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Abstract—Ball-screw-driven stages are extensively used in
industry for long-range and high-precision fabrication thanks
to their high efficiency and high ability to apply/withstand high
thrust loads. However, spring-like nonlinear friction in zero-speed
region significantly affects the control performance. In this paper,
the mechanical deformation characteristics at zero-speed point
after low deceleration and after high deceleration are analyzed.
It is found that the mechanical deformation characteristic of fast
motions differs from the case of slow motions in zero-speed region,
and therefore performing friction compensation should take the
motion conditions into account. Then, after introducing a variable
to evaluate the elastic deformation of the total mechanical
components, a novel friction compensation method for fast reverse
motions using Sigmoid function is proposed to enhance the control
performance by explicitly considering the elastic deformation.
Finally, Experiments are performed to verify the effectiveness of
the proposed method.

I.

I NTRODUCTION

Ball screws are widely used in industry to position stages
and cutting tools to the desired locations; hence their positioning speed and accuracy determine the quality and productivity
of manufactures. One disadvantage of a ball screw is that the
rotary inertia makes it difficult to achieve high accelerations
using a motor of a given size [1], [2]. A second, still need
to be conqued, nonlinear mechanical deformation during the
deceleration/acceleration limits the motion performance. Especially, the nonlinear friction derived from the mechanical
deformation, named as rolling friction, becomes a deterministic
disturbance and significantly degrades the trajectory tracking
performance in zero-speed region [3], [4], [7]–[9], [15].
Rolling friction has the hysteretic property caused by
micro-slip loss or plastic deformation within contact interface.
Much research in the literature focuses on building precise
friction models to depict the friction characteristics of ballscrew-driven stages. Among them, Hsieh and Pan proposed a
model that expresses the hysteretic feature as a combination of
a plastic module and a nonlinear spring module [5]. Swevers
et al. presented a complete and accurate model to describe the
hysteresis characteristics of the friction using some mathematical equations [13]. These models are so complex that not only
the identification of the parameters but also the implementation
to the real systems are a time-consuming work. In order to

take more priority over the ease of implementation, a heuristic
friction model, which is also referred to as the Generalized
Maxwell-Slip Model (GMS), was proposed in [14]. However,
the large number of parameters, which are required to be
carefully identified, would increase the cost in design and
maintenance. Moreover, the friction compensation law of these
methods may not suit for practical situations where the motion
conditions, i.e., fast reverse motions, are different with the
motion conditions in friction identification. This viewpoint will
be clarified in next sections that the conventional compensation
law cannot perfectly compensate nonlinear friction in fast
reverse motions and non-reverse motions.
Another well known method for suppressing nonlinear
friction is disturbance observer [6], [12], [16]. The method
can theoretically nominalize the control plant so that the
performance can be significantly improved. However, due
to the limited bandwidth for disturbance rejection and the
inaccuracy of velocity signals at low speed, nonlinear friction
cannot be completely reduced in zero-speed region. Because of
these reasons, disturbance observer and friction compensator
coexist in many proposed methods [9], [10], [16].
In order to obtain a better friction compensation, mechanical deformation analysis of different motion conditions
becomes important. Motivated by this observation, the elastic
deformation characteristics of a ball-screw-driven stage at
zero-speed point after high deceleration motions as well as
after low deceleration motions are explored. Then, a novel
friction compensation method is proposed for fast reverse
motions. The models are very simple so that the identification
of the parameters and the implementation of the compensation
laws can be simplified. These points are very important in real
situations since the maintenance also becomes easy.
The remainder of this study is organized as follows. Section
II described the experimental setup and problem description.
Section III analyzes the deformation characteristics of ballscrew stage in the zero-speed region. A friction compensation
approach based on Sigmoid function for the fast reverse
motions is proposed in Section IV. Experiments are performed
to show the applicability of the proposed approach in Section
V. The conclusion is summarized in Section VI.
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II.

E XPERIMENTAL SYSTEM AND PROBLEM DESCRIPTION

(a) Rolling friction characteristic.

Puθ (s) =

Jn

s2

1
,
+ Bn s

(1)

where Jn = 2.6 × 10−3 kgm2 is the equivalent moment of
inertia and Bn = 0.070 Nms/rad is the equivalent viscous
friction coefficient. The nominal transfer function from torque
TABLE I.

PARAMETERS OF THE STAGE IN X- AXIS DIRECTION

motor inertia moment Jm
motor viscosity coefficient Bm
torque constant Kτ
length of ball screw Lb
mass of ball screw Mb
viscosity coefficient of ball screw Bb
rotation-to-translation ratio R
mass of table Mt
viscosity coefficient of linear guide Ct

2.300 × 10−3 kgm2
1.177 Nms/rad
0.715 Nm/A
1.169 m
9.353 kg
5.000 × 10−2 Nms/rad
1.910 mm/rad
273.0 kg
1.000 × 104 Ns/m

Fig. 4.
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(b) Experimental data and
model of friction.

