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Introduction

Friction is generally described as the resistance to motion when two surfaces slide
against each other. In most cases friction is a useful phenomena making many
ordinary things like walking and the brake in a car possible. On the other hand
friction can also cause undesirable effects. For high precision mechanical motion
systems for example, friction can deteriorate the performance of the system. Possi-
ble unwanted consequences caused by friction are steady-state errors, limit cycling
and hunting. In motion control a possible way to minimize the influences of fric-
tion is to compensate for it. In order to be able to compensate the effect of friction,
it is necessary to describe the frictional behavior. Since no exact formula for the
friction force is available, friction is normally described in an empiric model. By
canceling the friction effect, the nonlinearity in the system, assuming no other non-
linear behavior is present, is removed. This is beneficial for classic control which
is based on linearity and where the feedback is therefore not able to completely
compensate for frictional effects.
The main purpose of this literature study is to gain more insight into the available
friction models and their differences. Furthermore, different applications of fric-
tion compensation in motion control are studied.
Chapter 1 discusses different friction models found in literature. Static friction
models are discussed first which are solely dependent on the velocity. For some
applications that operate near zero velocity or cross zero velocity often, the static
models do not describe friction accurately enough. For these situations a dynamic
model is necessary which introduces an extra state which can be regarded as the
average deflection of the asperities. Besides these dynamic models, physics-based
model are briefly discussed in this chapter as well.
In chapter 2, different ways of friction compensation are described. A distinction
is made between model-based and non model-based friction compensation. Fur-
thermore friction compensation in feedforward and feedback is discussed. Other
variations and combinations with adaptive control and observers for example are
considered as well.
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Chapter 1

Friction models

1.1 Static friction models

The most basic friction models contain Coulomb friction and linear viscous damp-
ing. For situations where the starting friction is higher than friction at a nonzero
velocity "static" friction force Fs can be distinguished as can be seen in figure 1.1
(a). For the most common situations the friction decreases with increasing velocity
for a certain velocity regime. This is called the Stribeck effect and is shown in figure
1.1 (b). These basic models describe a static relationship between the friction force
and velocity. At rest where the velocity is zero, the friction force cannot be described
as a function of velocity alone. The discontinuity at zero velocity also may lead to
numerical difficulties which will not be discussed here in further detail. For some
applications this static model is adequate enough to describe the effects of friction.
For practical high accurate positioning systems however other frictional properties
have to be considered for a satisfying model.
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Figure 1.1: A global representation of the basic static friction force effects versus
velocity. (a): Coulomb, viscous and static friction. (b): Stribeck friction model.
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1.1.1 The Coulomb, the viscous and the Stribeck model

The most basic friction model is the Coulomb model [20] where the force of friction
is given by

Fc = µFn sign(v) (1.1)

where Fn is the normal force, µ the friction coefficient and v the relative velocity of
the moving object. This is schematically represented in figure 1.2.

- ¾
?Ff v

Fn

M

Figure 1.2: Schematic representation of the friction force Ff on an object M
moving relative to a flat surface.

The viscous friction force is linear with respect to the velocity and can be expressed
as

Fv(v) = σvv (1.2)

with σv the viscous friction coefficient. The Stribeck effect can be expressed as a
describing function of velocity and is kept here in the general form Fs(v). The total
friction force including all three effects can be expressed as

Ff (v) = µFn sign(v) + σvv + Fs(v) (1.3)

1.1.2 Switching models

The basic friction models discussed in the previous section describe the friction
forces well for steady-state velocities. For velocities in the area where v = 0 and
for situations where the velocity crosses the v = 0 line, the models give numerical
problems. To overcome these numerical problems during simulations Karnopp
[25] proposed to set the friction force equal to the force acting on the object, for a
small neighborhood of zero velocity. Outside a defined neighborhood, friction is
a function of velocity. Later on, this model turned out to suffer from numerical
instabilities as well. Leine et al. [29] came up with a switch friction model to
overcome these problems. It consists of three different sets of ordinary differential
equations for the description in the stick, slip and the transition phase. Although
it solved the numerical problems, it still lacked the ability to describe friction well
enough for an accurate model with the elastic part specifically. In the next section
the seven parameter model is discussed which further enhance these models into
a more complete model.

