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A Method to Realize Low Velocity Movability and
Eliminate Friction Induced Noise in Piezoelectric

Ultrasonic Motors
Bülent Delibas and Burhanettin Koc

Abstract—In a piezoelectric ultrasonic motor (USM) or
resonance drive type piezoelectric motor (RPM), movement
is generated between a vibrator (stator) and a slider (rotor).
Since the microscopic vibrations on a stator are transferred
to a slider through friction interaction, the movement of a
slider has a nonlinear characteristic due to the nature of the
friction force. This nonlinear behavior causes large position
errors due to the occurrence of discontinuous stick-slip
movements and unpleasant audible noise, especially at a
low velocity drive. This friction induced acoustic sound
is magnified at low velocities as the natural frequency of
the mechanical system of a piezoelectric motor with mass
and the holding and prestress spring forces are depen-
dent on the closed loop motion controller. This article ad-
dresses the abovementioned issues. First, a mechanical
model, which considers the nature of movements in a reso-
nance drive type piezoelectric motor, was established. The
model could suitably define the friction induced forced vi-
bration and noise source. Second, a new driving method for
resonance drive type piezoelectric motors was proposed,
in which the piezoelectric vibrator was excited using two
driving sources at two different frequencies. The difference
between the two excitation frequencies was synchronized
to the servo sampling frequency of the digital control unit.
Finally, the performance of the proposed driving method
was compared with those of the conventional driving meth-
ods. It was noted that in addition to the realization of silent
and smooth low velocity movements, the positioning error
for the linear movements between the desired and actual
positions decreased to less than 10 nm for velocities rang-
ing from 1 to 0.001 mm/s.

Index Terms—Friction, motors, nonlinearities, piezoelec-
tricity, position control.

I. INTRODUCTION

P IEZOELECTRIC actuators and motors operate based on
the inverse piezoelectric effect in which piezoelectric ce-

ramic is electrically excited to generate a movement or strain [1]–
[3]. An ultrasonic motor (USM) is a type of piezoelectric motor
in which a high frequency oscillation is generated when the
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piezoelectric body is excited at resonance. With the technologi-
cal advancements, these motors are being widely used in several
industrial applications [4], [5]. Ultrasonic motors have attracted
considerable attention, especially in the areas of microposition-
ing, photonics, biotechnology, and consumer electronics [6]–[8].
Ultrasonic motors can be designed and constructed using only a
few parts in a compact volume, their energy consumption is low
and their efficiency does not change considerably with the size.
Furthermore, these motors can realize direct actuations without
a gear assembly and are highly dynamic.

Since USMs are driven by means of a friction contact mech-
anism between a rotor and stator, a dead zone always exists
between the speed and operating voltage. The operating voltage
must be above a threshold voltage level to ensure that the pushing
force generated by the microscopic vibration of the stator can
exceed the breakaway friction force at the contact. Contact
friction is a highly nonlinear phenomenon. Various friction mod-
els have been reported to describe the stiction and breakaway
force at the interface of the USMs [9]–[11]. Furthermore, the
dead zone is not direction symmetric, and its boundaries are
unpredictable. The differences between the static and dynamic
friction properties of the mating surfaces further enhance the
nonlinearity and hysteresis of the voltage–speed characteristics
[12], [13].

Huang et al. [14] recently presented a comprehensive re-
view of the existing friction models with a detailed discussion
regarding the intelligent control methods pertaining to both
model based and model free compensation schemes in motion
control systems. To enable high precision trajectory following
for USMs, various sophisticated control concepts [14]–[24],
such as model predictive control [15], fuzzy neural networks
[21], adaptive backstepping [22] nonlinear PID [23], and sliding
mode [24] have been investigated. However, precise motion at
low velocities cannot be achieved using these advanced control
methods [25], [26]. Precise smooth motion, especially at low
velocities, is required for biomedical devices, robotic arms, mi-
croscopy stages and medical operations [27]. Moreover, noise-
less actuation during the operation is a prerequisite for actuators,
especially for military and consumer applications [28]. None of
the abovementioned control methods provide a solution for the
friction induced vibration or audible noises during the operation
of a precision stage [29]–[31]. Therefore, a suitable driving
method is needed to realize low velocity movability with friction
induced noise suppression.
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Pang et al. [32] investigated the dual frequency drive of a
vibrator in a piezoelectric ultrasonic motor and proposed an
analytical model describing the behavior of the friction tip under
dual frequency actuation. In addition, Ming et al. [33] proposed
an approach to realize the dual frequency drive on a different
resonance drive type piezoelectric motor. However, in both these
studies, the two frequencies applied to the vibrator were close to
the main operating frequency of the vibrator; consequently, the
slider movements in both the studies were not stable. In addition,
no correlation was established between the servo loop control
sampling frequency and actuation frequencies.

