
Adaptive Robust Control of Linear Motor Systems with Dynamic
Friction Compensation Using Modified LuGre Model

Lu Lu, Bin Yao, Qingfeng Wang, and Zheng Chen

Abstract— LuGre model has been widely used in dynamic
friction modeling and compensation. However, there are some
practical difficulties when applying it to systems experiencing
large range of motion speeds such as the linear motor drive
system studied in the paper. This paper first details the digital
implementation problems of the LuGre model based dynamic
friction compensation. A modified model is then presented to
overcome those shortcomings. The proposed model is equiv-
alent to LuGre model at low speed, and the static friction
model at high speed, with a smooth transition between them.
A discontinuous projection based adaptive robust controller
(ARC) is then constructed, which explicitly incorporates the
proposed modified dynamic friction model for a better friction
compensation. Nonlinear observers are built to estimate the
unmeasurable internal state of the dynamic friction model. On-
line parameter adaptation is utilized to reduce the effect of
various parametric uncertainties while certain robust control
laws are synthesized to effectively handle various modeling un-
certainties for a guaranteed robust performance. The proposed
controller is also implemented on an industrial linear motor
driven gantry system, along with controllers with the traditional
static friction compensation and LuGre model compensation.
Extensive comparative experimental results have been obtained,
revealing the instability when using the traditional LuGre model
for dynamic friction compensation at high speed experiments
and the improved tracking accuracy when using the proposed
modified dynamic friction model. The results validate the
effectiveness of the proposed approach in practical applications.

Index Terms— Dynamic friction; LuGre Model; Motion Con-
trol; Linear Motor; Adaptive Robust Control

I. INTRODUCTION

Friction modeling and compensation has been a research
topic which has been studied extensively but still full of
interesting problems due to its practical significance and the
complex behavior of friction [7]. It has been well known
that to have accurate motion control accuracy at low speed
movement, friction cannot be simply modeled as a static
nonlinear function of velocity alone but rather a dynamic
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function of velocity and displacement. Thus, during the
past decade, significant efforts have been devoted to solving
the difficulties in modeling and compensation of dynamic
friction with various types of models proposed [2], [1], [4].
Among them, the so called LuGre model by Canudas de Wit
et al. [4] can describe major features of dynamic friction,
including presliding displacement, varying break-away force
and Stribeck effect.

Due to its relatively simpler form and yet powerful enough
to be able to simulate major dynamic friction behaviors,
LuGre model has been widely used in control with dynamic
friction compensation [6], [9]. Although many good appli-
cation results have been reported, some practical problems
are also discovered, especially when applying the LuGre
model to systems experiencing large ranges of motion speeds
such as the linear motor drive system studied in this paper.
Namely, the traditional LuGre model could become very stiff
when the velocity is large. This leads to some unavoidable
implementation problems since dynamic friction compensa-
tion can only be implemented digitally due to its highly
nonlinear characteristics. For example, it has been reported in
[5] that the observer dynamics to recover the unmeasurable
internal state of the LuGre model could become unstable at
high speed motions.

On the other hand, no matter how accurate the mathe-
matical models of dynamic friction is, it is impossible to
capture the entire nonlinear behaviors of actual friction and
to have a perfect friction compensation. So advanced control
techniques have to be used in parallel with appropriate
selection of dynamic friction models for effective friction
compensation. The idea of adaptive robust control (ARC)
[15], [16], [12] incorporates the merits of deterministic robust
control (DRC) and adaptive control (AC), which guarantees
certain robust performance in presence of uncertainties while
having a controlled robust learning process for better control
performance. In [10], the proposed ARC strategy has also
been applied and tested on an epoxy core linear motor
without dynamic friction compensations.