1.1.3 The seven parameter model

The seven parameter model [4, 21] includes presliding displacement, Coulomb and
viscous friction and the Stribeck curve with frictional lag. It consists of two separate
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models, one for the stiction phase and one for the sliding phase. For the stiction
phase the friction is simply modeled as a spring:

Ff (x) = σ0x (1.4)

with σ0 as the micro stiffness and x the displacement of the object subjected to the
friction force.

In the sliding phase the friction is modeled as

Ff (ẋ, t) =


Fc + Fv|ẋ|+ Fs(γ, t2)

1

1 +
(

ẋ(t−τL)
ẋs

)2


 sign(ẋ) (1.5)

with
Fs(γ, t2) = Fs,a + (Fs,∞ − Fs,a)

t2
t2 + γ

(1.6)

with:
Ff the friction force
Fc the Coulomb friction force
Fv the viscous friction force
Fs the magnitude of the Stribeck friction
Fs,a the magnitude of the Stribeck friction at the end of the previous

sliding period
Fs,∞ the magnitude of the Stribeck friction after a long time at rest

(with a slow application of force)
σ0 the tangential stiffness of the static contact
ẋs the characteristic velocity of the Stribeck friction
τL the time constant of frictional memory
γ the temporal parameter of the rising static static friction
t2 the dwell time, time at zero velocity

Equation (1.5) clearly shows that the model consists of the Coulomb (Fc), viscous
(Fv) and Stribeck (Fs) friction with frictional memory. With this model an attempt
is done to capture the dynamics of friction by introducing a time delay. This time
delay only affects the friction in sliding phase and oversimplifies it. Furthermore
the true friction-phenomena (which will be discussed later on in this report) ob-
served in the presliding phase, are not captured by equation (1.4) for the stiction
phase. Since there is no clear distinction between the presliding regime and the
sliding regime, the transition between the two equations is not obvious. As a result
the model fails to describe the transition behavior between the presliding and the
sliding regime.

1.2 The Dahl model

Dahl [11] explained frictional behavior with an analogy for the stress-strain property
for materials. For objects subjected to small displacements he observed that the
objects returned to its original position. Dahl compared this with the spring-like
elastic material behavior, occurring in the bonding forces between the two surfaces.
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For larger displacements the bonding interface would undergo a plastic deforma-
tion resulting in a permanent displacement. The maximum stress that can be
attained in the stress-strain characteristic resembles the stiction force. For duc-
tile materials the maximum stress will decline for increasing strain before rupture
takes place. That last point resembles the Coulomb friction in Dahl’s comparison.
In other words Dahl assumed that friction force is not only a function of the ve-
locity but of displacement as well. The following empirical expression was found
[12]:

dFf (x)
dx

= σ

∣∣∣∣1−
Ff

Fc
sign(ẋ)

∣∣∣∣
n

sign
(

1− Ff

Fc
sign(ẋ)

)
(1.7)

With σ the stiffness parameter at equilibrium point Ff = 0 [N], Fc Coulomb fric-
tion, n is a material dependent parameter which is 0 ≤ n ≤ 1 for brittle materials
and n ≥ 1 is for more ductile like materials. For the simplest case where n = 1 the

stabilizing factor sign
(
1− Ff

Fc
sign(ẋ)

)
from the last part in equation (1.7) can be

put equal to 1 according to Dahl, which results in:

dFf

dx
= σ

(
1− Ff

Fc
sign(ẋ)

)
(1.8)

Which can be written as the following time derivative:

dFf

dt
=

dFf

dx
· dx

dt
= σẋ− Ff

Fc
σ|ẋ| (1.9)

With this expression Dahl is able to model predisplacement and hysteresis (figure
1.3 (a)) in a dynamic model but it is unable to capture many other phenomena
like the Stribeck effect and the ability to predict stick-slip motion. Although it
represents only an approximation of the presliding behavior, it formed the basis
for more advanced models.