Takano et al. [34] addressed the problem of nonlinearity
of the driving voltage and speed and proposed a solution to
eliminate the dead zone nonlinearity, thereby improving the
controllability at slow motion. In particular, the researchers used
a multilayered piezoelectric stator element in which the normal
and tangential components of the microscopic motion at the
interface were generated independently by using the allocated
driving electrodes.

In this article, a mechanical model, which describes the slow
motion and friction induced vibration at the stator and slider
interface for an ultrasonic motor, is introduced. This model takes
into account the dependency of the slow motion and friction
induced vibration to the motion parameters, such as acceleration,
velocity, and geometric properties. Consequently, the use of
this model provides a promising new driving method, which
is effective, especially at low velocities. The proposed method
uses two driving sources at two different frequencies, which
excite the corresponding two eigenmodes of the piezoelectric
vibrator. Such a driving technique can facilitate the position and
velocity control of a resonance drive type piezoelectric motor.
The acceleration generated by the stator at a high frequency is
applied to the slider as the pushing force, and it can be controlled
in each servo loop of a closed loop controller.

The rest of this article is organized as follows. Section II
describes the motor structure and theory of motion for resonance
drive type piezoelectric motors. Subsequently, a dual source dual
frequency driving (DSDF) method is introduced. The perfor-
mance evaluation of the new driving method is described in
Section IV, and finally, Section V concludes this article.

II. THEORY OF MOTION FOR RESONANCE DRIVE TYPE

PIEZOELECTRIC MOTORS

A. Motor Structure

The vibrator of the ultrasonic motor considered in this study
is a rectangular piezoelectric plate, and metallization electrodes
are applied on its two main surfaces. While the electrodes on
one surface cover the main surface completely, the electrodes
on the other main surface divide the plate into two sections. A
pusher is attached at the middle of one side surface [35]. The
vibrator is manufactured by Physik Instrumente (PI) under the
trade name of “PIline.” To generate a movement, the vibrator
must be held stationary and a prestress force should be applied
against the mover. Therefore, as shown in Fig. 1, the vibrator
is held stationary between a pivot point and a side spring. The

Fig. 1. Structure of a PILine motor integrated in the precision stage.

Fig. 2. Free body and kinetic diagram of the slider for a PILine motor.

prestress springs press the vibrator against the slider guided by
a linear or rotary bearing.

To improve the precise movement, especially at low veloc-
ities, both the surface electrodes of the piezoelectric ceramic
can be excited simultaneously to manipulate the pusher move-
ments with two separate sources [38]. In the case of two source
driving, both the magnitude and phase difference can be used
as the control parameters. The driving concept is implemented
precisely at the nonlinear region of friction; however, the motor
efficiency deteriorates due to the higher voltages input to both
the electrodes. Furthermore, the issue of acoustic noise at low
velocities is not eliminated.

B. Force Acting on a Slider During Slow Motion

To understand the slow motion, the dynamic equations must
be obtained using Newton’s second law of motion. To apply the
equation of motion, the free body and kinetic diagram of the
vibrator and the slider including all the forces acting on these
entities must be considered, as illustrated in Fig. 2. When one
half of the vibrating piezoelectric plate is driven by an electrical
signal, a planar (or radial) mode resonance frequency of the
driven section is excited. The pusher and unexcited other half
of the plate function as a perturbation mass. Consequently, an
oblique motion at the tip of the pusher causes the sliding element
to perform a linear movement.

As illustrated in Fig. 2, forces act on the sides of the vibrator
body, and the pressing forces push the actuator to the slider
owing to the pyramid shaped pusher. The forces acting in the
y-axis direction, normal to the moving direction of the slider are

Fp1 + Fp2 −N − Facy = 0 (1)

N = −Facy + 2Fp (2)
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where Fp1 and Fp2 denote the forces applied by the prestress
springs, and N is the normal reaction force at the friction
tip. Facx and Facy denote the vibrator actuation forces in the
directions of the x and y axes, respectively. Since the movement
of the friction tip is in the oblique direction, the force Fac,
which is generated by the vibrator, is oriented at approximately
45° to the x-axis. Therefore, Facx and Facy are assumed to be
equivalent. Similarly, the forces acting in the x axis direction,
which is the moving direction of the slider, can be expressed as
in (3) and (4)

Fs − Fd − Ff + Facx = 0 (3)

Facx = Nμs (4)

where Fs and Fd denote the force applied by the holder spring
from the side and the reaction force from the motor housing,
respectively. Ff is the friction force at the tip of the vibrator, and
μs is the static friction constant at the mating surface between
the friction tip and the slider. Equations (1) and (2) correspond
to the static case immediately before the slider starts to move.
The pressing forces applied by the springs in the positive y-
axis direction are assumed to be the same. In (1), Fp1 = Fp2 =
Fp . Similarly, the holder spring force and reaction force from
the housing in the x-axis direction are assumed to be equal,
that is, Fs = Fd . In the dynamic case, immediately after the
slider moves, the equation of motion and friction force can be
expressed as in (5) and (6), respectively.

