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ABSTRACT
Micro and Nano-technologies need precision machines that

can produce motion accuracy down to micro/nano-meter range.
At the same time, these machines have to operate at high speeds
to yield high productivity. Such an increasingly tight control
performance requirement puts a significant challenge to control
community and forces control engineers to look beyond tradi-
tional linear control theory for more advanced nonlinear con-
trollers. This research is to present an advanced nonlinear adap-
tive robust control approach to achieve micro/nanometer level
positioning accuracy for micro/nano-manipulation type applica-
tions. In addition, the proposed control strategy is implemented
on a commercial linear motor drive system with a position mea-
surement resolution of 20 nanometers by an external laser in-
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terferometer. Experimental results for both long-range high-
speed/high-acceleration motions and short-range slow motions
are presented to demonstrate the precision motion that can be
achieved by the proposed method and various practical issues
that remain to be solved. It is found that for motions with a maxi-
mum speed of 2 m/sec and maximum acceleration of 45 m/sec2,
the steady state position tracking error is within the linear en-
coder resolution of 0.5 µm when the system comes to a stop and
within 5 µm during the 2 m/sec constant speed period. Further-
more, the maximal position tracking during the entire motion is
mostly within 20µm. For slow motions with a maximal speed of
only 0.0002m/sec, the steady state position tracking error with
the external laser interferometer position measurement is mostly
within 0.1 µm when the system comes to a stop and within 0.2 µm
during the constant low speed period, and the maximal position
tracking during the entire motion is within 2µm.
Copyright c© 2007 by ASME



1 INTRODUCTION
Most of the precision mechanical systems are driven by

electro-magnetic motors. Major difficulties in precisely control-
ling these mechanical systems to provide the required micro-
meter or nano-meter accuracy (e.g., high-density hard disk
drives) are: (i) the effect of non-linear Coulomb friction which
dominates at low speed movement and is notoriously hard
to model and compensate; (ii) unknown parameters such as
the change of inertia load which makes the precise compen-
sation of inertia dynamics rather difficult, especially at high-
speed/acceleration movement; (iii) uncertain nonlinearities such
as the cogging force in linear motor drive systems; (iv) the effect
of measurement noises, especially the noisy velocity feedback;
and (v) neglected high frequency dynamics, such as the neglected
electrical dynamics in linear motors and the neglected system
structural flexible modes in conventional rotary motor driven ma-
chine tools. During the past several years, significant amount of
work has been carried out to apply the adaptive robust control
theory proposed by the first author [1–3] to address some of the
above practical issues. Those results have provided the field a set
of tools that can deal with the effects of unknown parameters and
uncertain nonlinearities reasonably well [4, 5]. Experimental re-
sults on a linear motor drive system with a measurement resolu-
tion of 1 micrometer have demonstrated that position tracking ac-
curacy down to several micrometers can be achieved even during
high speed operations around 1 meter/second [4]. However, to
have a better understanding of various practical issues associated
with precision motion control to further improve the achievable
positioning accuracy in implementation, it is necessary to set-up
an experimental system allowing higher speed/acceleration mo-
tion to be performed with a smaller position measurement reso-
lution, which is one of the main focus of this study.

Friction exists in machines incorporating parts with relative
motion and it is generally an obstacle for control engineers due
to its high nonlinearity and the negative results it caused, such
as steady state errors and limit cycle. Both [6] and [7] pro-
vided not only an extensive survey of numerous studies and re-
searches from several disciplines to explain or model the fric-
tion phenomena, but also a great insight on the applications of
some friction models to typical control problems. For example,
the classical Coulomb-viscous model, because of its simplicity,
has often been used in friction compensation. As the demands
for precision control increase, more focus has been drawn on
dynamic friction models for its better description at low speed
motions, during which the presliding displacement, the friction
lag and the Stribeck effect, etc. become dominant. Several re-
searchers have proposed various dynamic friction models. For
example, Dahl [8] modelled the stress-strain curve by a differ-
ential equation, which is a generalization of ordinary Coulomb
friction. Haessig and Friedland [9] introduced a bristle model to
capture the behavior of the microscopical contact points between
two surface. Canudas de Wit et al. [10]’s model was based on
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the average behavior of the bristles and it combined the stiction
effect with arbitrary steady-state friction characteristics.