1.3 The LuGre model

The Dahl model forms the basis of the LuGre model [10] which can be shown with
the introduction of z = Ff/σ0 as a state variable. With equation (1.9) the Dahl
model can be rewritten as

dz

dt
=

1
σ0

dFf

dx

dx

dt
=

1
σ0

dFf

dx
v = v − σ0

|v|
Fc

z (1.10)

The LuGre model replaces the constant Fc with a velocity-dependent function g(v)
and adds two more terms. It has an additional damping σ1 associated with mi-
crodisplacement and a memoryless velocity-dependent term f(v) and results in:

ż = v − σ0
|v|

g(v)
z = v − h(v)z (1.11)

Ff = σ0z + σ1ż + f(v) (1.12)

with Ff the friction force, v the velocity between the two surfaces in contact and z
the internal friction state.
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In continuation of Dahl’s comparison with strain, z can be interpreted as the av-
erage bristle deflection. The LuGre model represents a spring-like behavior for
small displacements just like the Dahl model with σ0 as the stiffness. σ1 is the
microdamping and f(v) representing the macrodamping which normally stands
for the viscous friction (f(v) = σ2v). For slow nanoscale-motion applications σ1 is
an important parameter for accurate predictions. For other systems with millime-
ter accuracies σ1 will have a less important role. For systems with asymmetry in
friction it is worthwhile to mention that different values for the parameters can be
chosen for positive and negative values of velocity. Another advantage of the LuGre
is that both the presliding and the sliding regimes are described by the same model.
Rice and Ruina [31] and Bliman and Sorin also introduced dynamical models but
compared to the LuGre model it contained less friction phenomena [15].

1.3.1 Zero-slip displacement

One of the properties of the LuGre model is the zero-slip displacement which in the
literature is also known as position drift or plastic sliding. It basically comes down
to the effect that after applying and releasing a force less than the stiction force the
system does not return to its original position. After applying the force the system
reacts initially as a spring and the mass moves a small distance till it is at steady-
state. Similarly the state z builds up till steady-state is reached. After removing the
force the state z returns to zero but the mass does not fully return. The elastoplastic
friction model [14] provided a modification that solved this position-drift issue with
the LuGre model. Although this model further improved the accuracy, it still lacked
an other friction phenomena, called hysteresis with nonlocal memory, which is
discussed next.

1.3.2 Rate dependency

Rate dependency can be shown in the presliding regime where the inertial forces
can be neglected. For systems with hysteresis that are rate independent like the
Dahl-model, every point of the velocity reversal is recovered in the force-position
plane (see figure 1.3 (a)) once the force resumes the corresponding value, indepen-
dently of the number of velocity reversals. This is called reversal point memory or
the nonlocal memory. Since the LuGre model is rate dependent [5], as figure 1.3
(b) shows, it does not capture the reversal point memory (see figure 1.4). The rate
dependency in LuGre is caused by the g(v) term in equation (1.11) which captures
the Stribeck effect.

1.4 The Leuven integrated friction model struc-
ture

The intergrated friction model structure [33], also known as the Leuven model, fur-
ther improves the LuGre model by including presliding hysteresis with nonlocal
memory. This type of hysteresis occurs for nonperiodic presliding and is an im-
provement for the model’s accuracy with respect to reality. The model is captured
by two equation just like the LuGre model. It consists of a friction force equation
and a state equation. Again the state variable z represents the average deformation
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Figure 1.3: Behavior of the (a) Dahl and (b) LuGre models for sinusoidal inputs
with two different frequencies.
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Figure 1.4: A qualitative comparison between the predicted behavior of the
LuGre model (dashed line) and reality (solid line) at velocity reversals. The
figure shows that the LuGre modeled hysteresis does not capture the nonlocal
memory.

of the asperities of the contacting surfaces. The friction force and state equation
are stated as:

Ff = Fh(z) + σ1
dz

dt
+ σ2v (1.13)

dz

dt
= v

(
1− sign

(
Fd(z)

S(v)− Fb

)
·
∣∣∣∣

Fd(z)
S(v)− Fb

∣∣∣∣
n)

(1.14)

with
σ1 the micro-viscous damping coefficient
σ2 the viscous damping coefficient
v the velocity of the object
Fh(z) the hysteresis friction force explained below
n a coefficient determining the transition curve shape
S(v) a function that models the constant velocity behavior given by:

S(v) = sign(v)
(
Fc + (Fs − Fc)e−(|v|/vs)δ

)
(1.15)
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1.4.1 The hysteresis function with nonlocal memory and
the downside

The hysteresis friction force, represented by Fh(z), consists of two parts and is
shown in equation (1.16). At the beginning of a transition curve this is equal to Fb.
The transition curve which is active at a certain time is called the current transition
curve and is represented by Fd(z).