Ff = Nμd (5)

− Ff + Facx = m (afb) (6)

wherem is the moving mass including the slider, friction bar and
carried load; andμd is the dynamic friction constant at the mating
surface between the friction tip and the slider. By implementing
(2)–(5) into (6), the acceleration of the slider can be determined
as in (7).

afb = 2Fp (μs − μd) / ((1 + μs)m) (7)

Equation (7) states that, to obtain a small step, and thus a
low velocity, the acceleration acting on the slider should also be
small. Since the velocity and displacement of the slider can be
calculated by integrating the acceleration as in (8) and (9), the
aspect to be considered is how to reduce the acceleration and its
duration during a small movement

vfb =

∫
(afb) dx (8)

xfb =

∫
(vfb)dt (9)

where vfb and xfb denote the velocity and movement of the
slider, respectively.

The acceleration term must be as small as possible to ensure
that the lowest velocity and smallest displacement can be ob-
tained. However, the force acting on the slider in the tangential
direction must be larger than the static friction level to ensure that
a movement can be performed. The acceleration immediately
after the slider moves depends mainly on the prestress, mass of
the slider and the difference in the static and dynamic friction

Fig. 3. Motion control loop.

constants at the mating surfaces. Reducing the prestress or
increasing the mass of the slider are not optimum approaches
to reduce the acceleration. Since the actuation force of the
vibrator suffers from the lack of adequate prestress, a light and
slim construction with a small mass is desired. The remaining
parameter is the difference in the static and dynamic friction
constants, which depend on the tribological characteristics of
the material. Altering the properties of the surface by lubrica-
tion or introducing a monolayer could be a possible solution
[40]; however, the motor performance degrades when using this
approach, and a continuous supply of lubrication is required due
to the wearing of the mating surfaces. Therefore, in the following
sections, a driving method is proposed to obtain a small motion
and thus low velocities without changing the surface friction
characteristics.

C. Closed Loop Motion Control of RPM

A motion control algorithm is illustrated in Fig. 3. The in-
put xc is the commanded position, and output x is the actual
position. The adaptive PID control algorithm uses the velocity
information when making a decision for the next step. An in-
verse correlation exists between the velocity and PID parameter
values.

The closed loop motion control of a piezoelectric motor sys-
tem generally operates at a constant servo sampling frequency.
After receiving the position information from the encoder,
control algorithms such as the proportional–integral–derivative
(PID) technique adjust the drive signal according to the tracking
trajectory at the beginning of each servo period. The motor with
the adjusted drive signal responds to the position change and
reacts accordingly until the next feedback signal is received.

Since many of the piezoelectric motors operate at the res-
onance frequency ranging from 100 to 500 kHz, and most of
the motion controllers have a servo sampling frequency of 10
to 20 kHz, in one servo sampling period of the digital motion
controller, 5 to 25 pulses can occur at the operating frequency.
When the first pulse exceeds the static friction force and causes
the slider to move, the following pulses in the same servo
sampling period make the slider move further until the next servo
period. In this case, the amount of movement can be more than
the commanded position. This problem affects the positioning
accuracy of the slider severely, especially at velocities from 0.1
to 1.0 mm/s. Additionally, the nonlinear nature of friction can
further aggravate the discontinuous movement. Fig. 4 shows a
sample motor response to a commanded position at a velocity
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Fig. 4. Sample motor response and commanded position of a closed
loop PID controller at a velocity of 0.2 mm/s.

Fig. 5. Actuator force variation during closed loop operation with a
velocity of 0.2 mm/s.

of 0.2 mm/s. The closed loop controller with a PID algorithm
can only track the trajectory with zigzag movements. The com-
manded and actual measured positions are represented by dashed
and solid lines, respectively.