The idea behind obtaining these highly accurate and sophis-
ticated models is to be able to predict the friction more accurately
so that friction compensation can be done more effectively. How-
ever, no matter how accurate these mathematical models may be,
it is usually difficulty to capture the nonlinear features of friction
exactly, since almost every physical system is subject to certain
degrees of model uncertainties. Normally, the causes of model
uncertainties can be classified into three categories: (i) repeat-
able or constant unknown quantities such as the unknown dy-
namic friction parameters and the inertia load, (ii) dynamic un-
certainties due to the unmeasurable friction state, and (iii) non-
repeatable unknown quantities such as external disturbances and
imprecise modelling of certain physical terms.

To account for these uncertainties, nonlinear control meth-
ods have been studied during past decades. Deterministic ro-
bust controllers (DRC) can achieve a guaranteed transient perfor-
mance and final tracking accuracy in the presence of parametric
uncertainties, dynamic uncertainties and uncertain nonlinearities.
However, since no attempt is made to learn from past behavior to
reduce the effect of parametric and dynamic uncertainties, the de-
sign is conservative and may involve either switching or infinite-
gain feedback [11, 12] for asymptotic tracking. Adaptive con-
trollers (AC) are able to achieve asymptotic tracking in the ab-
sence of uncertain nonlinearities without resorting to infinite gain
feedback. For example, in [13], Canudas de Wit et al. illustrated
how the control structure proposed in [10] could be modified to
adapt for selected unknown friction parameters. One adaptive
controller was proposed to adapt for a single parameter associ-
ated with normal force variation while the second one was pro-
posed to adapt for another parameter associated with temperature
variation. In [14], an adaptive controller with several deigns of
observers/filters, is proposed to handle non-uniform variations in
the friction force by assuming independent coefficient change as
temperature varies. Similar result is achieved in [15], in which a
dual-observer structure is utilized to estimate different nonlinear
effects of the unmeasurable friction state. However, these adap-
tive controllers suffer from two main drawbacks - unknown tran-
sient performance and possible non-robustness to disturbances.
In [16], a robust adaptive friction compensation scheme based
on the smooth projection mapping was proposed. This scheme
guarantees arbitrary disturbance attenuation. However, it is as-
sumed that one dynamic friction parameter is known. Otherwise,
asymptotic tracking can not be guaranteed.

In [17], a dynamic friction compensation strategy was pro-
posed for the position tracking of a second order mechanical
system by utilizing the idea of adaptive robust control (ARC)
[2, 18, 19]. By exploiting practically reasonable prior informa-
tion on physical systems such as the bounds of parameter vari-
ations and the unmeasurable friction state as much as possible,
the proposed scheme effectively combined the design methods
Copyright c© 2007 by ASME



of DRC and AC. Specifically, based on the available bounds on
the unmeasurable friction state, the widely used discontinuous
projection mapping was utilized to modify the observer design
proposed in [15], which guarantees that the friction state esti-
mates belong to a known bounded region all the time. As a
result, the possible destabilizing effect of friction state estima-
tion errors could be dealt with via robust feedback effectively for
an improved performance. The proposed controller was robust
to unknown mechanical parameters and external bounded dis-
turbance. In the absence of uncertain nonlinearities, asymptotic
output tracking was achieved in spite of parametric uncertain-
ties that may exist in the system and dynamic friction model.
However, [17] presented only simulation results. No real-time
experiments have been done due to the lack of high-resolution
encoder. Therefore, it is still under question on how effective the
dynamic friction compensation will be on an actual system with
sampling effect, disturbances from the working environment, ne-
glected electrical dynamics, etc.