A. Experimental setup
Fig. 1 shows the overview of an experimental XY ballscrew-driven stage. The configuration of X-axis stage is shown
in Fig. 2. Here, xt and θm are the table position and the
rotation angular of the motor, respectively. Table. I shows
the parameters of the stage in X-axis direction. Ball screw
is directly connected with the shaft of a PM motor through
coupling. The servo motor is equipped with an absolute
encoder whose resolution is 220 pulses/rev. A linear scale with
a resolution of 100nm is applied to measure the table position.
Current vector control method is exploited to control the servo
motor, and the bandwidth of the current method is 1kHz. The
frequency characteristics of the experimental stage from torque
to motor angular position and from torque to table position are
shown by the solid line in Fig. 3. The rigid model of the stage
from torque to motor angular position is expressed by
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Rolling friction characteristic and experimental measurement.

to table position is
Pux (s) = RPuθ =

Jn

s2

R
.
+ Bn s

(2)

Here, R is the rotation-to-translation ratio of the screw. The
models are shown by the dashed line in Fig. 3.
A conceptual characteristic of rolling friction is shown in
Fig. 4(a). The rolling friction consists of presliding region
where the rolling balls can not roll perfectly due to the
deformation/slips at solid contact points in the grooves, and
sliding region where rolling balls roll normally so that the
friction behaves as the Coulomb friction. Here, xs denotes the
pre-sliding regime and F0 is the Coulomb friction. Usually, the
nonlinear friction of a real system is obtained by applying some
very small periodic trajectory reference to the feedback control
system and plotting the relationship between control input and
stage position. The measured friction of the experimental stage
in X-axis direction is shown in Fig. 4(b) by applying a small
sinusoidal signal whose amplitude is 50µm and frequency is
0.05Hz. From the result, it is observed that the presliding
region of the experimental device is about 15µm. The dashed
line in Fig. 4(b) shows the friction model using conventional
GMS method [14].
B. Control system
A two-degree-of-freedom controller, an inverse-modelbased disturbance observer (DOB) and feedforward friction
compensation are designed for the plant. The block diagram of
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control system is shown in Fig. 5. r is the trajectory reference,
and u is the control input. The feedforward controller is
designed as the stable inverse system of the nominal plant (2)
via Perfect tracking control (PTC) [17]. It is proved that the
perfect tracking at every sampling instant can be theoretically
guaranteed. xd is the desired reference generated by the PTC.
A PID compensator, designed by pole assignment approach, is
applied as the feedback controller to regulate the table position
xt . The resulting bandwidth of the closed loop is 20Hz.
In addition, an inverse-model-based disturbance observer is
designed to nominalize the plant using motor angular position
θm . A 1st -order low-pass filter whose bandwidth is 80Hz is
applied for DOB, and the estimated disturbance is denoted as
ˆ Note that the rotation angular of motor θm , not the stage
d.
position, is used for DOB in order to obtain a higher bandwidth
for disturbance rejection. Feedforward friction compensation is
considered in this study and the design will be introduced in
Section IV. DSP(TMS320C6713, 225MHz) is used as the processor to implement the control system. The PID compensator,
DOB and friction compensation are discretized by 0.5ms, and
the sampling period for PTC is 1ms.

D EFORMATION CHARACTERISTICS IN ZERO - SPEED
REGION

A. Modeling of ball-screw-driven stage
The force analysis of nut and its model are shown in Fig.
7. The balls between nut and screw are regarded as nonlinear
springs. Here, Ft denotes the counteracting force from the
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(a) Tracking performance of a sinusoidal
trajectory with small amplitude with conventional friction compensation.
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(b) Tracking performance of a sinusoidal
trajectory with large amplitude with conventional friction compensation.

C. Problem description

III.
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Conventional friction compensation methods treat the friction as a springlike friction having the hysteretic characteristics
shown in Fig. 4(a). The conventional friction compensation
methods compensate the friction from the reverse point without
considering the mechanical deformation before the reverse.
In practical situation, this neglected deformation state plays
a dominant role in the performance degradation. It will be
illustrated that the elastic deformation pattern after low deceleration is different with the one after high deceleration. It
is the difference that makes the conventional compensation
approach not work well in fast reverse motions. An example
is shown in Fig. 6(a) and Fig. 6(b). In both experiments,
friction compensation was performed using the GMS method
[14]. It is observed that the compensation performance is
significantly degraded in the fast reverse motion. In the next
section, the elastic deformation characteristics in zero-speed
region is studied in detail.
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Fig. 5. Block diagram of control system with two-degree-of-freedom controller, an inverse-model-based disturbance observer and feedforward friction
compensation.
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Fig. 6. Experimental trajectory tracking results. The upper graphs show the
trajectory references, middle graphs show the trajectory tracking errors, and
the lower graphs show the input torques/friction compensation signals.
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(a) Force analysis of nut and (b) the model.