When the force generated by the vibrator is larger than the
static friction force level, the slider moves until the next servo
command. If the actual position is higher than the commanded
position, the magnitude of the driving voltage, and in turn, the
force generated by the vibrator, reduce to less than the dynamic
friction force level; therefore, the slider maintains its position.
The corresponding vibrator force with the static and dynamic
friction levels is simulated, as shown in Fig. 5, for a velocity of
0.2 mm/s. Assuming that the force generated by the vibrator is
sinusoidal [41], the force acting on the slider can be expressed
as follows:

Facx (x) ≈ Ffs − |Fa sin (ω0t)| (10)

whereFfs is the static friction force level, andFa is the difference
between the force of the static friction and the minimum vibrator
force during slow motion. The angular frequency ω0 depends on
the motor velocity, friction nonlinearity and PID parameters of
the closed loop controller.

D. Friction Induced Forced Vibrations and Nature of
Noise Generation at Slow Motion

A forced vibration or oscillation is caused by an external
periodic force fed to the system. Such an oscillation mostly

Fig. 6. Free body and kinetic diagram of the vibrator.

results in audible noise. The resonance drive type piezoelectric
motor system can be modeled as a single degree of freedom
forced vibration with viscous damping. Fig. 6 illustrates the free
body diagram of the vibrator and corresponding kinetic diagram.
In this model, the vibrator oscillates similar to a pendulum about
the instantaneous center (IC) that has zero velocity.

Here, IIC is the moment of inertia at the instantaneous center
of zero velocity (IC) for the vibrator during the pendulum
rotation, which depends on the mass and dimensions of the
vibrator. As shown in Fig. 6, ls, lp, and d denote the distances
from the IC to the location of the holder spring, prestress springs
and center of gravity of the vibrator, respectively. The width of
the piezoelectric vibrator is w. Assuming that the magnitude of
the oscillatory movement θ is small, the following differential
equation can be defined

θ̈ +
2(Fsls + Fplp)

IIC
θ +

(Facx − Ff )
(
d− w

2

)
IIC

= 0 (11)

Since damping leads to nonlinearities such as drift and hys-
teresis, the damping part is omitted in the abovementioned differ-
ential equation. Equation (11) is a second order linear differential
equation for the rotational vibration of the piezoelectric element
during slow motion. The natural frequency of the mechanical
system, which depends on the static prestress, holding forces,
geometry and moment of inertia, can be calculated as follows:

ωn =

√
2(Fsls + Fplp)

IIC
(12)

By substituting the slider forces from (10) into (11), the
differential equation can be written as

θ̈ +
2(Fsls + Fplp)

IIC
θ =

(Fa)
(
d− w

2

) |sin (ω0t)|
IIC

. (13)

The general solution consists of a complementary solution
θc(t) and a particular solution θp(t). The complementary solu-
tion is determined by setting the term on the right side of (13) to
zero, and the effect is negligible. Since the motion is periodic,
the particular solution of (13) can be determined by assuming a
solution of the form

θp (t) = Asin (ω0t) (14)

where A is the amplitude of the angular oscillation from the
forced vibration generated by the difference in friction between



DELIBAS AND KOC: METHOD TO REALIZE LOW VELOCITY MOVABILITY AND ELIMINATE FRICTION INDUCED NOISE 2681

the static and dynamic cases.

A =
(Fa)

(
d− w

2

)
2(Fsls + Fplp)

(
1 −

(
ω0
ωn

)2
) (15)

θp (t) =
(Fa)

(
d− w

2

)
2(Fsls + Fplp)

(
1 −

(
ω0
ωn

)2
) sin (ω0t) . (16)

The amplitude of the forced vibration depends on the ratio of
the frequencies ω0/ωn. The vibration amplitude increases as the
frequency of the slider force (ω0), which depends on the motor
speed, friction nonlinearity, and the PID parameters, becomes
closer to the natural frequency (ωn) of the mechanical system.

The closed loop position controlled stages, which are driven at
velocities between 0.001 mm/s and 1.0 mm/s, exhibit a friction
induced forced vibration angular frequency that is close to the
natural frequency of the motor. The angular frequency of the
vibrator actuation force variation for a velocity of 0.2 mm/s and
0.6 mm/s has been calculated as approximately 150 rad/s and
350 rad/s, respectively. At such driving velocities, the amplitude
of the force vibration increases drastically due to the ratioω0/ωn.
The increased vibration amplitudes result in the generation of
audible noise at these velocities. The most critical factor is
the velocity, which matches the natural angular frequency of
the system. The natural angular frequency ωn is approximately
413 rad/s; thus, the corresponding natural frequency fn is
65.8 Hz, calculated using the piezoelectric material properties
and geometrical parameters [36].

