z-172
s fBl]_ B2
sf| z-1
- c,
zley & U d
Js+c —ET
S
- z—e J

Let us calculate
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Laplace Domain Time domain Z Domain
{t=nT;)
1 8(t) unitimpulse 1
1 uft) umtstep .
] z-1
1 : Tz
s (z—1)°
1 z
—at
s+a ¢ 7 e-ﬁTs
b ze s sin(bTy)
e —at = g
(s+a)° + b2 ™ sin(bt) 7 T T
—2ze " seos(bT;)+e s
sta “# gos(bt) 7 —ze s cos(bTy)
2 2 L7 COS| — —
(s+a)"+b 2 — 276 Tsgos(bTy) + ¢ =T
| B-aA .
As+P ¢ |Acos(bt) + . sin(bt)
s? t2aste
b = .Je— 32
1 ebt eat
——————~ a=bh =
G-a)G-b) —
5 bt at
a=b D¢ - ae
s—a)(s—b
G- —
- L‘l{ Ds+E }
L+sm+ny
N E-pD2
Ds+E -t 2
1 _==r= \_ 2 — <
{32+sm+n2} e [Dcos(bt)+ b sm(bt)}
n1
-oNp ——Ts 2
— 2t _ze 2
z|e 2 Dcogbt)| =D z nfe cosbTe) M where b= |np— [ 2
~ 2T 22T 2
- 2-2ze 2 “cogbTs)+e 2
ng
_ n Ny nq T
_th—D? . E_DE ze 2 Csin(bTy) m 2
Zle 2 sin(bt) | = n n where b=,|ny—
b T oM 2
- 2-2ze 2 “cogbTy)+e 2
ny ny
- — T ng —_ T
2 1{ Ds+E - Z-ze 2 ‘cogbTy) E-D= ze 2 Csin(bTy)
SL4sm+n || _Mmo oMt b _My LIRS
- 2-2ze 2 “cogbTe)+e 2 ° 2-2ze 2 °cogbTy)+e 2 °
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n E_ph n
B 5 — 2,
DstE D(zz—ze 2 scos(bTS)>+ 2 76 2 Csin(bTy)
z| L1 = 0 b
LE+sm+ny M P
2-2ze 2 “cogbTs)+e 2
Ny E-p2
-—Ts 2 .
DZ-z{e 2 " |DcogbTs)— = sin(bT)
B Ds+E Ny
1 _ - (M
Z|L {32+sr}l+n2} = —ETS M - where b=,|m <2
2-2ze 2 “cogbTg)+e 2
U E-DX
c, DZ-z[e 2 7|DcogbTs)— 5 2 sin(bTe)
ATsz Bz J
H —(1— —1 S il J
A==z 0 Gttt U M }
z—e J 2-2ze 2 “cogbTy)+e 2
Ny E-D™
BRLS
c Dz¢—;<e 2 S[Dcos(st)— —2 sin(st)D
z—T| AT B J
=2 2B B ey 3 e - .
z—e J 22-2ze 2 “cogbTg)+e 2
Ny
_M E-D
C Dz—|e 2 7 |DcogbTs)— b sin(bTy)
AT 3
2= S4B+ (z2-1)— e +(z—1) - -
z-1 —=Ts — 2 Ts 22 Ts
z—e J 2-2ze 2 “cogbTy)+e 2

Using the notations below, we can rewrite:
C

ATs J D
H(z):271+3+(z_1)2i—a+(z_1)%
where
c
a=—e 1" ]
LT E-D—
B:(e 2 Dcos(st)bzsin(st)}>
_Mm.
y=-2e 2 S'cos(st)
72&1—5
d=e 2
ATy(z+0) (2 +yz+8) +B(z—1)(z+0)(Z +yz+d) + % (z—1)%(Z+yz+3) + (Dz+B)(z— 1)?(z+q)
(@)= Z- Dzt o) Z+yz+0)

2(B+ % +D)+Z2(ATs+B(a+y—1)+ %(y—2)+D(a -2)+B)+
H(Z) = Z2+B(0+y-1)+2(a(y—1) —y+8) —za(y—98) +8) —ad

+ 2(ATo(a+y) + Baly—1)— y+8)— %(2\/— 5—1)+D(1—20) + B(a— 2))+
Z2+B(a+y-1)+22(a(y—1) —y+8) —z(a(y—8) +8) —ad
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+ z(ATs(ay+06) —B(a(y—90) + ) + %(yf 20)+Da —B(20 — 1))+
2+B(a+y-1)+Z2(a(y—1) —y+0) —za(y—93) +98) —ad