table, fbn denotes the friction between the balls and nut, and
Fbn is the drive force or the braking force from the screw to
the nut in the motion direction. The forces in Z-axis direction
is ignored in the model since they are balanced.
Based on this analysis, the ball-screw-driven stage is modeled as Fig. 8. For simplicity, the stiffness between the nut
and the table is supposed to be very large so that the body
consisting of the nut and the table is rigid. M denotes the total
mass of nut and table. fg denotes the friction of guide way. In
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Mechanical model of the ball screw drive system.

order to analyze the deformation of mechanical components
in more detail, the screw is divided into left part, middle part
and right part, and the inertia/mass of each part is denoted
by Jxs /Mxs where the subscript x stands for l, m or r, as
shown in Fig. 8. kol and kor are the torsional stiffness of the
screw between the end sides of screw and the nut, and kls
and krs are the axial stiffness of the screw. θs is the rotational
displacement of the screw which is defined by
θs := θm − θn ,

(3)

where θn is the rotation angle of the screw at the center of the
nut. Suppose that the friction of the bearing at the right side
of the screw is small so that the torsional displacement at the
right part of screw is ignored.
B. Deformation patterns at the zero-speed point
For ease of analysis, the initial deformations of the mechanical components caused by the preloads which are applied on
the nut and screw are neglected. The motion equation of the
linear part including the nut and the table can be expressed by
M ẍt = Fbn − fg .

Tf

Fb

(4)

According to the direction of Fbn , there are two possible cases
during the deceleration.
1) Fbn has the same direction with the motion direction
in the deceleration: In this case, the deceleration is low so
that Fbn is required to work as drive force to balance out the
guide friction fg . During the deceleration until the stage stops,
the counteracting force of Fbn , which is denoted by Fbs , acts
on the screw. Fbs needs to be balanced out by the supporting
force Fb generated by the bearings located at the left-hand side
of the screw. Therefore, the deformation characteristic of the
screw-ball-nut at zero speed can be illustrated in Fig. 9. Here,
Tf is the torque generated by the friction between rolling balls
and grooves of the screw. During the deceleration motion, the
bearing on the left-hand side, the left part of the screw and the
right-hand side of the grooves of the nut are compressed, as
indicated by the icon of two arrows in counter direction in the
figure. In addition, the torsion deformation θs is positive in this
case by the definition (3). For convenience, the deformation
shown in Fig. 9 is denoted as Pattern I.
2) Fbn is in the opposite direction with the motion direction
in the deceleration: In this case, the deceleration is high so
that the friction fg is not enough to brake the stage, and Fbn
is required to work as a braking force to have the stage track a
given trajectory reference. In this case, Fbs , Fb , Tf and T also

screw

Fig. 9. Elastic deformation during low deceleration. Right-hand side of the
grooves of the nut, left part of the screw, and the bearings at the left-hand
side of the screw are compressed. This pattern is denoted as Pattern I.
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Fig. 10. Elastic deformation during high deceleration. Left-hand side of the
grooves of the nut, right part of the screw, and the bearings at the right-hand
side are compressed. This pattern is denoted as Pattern II.

change their directions, as shown in Fig. 10. Therefore, the
bearing on the right-hand side, the right part of the screw and
the left-and side of the grooves of the nut are compressed
in this deceleration motion. The torsion deformation θs is
negative in this case. This deformation is denoted as Pattern
II.
Due to the different deformation patterns at zero-speed
point, the friction property of the coming acceleration motions
also vary greatly from each other.
In the acceleration after the reverse, Fbn is required to
balance out fg as well as to accelerate the stage in the opposite
direction after the stage is stopped. Therefore, the left-hand
side of the grooves of the nut, the right part of the screw and
the bearing at the right-hand side need to be compressed to
generate Fbn , which is actually the Pattern II shown in Fig.
10. It is found that the elastic deformation should be shifted
from Pattern I to Pattern II in slow reverse motions. However,
the deformation pattern is not changed in fast reverse motions.
Note that the motion for identifying nonlinear friction of a real
ball-screw-driven stages is a slow reverse motion. Therefore,
the identified friction model is not suitable for the fast reverse
motions since the deformation pattern is different.
In the case of non-reverse motion where the coming acceleration motion is in the same direction with the deceleration.
Fbn works as the driven force in the acceleration. In this case,
the right-hand side of grooves of the nut, the left part of
the screw and the bearing at the left-hand side need to be
compressed to generate Fbn , which is the Pattern I shown
in Fig. 9. Therefore, the elastic deformation pattern is not
changed in the case of slow non-reverse motions, while it
is changed from Pattern II to Pattern I in fast non-reverse
motions.
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ld :=

d xt
dt
d θm
dt
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.
d θm

(5)
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Here, ∆xt and ∆θm are the position/angular displacement
in a given p + 1 sampling periods, and k is the current
time index. In the ideal case without elastic deformation, ld
is the same with the rotation-to-translation ratio R of the
screw. However, because of the dynamic deformation of the
mechanical components, ld varies when the drive force or
cutting force fluctuates, especially in the zero-speed region.
For convenience, the deformation ratio is defined as
dr = ld − R.