In this paper, we first revisit the LuGre model and discuss
the digital implementation problems when using the model
for dynamic friction compensation. Based on the analysis, a
modified version of LuGre model is proposed for dynamic
friction compensation to overcome those shortcomings. We
then construct a discontinuous projection based adaptive
robust controller (ARC), which explicitly incorporates the
proposed modified dynamic friction model. It is shown
theoretically that the proposed algorithm guarantees certain
robust performance in presence of various uncertainties while
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having the perfect trajectory tracking capability when the
system has parametric uncertainties only. The proposed ARC
algorithm, along with ARC algorithms with friction com-
pensations using the LuGre model and the static friction
model respectively, are also tested on a linear motor driven
industrial gantry system. Comparative experimental results
are presented to illustrate the effectiveness of the proposed
modified LuGre model in practical applications and the ex-
cellent tracking performance of the proposed ARC algorithm.

II. LUGRE MODEL AND ITS MODIFICATION

Among all the existing dynamic friction models, LuGre
model is a very popular one, especially favored by control
engineers. It is proposed by Canudas de Wit et al. in [4].
Theories and experiments have shown that LuGre model is
able to capture most friction phenomena that are of interests
to feedback controls. With this model, the friction is given
by

f = σ0z+ σ1ż+ α2v (1)

ż = v− |v|
g(v)

z (2)

g(v) = α0 + α1e−(v/vs)2
(3)

where z represents the unmeasurable internal friction state,
σ0, σ1, α2 are unknown friction force parameters that can be
physically explained as the stiffness, the damping coefficient
of bristles, and viscous friction coefficient. The function g(v)
is positive and it describes the Stribeck effect: σ0α0 and
σ0(α0 +α1) represent the levels of the Coulomb friction and
stiction force respectively, and vs is the Stribeck velocity.

In [8], the passivity of the LuGre model is discussed, a
decreasing σ1(v) with respect to velocity is shown to be
necessary. It has also been proved in [8] that the LuGre model
is passive if σ1(v) < 4σ0g(v)

|v| . Thus we explicitly denote σ1(v)
as σ̄1h(v), where h(v) is a decay function with respect to
velocity, satisfying the above conditions for passivity. With
this modification, (1) can be rewritten as:

f = σ0z+ σ̄1h(v)ż+ α2v (4)

However, this model still has some implementation prob-
lems. Namely, in order to compensate for the dynamic
friction using LuGre model, it is necessary to build observers
to estimate the unknown internal state z. With LuGre model,
the observer dynamics would be of the form of

˙̂z = v− |v|
g(v)

ẑ+ γτ (5)

where γ represents the observer gain and τ is the observer
error correction function to be selected. Since the observer
dynamics (5) are highly nonlinear, the only way to implement
it is through microprocessors using the discretized version of
(5) assuming certain sampling rate. With the digital imple-
mentation of (5), to avoid instability due to discretization
with a finite sampling rate, it is necessary that the equivalent
gain |v|

g(v) in (5) is not too high. In [5], it is shown that if
the velocity exceeds a critical value which is proportionally

related to the sampling rate, digital implementation of the
above observer dynamics will become unstable.

On the other hand, the dynamic friction effect is noticeable
only when the relative velocity is low. For high speed
motions, it is enough to use the following traditional static
friction model:

f = Fcsgn(v)+ Fvv (6)

With all these facts in mind, it is worth noting that Ref. [3]
also briefly mentioned the possibility of stopping the integra-
tion of z and using its steady-state value ẑss = Fcsgn(v)+α2v
when the speed is above certain critical value. But this rather
simplistic modification may result in discontinuous internal
state estimation when the speed changes between high and
low ranges. In addition, no experimental results have been
provided to validate such a modification. In the following, a
modified LuGre model will be proposed, which is essentially
equivalent to LuGre model (4) at low speeds, and the static
friction model (6) at high speeds, with a smooth transition
between these two models from low speeds to high speeds.
Specifically, the proposed model has the form of

f = σ0s(|v|)z+ σ̄1h(v)ż+ Fcsgn(v)[1− s(|v|)]+ α2v (7)

ż = s(|v|)(v− |v|
g(v)z) (8)

g(v) = α0 + α1e−(v/vs)2
(9)

where s(|v|) is a non-increasing continuous function of |v|
with the following properties:

P1: s(|v|) = 1 if |v| < l1 and s(|v|) = 0 if |v| > l2, in
which l2 > l1 > 0.