In this paper, a commercial high-speed linear motor drive
system is set up with the load position measured by an external
laser interferometer. As such, the position measurement reso-
lution is improved to 20 nanometers and the effect of dynamic
friction can be observed clearly at very slow motions. The pre-
viously proposed adaptive robust control algorithms [4, 5] will
be implemented on this experimental systems to demonstrate the
precision motion that can be achieved by the proposed adap-
tive robust method and various remaining practical issues to be
solved. Practical problems associated with the existing dynamic
friction model based friction compensations [13, 17] will be de-
tailed.

The paper is organized as follows. Section 2 presents the
problem formulation. Section 3 gives the desired compensation
ARC algorithm [4, 5] and the dynamic friction compensation
scheme in [17]. Section 4 details the experimental set-up with
the measured dynamic friction effect. Section 5 shows various
real-time experimental results and section 6 concludes the paper.

2 PROBLEM FORMULATION
The system studied in this research is a current-driven three-

phase iron core linear motor, which is ideally suited to meet the
rapid point-to-point motion common in the electronics assembly
industry. The power amplifier of the motor has a current loop
with the bandwidth higher than 1kHz and this electrical dynamics
is negligible compared to the closed-loop bandwidth that can be
achieved for the mechanical system. Therefore, the mathematical
model of such a system can be written as

ẋ1 = x2 (1)
Mẋ2 = k f u−F +∆(x,z,u, t) (2)
3

where x = [x1 x2]T represents the state vector consisting of the
position and velocity, M denotes the inertia of the system, k f is
the input gain from the control voltage to the force generated
by the linear motor, u(t) is the control input, F represents the
friction modeling, and ∆ represents the lumped unknown nonlin-
ear functions including the unmodeled electro-magnetic cogging
and ripple forces, the friction modeling errors, and the external
disturbance. For the sake of simplicity, the above model are nor-
malized with respect to the input gain as follows

ẋ1 = x2 (3)
mẋ2 = u− f + ∆̄ (4)

where m = M/k f , f = F/k f , and ∆̄ = ∆/k f . Note that k f can be
calculated based on the specifications provided by the manufac-
turer.

During the past research by the authors, the simple static
Coulomb-viscous model is used for friction compensation in im-
plementation. Specifically, the following friction model is used:

f = Ā f S f (x2)+ B̄x2 (5)

where A f is the magnitude of the Coulomb friction, S f (ẏ) is a
continuous shape function representing the main characteristics
of the Coulomb friction, and B̄ represents the viscous friction co-
efficient. This simple model has worked well in previous imple-
mentation with micrometer sensing resolution [4, 5]. However,
with the increasingly tight requirement for precision control to
nanometer scale, a better description of the friction phenomena at
low velocities, especially, at crossing zero velocity, may be nec-
essary. For this purpose, the dynamic friction model proposed
by Canudas de Wit et al. [10], which has been proved to capture
most friction phenomena that are of interest for feedback con-
trol, will be investigated in this study as well. With this model,
the friction is given by

f = σ0z+σ1ż+α2x2 (6)

ż = x2− σ0|x2|
g(x2)

z (7)

g(x2) = α0 +α1e−(x2/vs)2
(8)

where z represents the unmeasurable internal friction state, σ0,
σ1, α2 are unknown friction force parameters that can be physi-
cally explained as the stiffness, the damping coefficient of bris-
tles, and viscous friction coefficient. The function g(x2) is pos-
itive and it describes the Stribeck effect: α0 and α1 represent
the levels of the Coulomb friction and stiction force respectively,
and vs is the Stribeck velocity. This model considers the dy-
namic effects of the friction as a result of the deflection of bris-
tles modelling the asperities between two contacting surfaces.
Copyright c© 2007 by ASME



The friction state essentially captures the average deflection of
these bristles. Obviously, the state z(t) does not proffer itself for
direct measurement, which makes the dynamic friction compen-
sation design very difficult, especially when some of the model
parameters such as σ0, σ1, α2 are not known in advance.

It is shown in [10] that the model has the following finite
bristle deflection property:

P1 If |z(0)| ≤ α0 +α1, then |z(t)| ≤ α0 +α1, ∀t ≥ 0.
The above property is physically intuitive and has been used

in the ARC controller design with dynamic friction compensa-
tion [17] to construct projection type internal friction state ob-
server for a robust friction estimation even in the presence of
other imperfections such as random disturbances.