Fh(z) = Fb + Fd(z) (1.16)

The implementation for this hysteresis model requires two memory stacks for the
non-local memory concept. One memory stack is needed for the minima of Fh and
one for the maxima. At a velocity reversal one value is added to these stacks while
one value is removed when closing an internal hysteresis loop. The stacks reset
when the system goes from presliding to sliding. This mechanism requires that
the state variable z resets to zero at each velocity reversal and is recalculated at the
closing of an internal loop.
Although the Leuven model is a great improvement with respect to the nonlocal
memory hysteresis, it also introduces a number of implementation difficulties and
a discontinuity in the friction force for some circumstances. The implementation
of the hysteresis function make some detections necessary for its mechanics to
work. Each velocity reversal and velocity direction have to be detected so that the
new values for Fb can be determined at the right moment. Another necessary check
at every moment is the possible closing an inner hysteresis loop. An implemen-
tation error might occur when the memory stacks overflow when too many loops
are initiated. This is possible because the stack size has to be chosen in advance.
Furthermore a clear distinction has to be made between stick and sliding phase
since the mechanic needs to reset the memory stacks at this point. Beside mak-
ing the distinction, the transition between stick and sliding has to be detected as
well. And the discontinuity in the friction force can occur when closing an inner
hysteresis-loop without velocity reversal where the state variable z is reset to zero.
To overcome these problems two adaptations to this model are discussed next.

1.4.2 The modified Leuven integrated friction model struc-
ture

The first modification in the Leuven model as presented in [26] is the adaptation of
the state equation to solve the discontinuity issue discussed earlier. By replacing the
argument Fd(z)/(S(v)− Fb(z)) in (1.14) with Fh(z)/S(v) the new state equation
becomes

dz

dt
= v

(
1− sign

(
Fh(z)
S(v)

)
·
∣∣∣∣
Fh(z)
S(v)

∣∣∣∣
n)

(1.17)

This modification ensures the functions for dz/dt and Ff to be continuous.

The second modification includes the replacement of the hysteresis force function
with the Maxwell slip model. This implementation solves the stack overflow prob-
lem and other possible difficulties as discussed in the previous part. The Maxwell
slip model basically comes down to the superposition of N elasto-slide elements
representing the hysteresis force. In figure 1.5 the Maxwell slip model is schemati-
cally represented to illustrate this idea. This simplified representation into a finite
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amount of elements is directly related to a disadvantage that results in a piece-
wise approximation of the hysteresis function. The new hysteresis force function
is stated as

Fh(k) =
N∑

i=1

Fi (1.18)

where

Fi = Ki(z − ζi) (1.19)

for |z − ζi| < Wi

ki
and else

Fi = sign(z − ζi)Wi (1.20)

with
ki a linear spring-constant
ζi the element position
Wi the maximum force

z

ki

k1

kN

W1

Wi

WN

ζ1

ζi

ζN

Figure 1.5: Global representation of the Maxwell slip friction model with N
massless elements.

1.5 Physics-motivated friction models

The models described so far are all empirical based models. An other branch of
friction models is the so called physics-motivated friction models. These describe
friction on three different physical levels namely on atomic-molecular, asperity-
scale and at tectonic-plate level. The asperity-scale level is the most common level
for control purposes. In the literature many different physics based friction mod-
els can be found which all show strong similarities until a certain extension. The
generic friction model (GFM) developed by Swevers et al. [1] will be used here as an
example. Simulations normally consist of a large amount of asperities to acquire
a decent representation. One asperity is shown in figure 1.6. The asperity has a
lumped mass in the tip and is connected to the object with three springs. Due the
nature of these models, more mechanisms can be taken into account compared
to the empirical models such as normal creep, adhesion and impact of asperity
masses for example. Haessig and Friedland [19] imagined asperities matching to
bristles of a brush and called it the bristle model. Other closely related models are
the Frenkel-Kontorova model [8, 18], the Tomlinson model, the Frenkel-Kontorova-
Tomlinson model [35], the Burridge-Knopoff model [3] and the Tomlinson-Prandtl
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atomic model. Although the physics-based models are capable of capturing all
friction-induced phenomena that are observed so far, they are much too compli-
cated for online control purposes. For this reason these models are not discussed
here in further detail. Still it is worth mentioning these models in this study since
these are used in the derivation of other models. One of these models, for control
purposes specifically, is discussed next.