In the above, l1 and l2 are the cutoff velocities to be
selected based on the particular characteristics of system
studied and the sampling rate of digital implementation. The
essence of this modified LuGre model is to make the internal
dynamics stops to update when the velocity is high enough.
This solves the instability problem of the original LuGre
model in digital implementation. Different from [3], we do
not force z to be its static value at high speeds. Thus the
estimation of z will be continuous. Furthermore, with the
proposed model, it is easy to find that the following desirable
properties hold (the proofs are omitted due to space limit but
can be obtained from the authors):

Property 1: With the initial internal state chosen such that
|z(0)| ≤α0 +α1, the internal states of the modified model (7)
to (9) are always bounded above by the same upper bound,
i.e., |z(t)| ≤ α0 + α1, ∀t ≥ 0.

Property 2: The mapping from v to f is dissipative if
σ̄1h(v) < 4σ0g(v)

|v|
Property 3: When |v|> l2, then the proposed model sim-

plifies into the static friction model given by (6), and when
|v| < l1, the model is the exactly the same as the LuGre
model of (1) to (3).

For any constant speed v, the steady state friction can be
obtained easily by letting ż = 0 in (8):

fss = {σ0s(|v|)g(v)+ Fc[1− s(|v|)]}sgn(v)+ α2v (10)
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Another good property of this model is that Fc can be
different from σ0α0. Additionally, α2v can also be replaced
by α21vs(|v|) + α22v[1− s(|v|)], which makes the viscous
term different at high speed from the low speed. As such, the
description of friction at low and high speeds are completely
separated, with a smooth transition region. This gives us
greater flexibility in fitting the friction measurement data
over a large range of motion speeds. In the following, for
simplicity, we still use the term α2v, but an extension as
discussed above can be worked out easily as well.

III. PROBLEM FORMULATION

The paper uses a three phase iron core linear motor
system as a case study. The amplifier has a current loop
having a bandwidth higher than 1kHz. Thus the electrical
dynamics can be ignored. Input saturation is also ignored
since we do not operate the linear motor with extremely high
accelerations. With these simplifications, the linear motor
dynamics can be captured well by a second-order system
given by

ẋ1 = x2 (11)

mẋ2 = u− f + Δ̄ (12)

where x = [x1 x2]T represents the state vector consisting
of the position and velocity. m denotes the inertia of the
system normalized with respect to the control input unit
of voltages, u(t) is the control input, f represents the
normalized friction, and Δ̄ represents the lumped unknown
nonlinear functions including the friction modeling errors
and the external disturbances. Here the effect of cogging
forces is not explicitly modeled and is lumped into the
lumped uncertainties term Δ̄. Using the technique as in
[14], the effect of cogging forces can be incorporated easily
into the proposed control algorithm as done in some of the
experimental results detailed later.

With the modified LuGre model proposed in the previous
section, the overall system dynamics are thus given by

ż = s(|x2|)
[

x2− |x2|
g(x2)

z

]
(13)

ẋ1 = x2 (14)

mẋ2 = u−σ0s(|x2|)z
−σ̄1h(x2)s(|x2|)(x2− |x2|

g(x2)
z)

−Fcsgn(x2)[1− s(|x2|)]−α2x2 + Δ̄ (15)

Let yd(t) be the desired motion trajectory, which is as-
sumed to be known, bounded, with bounded derivatives up
to the second order. With the assumed dynamic friction
model having known structural information but unknown
friction parameters (i.e., shape functions g(x2), h(x2) and
s(|x2|) are assumed to be known but the model parameters
σ0, σ̄1,Fc, and α2 are unknown), the objective is to synthesize
a bounded control input u such that the actual position x1

tracks yd(t) as closely as possible in spite of various model
uncertainties.

IV. ADAPTIVE ROBUST CONTROL (ARC)

A. Notations and Assumptions

Throughout the paper, the following notations will be
used: •min for the minimum value of •, •max for the max-
imum value of •, and the operation < for two vectors is
performed in terms of the corresponding elements of the
vectors. •̂ denotes the estimate of •, •̃ = •̂− • denotes the
estimation error.