Let yd(t) be the desired motion trajectory, which is assumed
to be known, bounded, with bounded derivatives up to the second
order. 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 detailed later.

3 ADAPTIVE ROBUST CONTROL (ARC)
In this section, adaptive robust control (ARC) algorithms

with friction compensation based on either the static velocity
model (5) or the dynamic model (8) are presented.

3.1 Friction Compensation based on Static Velocity
Model

When the static velocity model (5) is used for friction com-
pensation, the dynamic equation (4) can be linearly parameter-
ized as

θa1ẋ2 = u−θa2x2−θa3S f (x2)+θa4 + ˜̄∆a (9)

where the unknown parameter vector θa = [θa1,θa2,θa3,θa4]T =
[m, B̄, Ā f , ∆̄a0]T is defined to represent parameter variations due
to the changing load, the viscous and Coloumb frictions, and
the constant component of the lumped disturbances respectively.
In (9), ˜̄∆a = ∆̄− ∆̄a0 represents the time-varying portion of the
lumped disturbances.

For controller design, the following reasonable and practical
assumptions are made:

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

θa ∈ Ωθa
∆= {θa : 0 < θamin < θa < θamax}, (10)

where θamin = [θa1min, · · · ,θa4min]T and θamax =
[θa1max, · · · ,θa4max]T are known.
4

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

˜̄∆ ∈ Ω ˜̄∆
∆= { ˜̄∆ : | ˜̄∆(x,z,u, t)| ≤ δ(x, t)d(t)}. (11)

In the above and throughout the paper, the following notations
will be used: •min for the minimum value of •, •max for the maxi-
mum 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.

Following the desired compensation adaptive robust con-
trol (DCARC) in [4], 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
∆= ẏd − k1e, (12)

where k1 > 0 is a feedback gain. If p can be made small or con-
verge 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 and noting (9) give:

θa1 ṗ = u−θa1ẋ2eq−θa2x2−θa3S f +θa4 + ˜̄∆a (13)

where ẋ2eq
∆= ÿd − k1ė. The following DCARC law is proposed

in [4]:

u = ua +us,

ua =−ϕT
ad θ̂a,

us = us1 +us2, us1 =−ks1 p, us2 =−ks2 p
(14)

where ua is the adjustable model compensation
needed for achieving perfect tracking, in which ϕT

ad =
[−ÿd ,−ẏd ,−S f (ẏd),1] depends on the desired trajectory
but the parameter estimate θ̂a is updated on-line by

˙̂θa = Pro jθ̂a
(Γaτa), τa = ϕad p, (15)

where Γa > 0 is a diagonal matrix and Pro jθ̂a
(•) =

[Pro jθ̂a1
(•1), · · · ,Pro jθ̂a4

(•4)]T represents the standard projec-
tion mapping defined as

Pro jθ̂ai
(•i) =





0 if θ̂ai = θaimax and •i > 0
0 if θ̂ai = θaimin and •i < 0
•i otherwise

(16)
Copyright c© 2007 by ASME



In (14), 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 at-
tenuate the effect of various model uncertainties. To achieve that,
it is required that the nonlinear gains ks1 and ks2 of us are large
enough to satisfy certain conditions specified in [4]. If those con-
ditions are satisfied, then the theoretical results in the following
theorem can obtained [4]:

Theorem 1. If the DCARC law (14) is applied, then
A. In general, all signals are bounded. Furthermore, the

positive definite function Vs defined by

Vs =
1
2

mp2 +
1
2

mk2
1e2 (17)

is bounded above by

Vs ≤ exp(−λV t)Vs(0)+
ε

λV
[1− exp(−λt)], (18)

where λV = min{2k2/θ1max,k1}.
B. If after a finite time t0, there exist parametric uncertain-

ties only (i.e., ˜̄∆ = 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 −→ ∞.