Figure 1.6: The generic friction model represented by one asperity.

1.6 The generalized Maxwell slip model

The generalized Maxwell slip model (GMS) [2] is a further development of the mod-
ified Leuven model as discussed in section 1.4.2. In the Maxwell slip model for hys-
teresis function of the modified Leuven model, the Coulomb law at slip is replaced
by a rate-state law. This transforms the single state model modified Leuven into a
multi state model for the GMS.
The friction force of the GMS model is expressed as

Ff (t) =
N∑

i=1

(kizi(t) + σiżi(t)) + f(v) (1.21)

with
zi the spring deflection
ki the spring stiffness
σi the viscoelastic stiffness
f(v) the viscous component

The dynamics of the elements are determined as follows. When the element sticks,
the state equation is

dzi

dt
= v (1.22)

and sticks until zi = si(v).
When the element slips, the state equation is

dzi

dt
= sign(v)Ci

(
1− zi

si(v)

)
(1.23)
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and remains slipping until the velocity passes through zero. si(v) is the velocity-
weakening Stribeck function for the ith element which can be described by three
different parameters [3]. Ci is the attraction parameter, which determines how fast
zi converges to si. This results in a model consisting of six parameters per ele-
ment. This number can be reduced with additional technics to two parameters per
element and five extra parameters for the whole system. The GMS model behavior
is compared in [27] with LuGre, Leuven and the GFM model. The GMS model
proved to be the only model that is qualitative consistent with the GFM model for
all properties with the nondrifting property in particular.

X

ki

k1

kN

W1

Wi

WN

z1

zi

zN

Figure 1.7: Global representation of the Maxwell slip friction model with N
massless elements with zi the position for each element.
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Chapter 2

Friction compensation

For friction compensation numerous applications and variations can be found in
literature which are partly summarized in [4]. These ways of compensation can
be divided into model based and non-model based friction compensation and are
discussed next into more detail.

2.1 Non-model based friction compensation

Examples of non-model based friction compensations are classic PD and PID feed-
back controllers, impulsive control and dither. Although the position tracking with
a PD control is stable, stick-slip might occur at low velocity. This effect can be elimi-
nated through high derivative, high proportional feedback or a combination of both
but at cost of possible instability and the need for a strong actuator. An other issue
is the steady-state tracking error which can be solved with integral control. Integral
control on the other hand can cause limit cycling at low or zero velocity and can
cause other difficulties at velocity reversals. These issues can be handled with a
deadband and anti-windup at velocity reversal. But unfortunately these methods
also introduce new issues like steady-state errors and decreasing performance.
Impulsive control achieves precise tracking by applying series of small impacts.
This makes combinations of other technologies possible as well. For example the
use of the impulsive control to achieve a controlled breakaway after which an other
controller takes over to regulate the macroscopic movements.
Dither is a high frequency signal introduced into a system to modify its behavior
which can result into a stabilizing effect. The focus here is the capability to smooth
the discontinuity of friction at low velocity. After this application other friction com-
pensation can be applied on top of this as would be done normally for the velocity
dependent friction part.
For repetitive trajectories the iterative learning controller can be applied into a feed-
forward approach in order to compensate for friction and other undesired effects.
Another class of non-model based friction compensators are friction estimators.
Examples of these are the Kalman-based filter, a predictive filter and a local func-
tion estimator which are compared in [30]. The Kalman-based method uses a ran-
dom walk model that treats friction as a random constant and which should not be
confused with the structured friction models used in model based observers. Many
more non-model friction compensations are possible but are not further discussed
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since the main focus in this study is model based friction compensation which is
discussed next.