We define a parameter set as θ = [θ1,θ2,θ3,θ4,θ5,θ6]T =
[m,σ0, σ̄1,Fc,α2,−Δ̄0]T in which Δ̄0 can be thought as the
constant nominal value of the lumped uncertainties Δ̄ in (15).
Denote the time-varying portion of Δ̄ as ˜̄Δ = Δ̄− Δ̄0. Then
equation (15) can be re-written as

θ1ẋ2 = u−θ2s(|x2|)z−θ3h(x2)s(|x2|)(x2− |x2|
g(x2)

z)

−θ4sgn(x2)[1− s(|x2|)]−θ5x2−θ6 + ˜̄Δ (16)

To design an adaptive robust controller, the following rea-
sonable and practical assumptions are made:

Assumption 1: The extent of parametric uncertainties is
known, i.e.,

θ ∈ Ω Δ= {θ : 0 < θmin < θ < θmax}, (17)

where θmin = [θ1min, · · · ,θ6min]T and θmax =
[θ1max, · · · ,θ6max]T are known.

Assumption 2: The uncertain nonlinearity ˜̄Δ is bounded
by a known function δ (x, t) multiplied by an unknown but
bounded time-varying disturbance d(t), i.e.,

˜̄Δ ∈ Ω ˜̄Δ
Δ= { ˜̄Δ : | ˜̄Δ(x,z,u, t)| ≤ δ (x, t)d(t)}. (18)

B. Adaptive Robust Control Law Synthesis

Following the adaptive robust control (ARC) in [11], the
control law is developed as follows. Let e(t) = x1(t)− yd(t)
be the position tracking error. Define a switching-function-
like variable p as:

p = ė + k1e = x2− x2eq, x2eq
Δ= ẏd− k1e, (19)

where k1 > 0 is a feedback gain. If p can be made small or
converge to zero, then the tracking error e will be small or
converge to zero since G(s) = e(s)

p(s) = 1
s+k1

is a stable transfer
function. Taking the derivative of p give:

θ1 ṗ = u−θ1ẋ2eq−θ2s(|x2|)z
−θ3h(x2)s(|x2|)(x2− |x2|

g(x2)z)

−θ4sgn(x2)[1− s(|x2|)]−θ5x2−θ6 + ˜̄Δ
(20)

where ẋ2eq
Δ= ÿd − k1ė. We construct two projection-type

observers to estimate the unknown internal state z

˙̂z1 = Pro jẑ1

{
s(|x2|)

[
x2− |x2|

g(x2) ẑ1− γ1 p
]}

˙̂z2 = Pro jẑ2

{
s(|x2|)

[
x2− |x2|

g(x2) ẑ2 + γ2
h(x2)|x2|

g(x2) p
]} (21)

where the projection mapping is defined as

Pro jζ̂ (•) =

⎧⎨
⎩

0 if ζ̂ = ζmax and •> 0
0 if ζ̂ = ζmin and •< 0
• otherwise

(22)
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The observation bounds are set as z1max = z2max = α0 + α1,
z1min = z2min =−α0−α1, which corresponds to the physical
bounds of internal state. In order to estimate unknown
parameters, we use the following on-line adaptation law

˙̂θ = Pro jθ̂ (Γτ), τ = ϕ p, (23)

where ϕT = [−ẋ2eq, −s(|x2|)ẑ1, −h(x2)s(|x2|)(x2 −
|x2|

g(x2) ẑ2), −sgn(x2)[1− s(|x2|)], −x2, −1] and Γ > 0 is a
diagonal matrix. With the above observers and the parameter
adaptation law, the following adaptive robust control law is
proposed:

u = ua + us,

ua =−θ̂ T ϕ ,
us = us1 + us2, us1 =−ks1 p

(24)

In (24), ua is the model compensation term. us is a robust
control law, in which us1 is used to stabilize the nominal
system and us2 is a robust feedback term used to attenuate
the effect of various model uncertainties. us2 must satisfy
two conditions

i. pus2 ≤ 0

ii. p
[
us2− θ̃ T ϕ + θ2s(|x2|)z̃1−θ3h(x2)s(|x2|) |x2|

g(x2) z̃2 + ˜̄Δ
]

≤ ε0 + ε1‖d‖∞
(25)

where ε0 and ε1 are two design parameters which may be
arbitrarily small.