3.2 Friction Compensation based on Dynamic Model
When the dynamic model (8) is used for friction compensa-

tion, substituting the friction dynamics (6) and (7) into (4), the
dynamic equation (4) can be rewritten as

mẋ2 = u−σ0z+σ1σ0
|x2|

g(x2)
z− (σ1 +α2)x2 + ∆̄ (19)

Taking the derivative of p and multiplying by m give:

mṗ = u−mẋ2eq−
[

1−σ1
|x2|

g(x2)

]
σ0z− (σ1 +α2)x2 + ∆̄ (20)

To focus on the dynamic friction model based friction compen-
sation, in this initial investigation, we will assume that all the
parameters of the dynamic friction model are known in this sub-
section. Even so, the control design is quite difficult due to the
unavailability of the dynamic friction internal state z for feed-
back. To deal with this problem, a nonlinear observer will be
constructed in the following to obtain the estimate of z, ẑ. If the
observer error z̃ = ẑ− z can be made to converge, then, it is easy
to see from (20) that a suitable control law would be

u = ua +us

ua = mẋ2eq +
[
1−σ1

|x2|
g(x2)

]
σ0ẑ+(σ1 +α2)x2− ˆ̄∆0

us = us1 +us2, us1 =−ks1 p, us2 =−ks2 p,

(21)

where ˆ̄∆0 represents the estimate of ∆̄0, the constant component
of the lumped modeling uncertainties ∆̄, and the rest terms have
the same meaning as in (14). ˆ̄∆0 is updated with the same pro-
jection type adaptation law as (15) by

˙̄̂∆0 =





0 if ˆ̄∆0 = ˆ̄∆0max and p > 0
0 if ˆ̄∆0 = ˆ̄∆0min and p < 0
γ∆ p otherwise

(22)

where ˆ̄∆0max and ˆ̄∆0min are the off-line estimate upper and lower
bound of ∆̄ respectively, and γ∆ is the adaptation rate. By full
exploiting property (P1), using techniques similar to [17], the
following projection-type robust observer is designed to obtain
the friction internal state estimate ẑ:

˙̂z = Projẑ{x2− σ0|x2|
g(x2) ẑ− γz

[
1− σ1|x2|

g(x2)

]
p} (23)

where γz > 0 is an observer gain. Substituting (21) into (20), the
closed-loop error dynamics w.r.t. p is obtained:

mṗ =−ks1 p+us2 +
[

1− σ1|x2|
g(x2)

]
σ0z̃− ˜̄∆0 + ˜̄∆. (24)

where ˜̄∆ = ∆̄− ∆̄0 is the time-varying portion of the lumped mod-
eling errors. Due to the use of projection type state observer (23),
z̃ is always bounded with known bound. Thus, a nonlinear gain
ks2 exists such that the following robust performance condition
can be satisfied [1–3]:

p
[

us2 +
[

1− σ1|x2|
g(x2)

]
σ0z̃− ˜̄∆0 + ˜̄∆

]
≤ ε0 + ε1d2. (25)

where ε0 and ε1 are design parameters which may be arbitrarily
small.Using similar techniques as in [17], the following theorem
can be proved

Theorem 2. With the ARC control law (21), the parameter
adaptation law (22) and the friction state observer (23), the fol-
lowing results hold:
5 Copyright c© 2007 by ASME



A. In general, all signals are bounded. Furthermore, Vs =
1
2 mp2 is bounded above by

Vs(t)≤ exp(−λV t)Vs(0)+
ε0 + ε1‖d‖2

∞
λV

[1− exp(−λV t)].