dˆr

0

For discrete-time realization, the following approximation is
performed:
∆xt
xt [k] − xt [k − p]
d xt
≈
=
.
d θm
∆θm
θm [k] − θm [k − p]

dr

0.05

−0.1
−20

ld =

compensation [Nm]

C. Evaluation of mechanical deformation

(7)

Experimental results of four cases of slow reverse motion,
fast reverse motion, slow non-reverse motion and fast nonreverse motion are shown in Fig. 11. In the figure, the
dashed lines show the position signals of the table xt and
the solid lines show the variation of dr s. In the cases of fast
reversal/non-reverse motions, it is shown that dr gradually
reduced before the stage stops. On the other hand, in the cases
of slow reversal/non-reverse motions, though dr cannot be
accurately calculated due to the position measurement errors, it
can also be found that the nominal value of dr almost remains
constant until the stage stops.
In order to obtain precise friction compensation in zerospeed region, the deformation characteristics should be taken
into account. In the following, a novel torque compensation
method for fast reverse motions is presented.

Fig. 13. (a) Comparison of dr and its estimation dˆr ; (b) Compensation law
in the case of fast reverse motion where the velocity changes from negative
to positive.

IV.

F RICTION COMPENSATION FOR FAST REVERSE
MOTIONS

As analyzed in Section III, the deformation characteristics
of fast reverse motions differ from the characteristics of the
slow reverse motion used for friction identification. Hence, the
friction compensation for fast reverse motions using the rolling
friction model Fig. 4(a) cannot obtain the same performance
as the case of slow reverse motions, as shown in Fig. 6(b). The
details during the reverse are shown in Fig. 12. It is observed
that when the control input changes its direction at t = 0.67 s,
the mechanical deformation changes its pattern from Pattern
I to Pattern II so that the control performance is degraded. In
addition, the control performance has already been remarkably
degraded before the reverse that happens at t = 0.75 s. Along
with the performance degradation, the mechanical deformation,
which is evaluated by dr , also changes rapidly. Therefore,
utilizing the information inherent in dr to enhance the braking
effects before the reverse and compensate the nonlinear friction
after the reverse becomes possible.
For analysis, dr is regarded as a power function
dˆr = σz −1 ,

(8)

where z is the displacement from the reversal point, and σ is
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a factor. The comparison of dr and dˆr is shown in Fig. 13(a),
where σ = 0.04 when z is measured in unit of millimeter.
In order to enhance the braking effects before the reverse
and compensate the nonlinear friction after the reverse, the
following torque compensation law using Sigmoid function is
applied:
s
(γ/dˆr )2
Fc = sgn(vt )
F0 .
(9)
1 + (γ/dˆr )2
Here, vt is the velocity of stage and sgn(vt ) is the sign of
vt . γ is a parameter that depends on the axial stiffness and
the torsional stiffness of the ball-screw-driven stage. The compensation law is demonstrated in Fig. 13(b) when the motion
direction is from positive to negative. In real implementation,
the design of σ and γ can be considered together to let Fc
vary from F0 to −F0 mainly in [−xs /2 xs /2].
V.

E XPERIMENTS

x∗t (t)

A sine signal
= 25(1 − cos(2πt))mm whose maximum deceleration is 100π 2 mm/s2 is applied as the trajectory
reference to evaluate the friction compensation performance.
For the experimental device shown in Section II, this trajectory
in the zero-speed region can be regarded as fast reverse motion.
The experimental results using the proposed method are
shown in Fig. 14. Compared to the results of conventional
GMS method shown in Fig. 6(b), the maximum position
tracking error is reduced about 44% from 3.68 µm to 2.05 µm.
Therefore, the Sigmoid-function-based compensation method
can remarkably improves the position tracking performance.
VI.

C ONCLUSION

In this study, the elastic deformation of mechanical components of experimental ball-screw-driven stage is analyzed in
detail. It is obtained that the elastic deformation patterns at zero
speed are different between the cases after low deceleration
and the cases after high deceleration. In order to evaluate the
dynamical deformation in the zero-speed region, a new variable
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