Theorem 1: If the ARC law (24) is applied, then
A. In general, all signals are bounded. Furthermore, the

positive definite function Vs defined by

Vs =
1
2

mp2 (26)

is bounded above by

Vs ≤ exp(−λV t)Vs(0)+
ε0 + ε1‖d‖∞

λV
[1− exp(−λ t)], (27)

where λV = 2ks1/θ1max.
B. If after a finite time t0, there exist parametric uncer-

tainties only (i.e., ˜̄Δ = 0, ∀t ≥ t0), then, in addition to results
in A, zero final tracking error is also achieved, i.e, e −→ 0
and p−→ 0 as t −→ ∞.

The proof of the theorem is omitted due to space limit and
can be obtained from the authors.

V. EXPERIMENTAL RESULTS

A. System Setup

In the Precision Mechatronics Lab at Zhejiang Univer-
sity, a two-axes commercial Anorad HERC-510-510-AA1-
B-CC2 Gantry by Rockwell Automation has been set-up.
The gantry has two built-in linear encoders providing each
axis a position measurement resolution of 0.5μm. To study
dynamic friction and its compensation at low speed motions,
a Renishaw RLE10-SX-XC laser position measurement sys-
tem with a laser encoder compensation kit RCU10-11ABZ
is used. The external laser interferometer system provides
a direct measurement of load position with a resolution of
20nm. The entire system is controlled through a dSPACE
DS1103 controller board.

B. System Identification

Experiments have been conducted on the upper X-axis.
Off-line parameter identification is carried out at high speed
first, in which the proposed dynamic friction model sim-
plifies into (6) and the system dynamics is the same with
that in [13]. It is found that the nominal value of m is
0.12volt/m/sec2, and the value of Fc is 0.15volt.

Since our model is a modified version of LuGre model, we
follow the same procedures as in [4] to estimate the dynamic
friction parameters. The Stribeck curve is shown in Fig. 1,
from which we get σ0g(x2) = 0.1236 + 0.0861e−|x2/0.0022|
and α2 = 0.166. It is observed that the Stribeck effect is
evident during motion with speeds less than 0.08m/sec, and
beyond that the traditional static friction model describes the
static friction curve well. Thus we set the l1 to be 0.08m/sec
and l2 to be 0.1m/sec. Further study shows that using a
sampling rate of 5kHz, the observer dynamics is marginally
stable at 0.11m/sec when the original LuGre model are used
to construct observers like (5). So setting l2 to be a little less
than this critical velocity is reasonable. The part of s(|x2|)
in [l1 l2] and [−l2 − l1] is simply chosen as a line section.
Higher order functions can also be used when smoothness is
concerned.
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Fig. 1. Stribeck Curve

The function of h(x2) is chosen to be h(x2) = 0.00013
0.00013+|x2| ,

which satisfies the passivity condition stated in (2). To obtain
σ0 and σ̄1, we operate the system around zero velocity, give
it a step input and measure the output response. With these
experiments, we get σ0 = 7000 and σ̄1 = 1176.

C. Comparative Experimental Results

The control system is implemented using a dSPACE
DS1103 controller board. The controller executes programs
at a sampling frequency fs = 5kHz.

In the following, we compare two algorithms - the adaptive
robust control (ARC) with the proposed modified LuGre
model based dynamic friction compensation and the adaptive
robust control with static friction compensation as done in
[13] - for two different types of trajectories, to show the
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improved performance after using the proposed model and
corresponding compensation algorithms.