+ ATs06—Bad + %6+ op
Z2+B(a+y-1)+22(a(y—1) —y+90) —z(a(y—93) +08) —ad

H(z) = b1Z* +bp7® + b3Z? +baz+bs  order4
T A4 aB+apP+agz+as  orderd

where

b1:B+%+D

C
by, = ATs+ B(a +y—1)+j(y—2)+D(a—2)+[3

C
bz =ATs(a+y)+B(a(y—1) —y+90) — 3

(2y—8-1)+D(1-20)+B(a—2)
bs = ATs(ay+6) —B(a(y—9)+90) + %(y— 20) + Da — B(2a — 1)

bs = ATs00 — Bad+ %6+ op

ap=0+y—-1
a=0o(y—1)—-y+3d
ag=—(a(y—9)+9)

as=—0ad

U CASE 2 - The factor s +s m +ny has two real roots

) HE | g L et ||y 1 - sm +mp
L 1{5}](1—2 Yzl|o 1{}] =(1-zYc 1{32( }

s Js+c)(s—a)(s—h)
sm+mp A B _ C D E
f(Js+c)(s—a)(s—b) 2" s+Js+c+s—a+s—b

—m+V/m2—4n b —ny — /g2 — 4,
N 2

d =
an 2

H(z)=(1-z1Yz

where

a

_a(b(cmy —Jnp) +cnp) + bemp
a2h2c?

_ PQmp—cmy)

~ c2(al+c)(bd+c)

_ am +mp

~ a?(a—b)(al+c)
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by +mp

E = Pb_a)bito

Ho=01-z4z

. sm +mp 1| —1)JA B, C b E
£ {s?(Jstc)(s—a)(s—b)H(l z)z| L {52+S+Js+c+sa+sb

From the Laplace table we have

[ A ATz
LY =
{32} (z—1)2
Z_L*1 Bll_ Bz
s|| z-1
- c,
zley & U
Js+c ,ET
S
- z—e J
D Dz
L1 =
z {sa} z—eals
Sl E ] _Ez
s—-b[| z-é&T
<,
z—-1| ATsz Bz J Dz Ez
H j—
@== (z—1)2+z—1+ ,STs+z—eaTs+z—est
z—e J
S
ATs 7 (Z= D(z—1) E(z-1)
H(z) = — +B
@= 7 +B+ I e -

z—e J

(ATs)(z+0)(z+B)(z+Y) + B(z— 1)(z+ ) (z+B) (z+Y) + %(z— 1)%(z+B)(z+y)+
Hz)= T D Az By

+D(z—1)2(z+a)(z+Y) + E (z— 1)%(z+a)(z+B)
(z=1)(z+0)(z+B)(z+Y)

where c .
a=-e J °
B= —e®
y=-€F

24(B+%+D+E)+z3(ATS+ B(a+B+y— l)+%(l3+y—2))+D(cx y—2)+E(a+B-2)+
N = A B Bry- D+ 2Z@By-1 T By—D —y) + Za(By—1) —v)— By) — By

+Z2(ATs(a+B+Y) +Ba(B+y—1) +By—1) —y)+ %(B(vf 2)—2y+1))+D(a(y—2)—2y+1)+E(a(B-2) - 2B+ 1)+
Z+B(a+B+y-1)+Z2@B+y—1)+B(y—1) —y)+za(By—1) —y) - By) —aBy

+2(ATs(a(B+Y) +By) +B(a(By—1) —y) — By) + %(v— B(2y—1)))+D(y—a(2y—1)+EB-a(2B-1))+
Z+B(a+B+y-1)+2(aB+y—1)+By—1) —y)+z(a(By—1) —y) — By) —aBy
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+AT;0By — BaBy+ %Ber Day+Eaf
Z+Ba+B+y-1)+Z2@B+y—1)+B(y—1) —y)+za(By—1) —y) —By) —aBy

H(z) = b124+b223+b322+b42+ bg _ order4
- AraBtrapiagztay  orderd

where

b1:B+%+D+E
C
b2:ATS+B(0(+B+y71)+j(B+y72)+D(a+y72)+E(a+BfZ)

+ ¢ By—2)—2y+1)+D(a(y—2)—2y+1)+

b = ATs(a+B+y)+Ba(B+y—1)+By—1) )+ 5(

+E(a(B—2)—2B+1) .
by = (ATs(a(B+Y) +By) +B(a(B(y—1) —y) —By) + 3(v— B(2y—1))+D(y—a(2y—1)+

TEPR-a(2p-1))

C
bs = ATsa By — BaBy+ jBV+ Day+Eaf

a=0+p+y-1
a=aB+y-1)+B(y-1) -y
az=a(B(y—1)—y) —By

as = —apy

O CASE 3 - The motor is considered as being only a constarky

e
— m _
Hm(s)*sz JLKi TRE | RKy KoK, = ku
* LIm + LIm
And therefore the plant becomes:
Ng ki
H(s) = ==

- s(Js+c)



Summary of the Work Done 42

2.2 STEP RESPONSE IDENTIFICATION

. . n
The plant transfer function we use is: gikM
s(Js+c)
. k n c
It can be rewritten as: where k= Ngkut and a= -
S(s+a) J J
. vk g O a3
The step response is: - =5+ =4+ —
presp £(s+a) 2 s "sta
where
o KV
1= 3
kv
Gz - 7?
kv

v =0.25(volts)

The time response of the transfer function above is: 8 = at + 0,4+ aze 2!