2.2 Model based friction compensation

Model based ways to compensate friction can be subdivided into feedforward and
feedback approaches. The feedback compensation uses the real-time sensed sys-
tem output while the feedforward compensation operates with a desired reference.
Both systems can be expanded with adaption mechanisms to cope with changing
model-parameters due to varying circumstances. The different control setups and
variations found in literature are discussed in the next sections.

2.2.1 Feedback and feedforward friction compensation com-
pared

The most basic form of feedforward is shown in figure 2.1. The feedback controller
secures stability and increases disturbance rejection. The feedforward controller
improves tracking performance in case of motion systems.

F

C P
yr e u

−

+ +
+

f

Figure 2.1: Schematic block diagram of elementary feedback control and feed-
forward.

Figure 2.1 shows plant P , feedback controller C and feedforward controller F . The
signals shown are the reference trajectory r, servo error e, plant input u, plant
output y and feedforward signal f . The overall transfer function is given by:

To =
y

r
=

FP + CP

1 + CP
(2.1)

To acquire perfect tracking a suitable F is needed such that To = 1. This yields

FP + CP = 1 + CP (2.2)

so that
F = P−1 (2.3)

In [6] the feedforward controller consists of an acceleration feedforward part to
compensate for the inertia forces and an inverse dynamic model. In practise how-
ever uncertainties and unmodelled and non-minimum phase dynamics make this
difficult to implement. An other variation of this feedforward control is discussed
in [7] where the feedforward is expressed as a prefilter R of the reference trajectory
r with

R = 1 +
F

C
(2.4)

15



and is used in combination with a non-causal filter. The effect of the pre-filter R
is identical to the feedforward controller F . Some useful design tools however dis-
appear and online tuning can be more complicated but in some cases more design
freedom becomes available. This is not further discussed here in detail since the
focus here is specifically for friction compensation.
Friction feedforward compensation precalculates the friction based on the desired
reference trajectory which does not require an additional real-time closed loop cal-
culation. In contrast to feedback, feedforward will not effect the closed loop stabil-
ity. Before friction feedback compensation can be applied, a closed loop stability
analysis must be performed to guarantee stability where sensor noise plays a role
as well. The feedforward method is however limited by the use of the reference.
The advantage of the feedback compensation is that it uses the actual state, or more
precise the measured state, to calculate the friction compensation. The downside
from this is that for the use of dynamic friction models the internal state cannot be
measured. Internal state observers are necessary for those applications.
Both feedforward and feedback are compared in [24] for friction compensation.
The used friction model here consists of the Karnopp model with viscous friction
added. This static model only requires the velocity as input for both feedforward
and feedback friction compensation. An important distinction is made here be-
tween the feedforward controller which provides accurate reference tracking and
the feedback controller which tries to reject disturbances. The term disturbances
covers disturbances caused by external loads and unmodeled dynamics in this case.
The feedback controller should not be confused here with the feedback friction
compensation which has a similar function to the feedforward friction compensa-
tion. First the model parameters are identified iteratively with the use of the feed-
back error-signal. By adjusting the feedforward parameters the uncompensated
dynamics are successively extracted from the feedback errors. This is done until
no further improvement is possible. After the identification the friction model is
used in an experiment with both the feedforward and the feedback friction com-
pensation. Both implementations resulted in a similar improvement with respect
to the position and velocity error compared to an uncompensated situation. The
feedback friction compensation however, performed better for velocities near zero
and for steady-state situations. Although this result is not further discussed in this
paper, a plausible explanation is the used static friction model. Since this model is
less accurate for velocities near zero, the expected error for the predicted friction
force is relative large here. The friction feedback controller is able to adapt to this
error since it uses the actual output in contrast to feedforward compensation.