(26)
B. If after a finite time t f , ˜̄∆ = 0, i.e., system only has paramet-

ric uncertainties and dynamic friction, then, in addition to
results in A, asymptotic tracking is also achieved. 4

4 EXPERIMENTAL SETUP and IDENTIFICATION
4.1 Experimental Setup

During past several years, extensive experiments have been
carried out on a linear motor drive system at Purdue University
with a position encoder of 1µm resolution, as detailed in [4].
Those experimental results provide strong support to the rig-
orously proved DCARC approach presented in subsection 3.1.
However, the linear encoder resolution of 1µm and the maximum
speed around 1m/sec have significantly limited its usefulness as
an experimental testbed for high-speed/acceleration motions or
slow motion with sub-micrometer positioning accuracy. To ad-
dress this problem, a precision mechatronics laboratory is estab-
lished at Zhejiang University, in which a two-axes commercial
Anorad HPG-510-510-M1 Gantry by Rockwell Automation with
built-in linear encoder position measurement is used as the mo-
tion system hardware. Both axes of the gantry as shown in Fig.1
are powered by the Anorad LC-50-200 linear motors and have
a travel distance of 0.51 m. The built-in linear encoder has a
position measurement resolution of 0.5µm and a speed limit of
3m/sec (needs at leas a digital counting frequency of 24 MHz
for this speed). By the manufacturer’s specification, the upper
X-axis can reach to a maximal acceleration of 6g and the lower
Y-axis a maximal acceleration of 1.5g at no load situation. The
flatness and the straightness of the travel are around ±5µm, and
the repeatability is 2µm for X-axis and 3µm for Y-axis.

To further improve the position measurement resolution,
a high-precision laser interferometer feedback system, a Ren-
ishaw RLE10-SX-XC laser position measurement system with a
laser encoder compensation kit RCU10-11ABZ, is used as well.
The system provides an external load position direct measure-
ment with a resolution of 20nm. The entire system is controlled
through a dSPACE DS1103 controller board.

4.2 System Identification
Experiments have been conducted on the upper X-axis and

verified the position measurement agreement of the linear en-
coder and the laser interferometer and their resolutions. When
the power amplifier for the axis is turned on, the load car-
riage has a vibration amplitude around 1µm at zero input con-
trol voltage, revealing some imperfections on the electrical sub-
6

Figure 1. Gantry Type Linear Motor Drive System

system. Off-line parameter identification is then carried out and
it is found that the nominal values are m = 0.12volt/m/sec2,
B̄ = 0.166volt/m/sec, and A f = 0.15volt.

4.3 Dynamic Friction Modeling
The following experiment is then done to reveal the effect of

dynamic friction. When the stage is at rest at a particular position
with zero input voltage, the control input is gradually changed
from zero with a number of small steps as shown in the lower
graph in Fig.2. The resulting load position is plotted in the up-
per graph in Fig.2. As seen, for each small input step, there is a
noticeable velocity and a quick change in displacement at the in-
stance of step input. But the velocity quickly becomes extremely
small and eventually goes to zero while the position displace-
ment settles to a value that is proportion to the magnitude of the
applied input voltage, indicating the dependence of the friction
on local deformation of bearing at zero velocity.

Extensive experiments with constant speed movements are
then performed to find the corresponding frictions. A curve fit-
ting is subsequently performed to obtain the static friction func-
tion g(x2). It is found that instead of the quadratic function used
in (8), a first order function with α0 = 0.1236, α1 = 0.0861, and
vs = 0.0022m/sec fits the data better:

g(x2) = α0 +α1e−|x2/vs| (27)

Experiments are also performed to find the input voltage that
will lead to a sustained motion. It is found that the break away in-
put voltage is around 0.189volt for positive direction and−0.188
for negative direction. The dynamic friction parameters are then
Copyright c© 2007 by ASME



backed out from those lower input voltage experiments and the
resulting values are σ0 = 7000volt/m and σ1 = 1176.
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Figure 2. Dynamic Friction Effect

5 Experimental Results
In this section, the experimental results with the proposed

DCARC in subsection 3.1 are presented. Due to the unavoid-
able large velocity feedback signal (obtained from the back-
ward difference of position measurement with filtering), the dy-
namic friction compensation presented in subsection 3.2 has not
been implemented. The controller parameters are chosen as
k1 = 400, ks = ks1+ ks2 = 600, θ̂a(0) = [0.12,0.16,0.15,0.0]T ,
and Γa = diag[10,10,1,2000]. A sampling rate of 5kHz is used
in all experiments. Unless explicitly specified, the velocity feed-
back is obtained by the numerical backward difference of the
position measurement without any filtering.