Low Speed Motions: The ARCs with different fric-
tion compensations are first compared for motions of
really low speed. The desired trajectory represents a
point-to-point movement, with a maximum velocity of
0.0002m/s and a maximum acceleration of 0.0002m/s2

and a traveling distance of 0.001m, as shown in Fig.
2. Due to the small travel distance, the cogging force
effect is negligible in this case and not explicitly ac-
counted for in the ARC controllers. For dynamic friction
compensation with the proposed modified LuGre model,
the bounds of the parameter variations in experiments
are chosen as: θmin = [0.1, 4000, 500, 0.1, 0, −0.5]T

and θmax = [0.2, 10000, 1500, 0.3, 0.5, 0.5]T . The
gains of the controller are chosen as: k1 = 250, ks1 =
500. The adaptation rates are set as Γ = diag{1, 2.5×
1010, 2.5 × 108, 100, 10, 1000} and γ1 = γ2 = 0.2.
The initial parameter estimates are chosen as: θ̂ (0) =
[0.12,7000,1176,0.15,0.166,0]T, ẑ1 = 0 and ẑ2 = 0. For
static friction compensation, all the bounds and controller
parameters are the same as in the dynamic friction compen-
sation case, except the parameters related to internal states
of dynamic friction model.

The tracking errors of the two ARC controllers are shown
in Fig.3. As seen from the plots, during transient periods
when the velocity changes directions during the back-and-
forth point-to-point motions, the tracking error peaks shown
in the upper figure for the ARC with static friction com-
pensation only almost disappear after using the proposed
modified LuGre model based dynamic friction compensation.
The proposed dynamic friction compensation based ARC
achieves a maximum tracking error about 700nm, while the
static friction compensation based ARC has a maximum
tracking error around 2μm.
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Fig. 2. Desired trajectory, low speed (vmax = 0.0002m/s)

High Speed Motions: The ARCs with different friction
compensations are then compared for motions of high speed.
The desired trajectory is also a point-point one similar to that
of low speed, but with a maximum velocity of 0.3m/sec, a
maximum acceleration of 5m/sec2, and a traveling distance
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Fig. 3. Error compare, low speed (vmax = 0.0002m/s)

of 0.4m. Due to the large travel distance, the cogging force
effect should be considered as the Anorad gantry is powered
by iron-core linear motors. Cogging force compensation
terms are added into the proposed algorithms as in [14].

For the proposed dynamic friction compensation, the
bounds of the parameter variations, the initial parameter
estimates and the controller gains (k1 and ks1) are chosen to
be the same as in low speed experiment. The adaptation rates
are set as Γ = diag{1, 2.5× 1010, 10000, 100, 10, 2000}
and γ1 = γ2 = 0.2. For static friction compensation, all the
bounds and controller parameters are the same as in the
dynamic friction compensation case, except the parameters
related to internal states of dynamic friction model.

To verify the implementation problems of the original
LuGre model based observer designs in high speed motions,
we also implemented the proposed ARC with LuGre model
based dynamic friction compensation, i.e., assuming s(|v|) =
1 for all velocity in the proposed ARC controller. As shown
in Fig. 4, the estimation of internal states quickly becomes
unstable due to the digital implementation and an inadequate
sampling rate.

The tracking errors of the ARCs with the proposed dy-
namic friction compensation and the traditional static friction
compensation are plotted in Fig. 5. It can be seen that the
transient tracking errors have been significantly reduced with
the proposed dynamic friction compensation; the maximum
tracking error is reduced by half from around 14μm to 7μm.
The estimates of internal state z shown in Fig. 6 over a single
back-and-forth movement reveal a well-behaved observer.
All these results validate the effectiveness of the proposed
dynamic friction model and compensation.

VI. CONCLUSIONS

A. Conclusions

In this paper, practical digital implementation problems
with existing LuGre model and its variations for dynamic
friction modeling and compensation are discussed and ex-
perimentally verified. A modified version of LuGre was
then proposed to solve those implementation problems. An
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Fig. 5. Error compare, high speed (vmax = 0.3m/s)
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Fig. 6. Estimate of z, high speed (vmax = 0.3m/s)

adaptive robust control (ARC) algorithm with friction com-
pensation using the proposed dynamic friction model was
also developed with rigorous closed-loop stability and perfor-
mance robustness proofs. The proposed ARC algorithm was
also implemented on a linear motor driven industrial gantry
system and experimentally compared with the previously
presented ARC algorithms with static friction compensation.
Comparative experimental results obtained have revealed the
substantially improved tracking performance of the proposed
ARC with dynamic friction compensation at both low and
high speed motions, while without the instability problem
of the LuGre model based dynamic friction compensation at
high speeds.