2.3 Feedforward friction compensation applica-
tions

An interesting comparison is shown in [28] where the Dahl model, the LuGre
model, the Leuven model and the GMS model are compared in a feedforward com-
pensation. The experimental results, executed in the neighbourhood of pre-sliding,
show that the GMS model preformed best. It is remarked that although the GMS
model performed better, the computational cost and the complexity of the param-
eter identification are comparable. To further improve the results, an disturbance
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observer is added. The results prove to be according to the expectations and show
further improvements. Model-based friction feedforward and a disturbance ob-
server appear to complement each other.
In [17] a similar approach as with Karnopp model is taken for friction compensa-
tion and used in a feedforward application. The used friction model is torque-based
and includes a "dead-zone torque" to describe the friction torque for forces below
the stiction torque.
In [23] the GMS model and a static friction model are successfully used in a feed-
forward compensation. The main control consists of of a cascade PI velocity feed-
back and P position feedback controller. To further improve the friction compensa-
tion an inverse-model-based disturbance observer is added. The experiments show
comparable results for both models for a tracking velocity in mainly the sliding
regime. When reducing the tracking velocity to a presliding dominant regime,
the GMS model shows to be superior. In [22] the remaining periodic disturbance
is further minimized by including an repetitive controller. The resulting control
setup is shown as a block diagram in figure 2.2. In the next section a comparable
control setup is discussed with the friction compensation in feedback but without
the repetitive control and the disturbance observer.

Reference

lowpassfilter

+

−

Repetitive

G−1

Frictionmodeld/dt

GmPI

Q G−1

n

InverseModelDisturbanceObserver

+

+
−

+ + +

−

Output

P

d/dt

position

Controller

Position Position
Controller

V elocity
Controller

+ + +

+

−

Figure 2.2: Schematic block diagram of cascade P/PI controller with friction
feedforward, an inverse model based disturbance observer and a repetitive con-
troller.

In [32] an adaptive static friction controller is presented based on sliding mode
control. The coulomb and viscous friction are compensated with the adaptive feed-
forward control. The Stribeck and position dependent friction are compensated
separately in a non-adaptive feedforward since these components are not linear in
a parameter. The effectiveness is shown with numerical simulations.

2.4 Feedback friction compensation applications

In [13] the dynamical friction model LuGre is used in a feedback manner with the
addition of a observer for the non-measurable internal friction state. The closed-
loop stability analysis is performed similarly as discussed in [10] to guarantee sta-
bility. To cope with varying normal forces, the control is expanded with an adaptive
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friction compensation similar to [9]. Other varying circumstances like humidity
and temperature can be compensated as well with other adaptation mechanisms
but are assumed to be constant for this setup. The adaptive friction compensation
however did not show any improvements in the experimental results, possibly be-
cause friction is not the dominant disturbance for this system. The experimental
results for feedback friction compensation compared to a feedforward form proved
that the feedforward performed better in this study. A comparable adaptive friction
compensation based on LuGre is presented in [36] where it is called ANDFC (adap-
tive nonlinear dynamic friction compensation). Instead of the measured velocity or
electronic differentiation of the position, an estimation method is used to prevent
large deviation in the estimated velocity.
In [34] a distinction is made between friction feedforward compensation and com-
mand feedforward. Command feedforward here compensates the servo lag phe-
nomena with an acceleration and a velocity term. The friction feedforward de-
scribed here is based on the Karnopp model fed with an estimated system-output
velocity. The friction compensation is nested in a position feedback-loop so the
term feedforward is somewhat misleading here and the term friction feedback
would be more appropriate. A block diagram of the multi-loop system is shown
in figure 2.3.

P

V

A

+

−

KP

KV 2

Ka

KV 1

Cv(s) G(s)

friction

1

S

Gsys(s) f(V )

Vs + +

−

+

+

+

− Va Pa

Figure 2.3: Block diagram of a cascade control system with friction compensa-
tion in feedback.

In this figure P , V and A are the commanded position and the related velocity
and acceleration respectively. Vs, Pa and Va are the commanded velocity and the
actual output position and velocity. KP and CV (s) are the position and velocity
controllers respectively. Ka, Kv1 and Kv2 are feedforward parameters and f(V )
represents the friction model. Gsys(s) is the following transfer function

Gsys(s) =
CV (s)G(s)

1 + CV (s)G(s)
(2.5)