We perform a step input of.B5 volts and we measure the output.

<10 Step Response - 0.25 volts = 520 counts w107 Step Response Identification

0s-

nshk

Considering two well-chosen pointg:= 4.44(seq, y; = 10008Q countg and t, =4.91(seq, y» = 118992 countg
We can calculate the straight line approximation 6 = ast + a».
and obtain:
o1 = 40238299
o, = —78578042
With the above values we can calculate all the other parameters:

O3 = —0p = 78578042

a=-21 _ 0512081
az

_aja 40238299 + 0512081

k v 025 = 82421020583
The plant seen by software is:
Therefore

Bsoftware ngkw K

Usoftware  S(IS+C)  S(s+a)



k. ne ky,
Uso frware < g™ 32 Oso frware
32 s(Js+c)
where 10
ke = (V /countg = 0.000305231V /countg

32,762
k = 82421020583

a=0.512081
k' = ke k = 0.000305231% 82421020583= 25.1575058

The identified plant is then:

Hig—k Nakm__ K 251575058
- Us(ds+c)  s(s+a) s(s+0.51208]

Based on the values obtained, we can calculate the PI controller paramkgtarsi{;) for velocity control of the
closed-loop system as follows:

kp = E =0.0397496 and Ti= } =1.9528173
Kk’ a

The conversion table for the M220 plant is:

[ count | volt || degree || radian ||
I 1 [ 0.000304879909] 0.0225 ][ 0.0003927]]
| 3279.979987]] 1 || 73.7995497]] 1.2880481]]
[ 4444444 ] 0.01355 || 1 [ 0.0174533]]
| 2546.47881]] 0.776358 [ 57.295779 || 1 |




2.3 COULOMB AND VISCOUS FRICTION IDENTIFICATION

To obtain the Coulomb and viscous frictional coefficients we perform, as suggested in [22], steady-state experiments
under closed-loop PI velocity control. We carry through the experiment with the P parameters obtained in the previous
section for velocities in the range of 15040000 counts/sec or approximatelyp8— 15.7 rad/sec in both directions

of motion. We measure the control signal in each of those instances using high-quality sensors. At small velocities
the data is of poor quality due especially to the stick-slip motion phenomenon. The nonlinear relationship between
control signal (which represents tfrection force) and velocity can be easily noted. There must be indicated that there
has been observed a small steady-state error in the PI velocity control and also a small limit cycle, facts noted in the
literature as occurring in such type of experiments.
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The raw dataobtained is:
Controlup Velocity up Control down  Velocity down
0.13291 158.61993 -0.14306 -131.97614
0.11534 704.68326 -0.15937 -590.80878
0.14277 2637.28385 -0.17850 -2544.77089
0.16287 4588.6473 -0.19833 -4496.91078
0.13006 7677.99788 -0.17119 -7571.57481
0.13586 9666.24951 -0.17769 -9558.1182
0.14242 11652.54720 -0.18464 -11543.3784
0.15192 14632.93197 -0.19133 -14530.96098
0.15529 16627.40154 -0.19537 -16523.79769
0.16253 19613.57036 -0.20336 -19508.016682
0.16513 21610.05688 -0.20703 -21501.80729
0.17404 24591.94361 -0.21588 -24483.82779
0.18018 27580.91909 -0.22185 -27473.34732
0.18855 31565.72812 -0.22920 -31460.84426
0.20073 35540.79387 -0.23521 -35451.76198

0.20307 39541.20573 -0.24493 -39433.13802



Using the data, the two direction-dependent viscous friction coefficients have been obtained by first degree polyno-
mial curve fitting of the data, the points of higher velocities especially, in a least squares sense. This gives the straight
line approximation which represents thiscousfriction force. At the intersection of the line with the vertical zero
velocity axis we obtain the two direction-depend€@aulombfriction coefficients.
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For the upper straight line  yyp = mix+by

- the slope is my =2.3517«10°°
- the y-interceptis b; =0.114716

The lower straight line Ydown= MpX+ by

- the slope is mp = 2.4484+10°°
- the y-interceptis by, = —0.152784.

Coulomb friction componentis: F = Fcsgn(v)
Viscous friction component is: F=Rv

Fd =0.114716 (volts)
R, = 2.3517x 108 (volts sec/counts)
Fo = —0.152784 (volts)

F,” = 2.4484«10°% (volts sec/counts)
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