5.1 High-speed/acceleration Motion
The desired trajectory is a point-to-point movement, typical

in manufacture industry, with a distance of 0.4m, a maximum ve-
locity of 2m/sec and a maximum acceleration of 45m/sec2, as in
Fig. 3. With such a high-speed and acceleration, the laser inter-
ferometer cannot be used for the position measurement. So the
linear encoder of the gantry system is used for position feedback.

Fig. 4 shows the tracking error and control input with the
blow-out portions for the constant speed part shown in Fig. 5
and the come to stop part in Fig. 6. As can be seen from the
plots, the steady state position tracking error is within the lin-
ear encoder resolution of 0.5 µm when the system comes to a
7

stop and within 5 µm during the 2 m/sec constant speed period.
Furthermore, the maximal position tracking error during the en-
tire motion is mostly within 20µm. These results demonstrate
the excellent tracking performance of the proposed DCARC for
high-speed motions.
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30 35 40 45 50 55 60

−0.2

0

0.2

P
os

iti
on

(m
)

30 35 40 45 50 55 60

−2

0

2

x 10
−5

P
os

iti
on

 E
rr

or
(m

)

30 35 40 45 50 55 60

−5

0

5

In
pu

t V
ol

ta
ge

(V
)

Position of High−speed/acceleration Experiment

t(s)

t(s)

t(s)

Figure 4. High-speed/acceleration Experiment
Copyright c© 2007 by ASME



43.58 43.59 43.6 43.61 43.62 43.63 43.64 43.65 43.66 43.67 43.68
−0.2

0

0.2

P
os

iti
on

(m
)

43.58 43.59 43.6 43.61 43.62 43.63 43.64 43.65 43.66 43.67 43.68
−1

0

1

2
x 10

−5

P
os

iti
on

 E
rr

or
(m

)

43.58 43.59 43.6 43.61 43.62 43.63 43.64 43.65 43.66 43.67 43.68
0

0.5

1

1.5

In
pu

t V
ol

ta
ge

(V
)

Constant Speed Portion (V=2m/s)

t(s)

t(s)

t(s)
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5.2 Low-speed Motion
The desired trajectories are the same point-to-point type

movement, but with very small constant speeds of 0.02m/sec,
0.002m/sec, 0.0002m/sec respectively. The maximum accel-
eration is set at 0.5m/sec2, 0.05m/sec2, and 0.005m/sec2, and
the travel distance is 0.1m, 0.01m, and 0.001m respectively, as
shown in Fig. 7. The 0.0002m/sec motion is also repeated with
the velocity feedback being the average of previous 4 numeri-
cal value to reduce velocity feedback noise. For these low speed
movement, the laser interferometer is used for the position mea-
surement.

Fig. 8 shows the tracking errors of all four experiments with
the blow-out portions for the constant speed part shown in Fig.
8

9 and the come to stop part in Fig. 10. As can be seen from the
plots, the steady-state position tracking errors are mostly within
100 nm when the system comes to a stop and within 200 nm
during the constant low speed period, and the maximal position
tracking error during the entire motion is within 2µm. These re-
sults demonstrate the good tracking performance of the proposed
DCARC for low-speed motions as well.

Figure 7. Low Speed Point-to-Point Trajectories
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Figure 8. Low Speed Experiments
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Figure 9. Low Speed Experiments (Constant Speed Portion)
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Figure 10. Low Speed Experiments (Come to Stop Portion)

6 CONCLUSION

In this paper, an advanced nonlinear adaptive robust control
approach is presented for the precision motion control of linear
motors to achieve micro/nanometer level positioning accuracy.
In addition, the proposed control strategy is implemented on a
commercial linear motor drive system with a position measure-
ment resolution of 20 nanometers by an external laser interferom-
eter. Experimental results for both long-range high-speed/high-
acceleration motions and short-range slow motions are presented
to demonstrate the precision motion that can be achieved by the
proposed method.
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