Although the experimental results showed an improvement compared to the situ-
ation without friction compensation, the results heavily depend on the accuracy of
the modeled plant G(s) in equation (2.5). Although the friction compensation is
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considered to be in a feedforward formulation in this paper, stability still has to be
proved here since the friction compensation is nested in a feedback loop. An other
comment about this interesting setup is that neither the reference nor the output
signal is directly used to determine the friction force. Instead the signal between
the position controller and velocity controller is used to calculate the modeled sys-
tem output so that at last a friction estimation can be made. In general it can be
said that this setup for friction compensation is indirect, complex and dependent
on the accuracy of the modeled system. It remains unclear if the presented control
setup offers any advantages compared to other friction compensation strategies. In
[16] an alternative method to identify the frictional behavior with the help of an it-
erative learning controller (ILC) is discussed. From the learned feedforward signal
for different constant velocities, the friction model parameters, the position depen-
dent friction and the cogging are identified. Static friction is identified separately
with break-away experiments. The resulting friction model is implemented in a
feedback compensation. In this report the static friction model Tustin is used since
the position sensor in this application is not accurate enough to identify presliding
and frictional lag. Other phenomena that occur are found dominant so this simpli-
fication is considered justified.
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Chapter 3

Conclusion

Different friction models and applications are discussed in this study and com-
pared. Literature shows that dynamic friction models are able to predict friction
more accurately than static friction models. Although performing better, dynamic
models require a more complex model with more parameters. This makes it gen-
erally more difficult to implement and identify and increases the online computa-
tional costs. Whether or not a dynamical friction compensation is useful to imple-
ment fully depends on the applied system and requirements on accuracy. Systems
operating mainly in the sliding regime will benefit less from a dynamical friction
compensation compared to a system operating at low velocity or where velocity
reversals occur often. The measured system-output should be accurate enough in
order to be able to identify the dynamic friction phenomena before dynamic friction
compensation becomes useful. For systems where friction is not the dominating
disturbing factor, other control efforts should be considered first.
In chapter 1 different friction models found in literature are discussed. The Coulomb,
the viscous and the Stribeck model are discussed first which form the basic ele-
ments of friction. Numerical problems caused by the discontinuity at zero velocity
are solved with Switching models. The last static model discussed is the seven pa-
rameter model which attempts to include the frictional lag. The model consists of
a separate model for the presliding phase and a model for the sliding phase. How-
ever, the transition between the phases is not well described. In the Dahl model,
the friction is not only a function of velocity but of displacement as well. With
the Dahl model predisplacement and hysteresis can be captured but it still lacks
other friction phenomena. The LuGre model continued this dynamical model into
a single model suitable for both presliding and sliding regime and the transition
between them. Although the LuGre model is able to capture almost all known fric-
tion phenomena it still lacks the ability to describe hysteresis with nonlocal mem-
ory and undesired position drift occurred in simulation. These issue’s are solved
in the Leuven model, but at the cost of numerical and implementation problems.
With two modifications a discontinuity issue and the implementation problem are
solved in the modified Leuven model. Finally physics-motivated friction models
are briefly discussed to introduce the generalized maxwell slip model. This model
contains several internal states z instead of one which allows to describe the pres-
liding behavior even more accurate.
To further improve accuracy, friction compensation is normally applied combined
with other control methods. These commonly consist of a feedback control to reject
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disturbances and an inertia feedforward for motion systems. Besides these basic
techniques a vast number of other techniques are possible. The idea of combining
these different controllers is that they complement each other and result in fur-
ther improvement and adaptation to changing circumstances. Chapter 2 discusses
these different control technics which are divided into model based and non-model
based friction compensation. First the non-model based friction compensations
are discussed where the classic feedback control, impulsive control, dither, ILC
and friction estimators are considered in this review. Next, model based friction
compensations are subdivided into feedforward and feedback approaches and dis-
cussed. First the global differences for feedforward and feedback are discussed
and the experimental results of both methods are compared for a static friction
model. Different applications for feedforward compensation are discussed next.
First different dynamical friction models and static model are compared. Next an
application of the GMS model is discussed which is applied with a cascade po-
sition/velocity feedback controller together with an inertia feedforward, a repet-
itive controller and an inverse model disturbance observer to further minimize
the tracking error. And at last a friction controller based on sliding mode control
is discussed shortly. Next, different feedback friction compensation applications
are discussed. The implementation of the LuGre model with a state observer is
discussed with an additional adaptation mechanism to cope with varying circum-
stances. Then an application with a static friction model nested in a feedback-loop
is discussed where the model is fed with a modeled plant output. And at last, a
report is discussed where the ILC is used to identify the friction model-parameters
which is than used in a feedback configuration.
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