REFERENCES

[1] P.-A. Bliman and M. Sorine, “Friction modeling by hysteresis opera-
tors,” in Proc. Conf. Models of hysteresis, 1991.

[2] P. P. Dahl, “A solid friction model,” The Aerospace Corporation, El
Segundo, CA, Tech. Rep. TOR-158(3107-18), 1968.

[3] C. Canudas de Wit, “Slides of the workshop on control of systems with
friction,” in the IEEE Conference on Decision and Control, Florida,
USA, December 1998.

[4] C. Canudas de Wit, H. Olsson, K. J. Astrom, and P. Lischinsky, “A new
model for control of systems with friction,” IEEE Trans. on Automatic
Control, vol. 40, no. 3, pp. 419–425, 1995.

[5] L. Freidovich, A. Robertsson, A. Shiriaev, and R. Johansson, “Friction
compensation based on lugre model,” in 45th IEEE Conference on
Decision and Control, Manchester Grand Hyatt Hotel, San Diego, CA,
USA, December 2006.

[6] M. Gaefvert, “Dynamic model based friction compensation on the fu-
ruta pendulum,” in Proceedings of the IEEE international Conference
on Control Applications, 1999, pp. 1260–1265.

[7] V. Lampaert, “Modelling and control of dry sliding friction in me-
chanical systems,” Ph.D. dissertation, Mechanical Engineering and Au-
tomation, Catholic University of Leuven, Heverlee (Leuven), Belgium,
2003.

[8] H. OLSSON, “Control systems with friction,” Ph.D. dissertation, Lund
Institute of Technology, Lund, Sweden, April 1996.

[9] Y. Tan and I. Kanellakopoulos, “Adaptive nonlinear friction compen-
sation with parametric uncertainties,” in Proceedings of the American
Control Conference, 1999, pp. 2511–2515.

[10] L. Xu and B. Yao, “Adaptive robust precision motion control of linear
motors with negligible electrical dynamics: theory and experiments,”
IEEE/ASME Transactions on Mechatronics, vol. 6, no. 4, pp. 444–452,
2001.

[11] ——, “Adaptive robust control of mechanical systems with nonlinear
dynamic friction compensation,” International Journal of Control,
vol. 81, no. 2, pp. 167–176, 2008, (Part of the paper appeared in
the Proc. of 2000 American Control Conference, pp.2595-2599).

[12] B. Yao, “High performance adaptive robust control of nonlinear
systems: a general framework and new schemes,” in Proc. of IEEE
Conference on Decision and Control, San Diego, 1997, pp. 2489–
2494.

[13] B. Yao, Y. Hong, C. Hu, and Q. Wang, “Precision motion control of
linear motor drive systems for micro/nano-positioning,” in Proceed-
ings of ASME MicroNanoChina07, MNC2007-21310, Sanya, Hainan,
China, 2007, pp. 1–10.

[14] B. Yao, C. Hu, and Q. Wang, “Adaptive robust precision motion
control of high-speed linear motors with on-line cogging force com-
pensations,” in Proceedings of IEEE/ASME Conference on Advanced
Intelligent Mechatronics, Zurich, September 2007, pp. 1–6.

[15] B. Yao and M. Tomizuka, “Smooth robust adaptive sliding mode
control of robot manipulators with guaranteed transient performance,”
Trans. of ASME, Journal of Dynamic Systems, Measurement and
Control, vol. 118, no. 4, pp. 764–775, 1996, part of the paper also
appeared in the Proc. of 1994 American Control Conference, pp.1176–
1180.

[16] ——, “Adaptive robust control of SISO nonlinear systems in a semi-
strict feedback form,” Automatica, vol. 33, no. 5, pp. 893–900, 1997,
(Part of the paper appeared in Proc. of 1995 American Control
Conference, pp2500-2505, Seattle).

966

Authorized licensed use limited to: Purdue University. Downloaded on December 25, 2008 at 01:02 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /LucidaSans
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