III. DRIVING METHODS OF RPM

A. Single Source Drive

The vibrator in the motor described in Section II.A has three
electrical terminals. The electrode that covers one of the main
surfaces completely is used as the common terminal, and the
two other electrodes dividing the other main surface into two
sections are the active terminals [35]–[37].

Driving the vibrator with one source means that a sine wave-
form is applied between one of the active and common terminals.
The other active terminal is floating. At a specific aspect ratio
between the length and width of the vibrator, a planar mode
of the electrically driven section can be generated. With the
geometry of the vibrator summarized in Table I, the planer
mode, as shown in Fig. 7, occurs at approximately 153 kHz. This
mode is the main resonance mode at which the motor operates.
The impedance spectra shown in Fig. 12 corresponds to the free
vibrator. When the vibrator is placed in the housing case due
to the applied pressing and holding forces, the main operating
frequency can increase up to 3 kHz. Fig. 7 shows that the surface
area of the excited half expands and shrinks, while the unexcited
half and pusher act as a perturbed mass. Since the pusher is
attached at the center of the side surface, the tip of the pusher
makes a back and forth movement in the oblique direction. The
tip of the pusher, which is in contact with the slider, creates
a pushing force. The direction of the slider movement can be
changed with the driven electrodes.

TABLE I
PHYSICAL AND MATERIAL PROPERTIES OF THE VIBRATOR

Fig. 7. Single source driving of the PILine motor in the resonance
mode.

Fig. 8. Trajectories at the contact point of the friction tip. (a) Single
source drive, the motion is in the oblique direction. (b) DSDF drive, the
motion is a modulated ellipse changing in every cycle.

When the vibrator is driven with a single source, the motion
on the pusher tip, as illustrated in Fig. 8(a), is in the oblique
direction, and the forces generated by the vibrator in the x and
y axis directions are almost equal [35]. At high speeds, such an
oblique motion is ideal for obtaining a high performance. Every
time the pusher applies a force onto the slider, the slider makes a
microscopic movement. At low speeds, depending on the surface
conditions, the oblique motion may not transfer sufficient force
to the slider to realize a microscopic movement by exceeding
the friction force. To induce a movement, the control electronic
increases the driving voltage, thus increasing the magnitude
of the oblique motion. Once the moving element performs a
microscopic movement, the force between the friction tip and
the slider reduces as the dynamic and static friction forces are
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Fig. 9. Force in the x-axis direction for a single source drive type
resonance piezoelectric motor. The frequency is the operating frequency
of the motor, and the magnitudes are simulated using the parameters
listed in Table I.

Fig. 10. Acceleration acting on the slider acted upon by the force of
the stator.

different. This phenomenon results in a larger step or unpre-
dictable movement of the slider, and this behavior is the main
reason for the generation of the stick-slip motion, leading to the
generation of audible noise at a low speed.

Fig. 9 shows the slider force in the x-axis direction within
two servo cycles simulated by using the parameters presented
in Table I. Since the servo sampling frequency is 20 kHz and
operating frequency of the motor is 160 kHz, in one servo cycle,
the vibrator pushes the slider 8 times. Due to the inertia of the
slider, the acceleration increases in a stepwise manner in between
two actuation force cycles (see Fig. 10). As expected, all of the
control algorithms reduce the voltage amplitude in this case,
thereby reducing the force of the actuator after the first servo
cycle (1/20 kHz, 0.00005 s). When the force is reduced to less
than the dynamic friction level, the deceleration commences,
and the slider stops in the following servo cycle.

B. DSDF Driving of RPM

In the previous section, we described the difficulties and
possible causes that prevent the realization of a smooth and
slow movement in resonance drive type piezoelectric motors.

Fig. 11. Excited mode shapes when the motor is driven with a DSDF.
(a) Two orthogonal resonance modes excited at the main resonance
frequency (f1). (b) Resonance mode excited at the second frequency
(f2).

Fig. 12. Impedance spectrum of the piezoelectric vibrator. The friction
tip performs an oblique or narrow elliptical movement at f1. The tip
performs a tangential back and forth movement at f2.

In this section, we introduce a new driving method. When both
the electrodes are electrically excited, the planar mode at the
main operating frequency splits into two orthogonal resonance
modes, as shown in Fig. 11(a). In this case, the pusher movement
is elliptical. Even if the second excitation frequency (f2) is
approximately 20 kHz higher than the main operating frequency
(f1), the two orthogonal resonance modes are still excited at
the main resonance frequency. The resonance mode around the
second operating frequency, as shown in Fig. 11(b), is excited
under the DSDF drive.

Note that the difference between the two driving frequencies is
approximately 20 kHz, which is the frequency of the servo loop
[39]. The second driving signal causes the friction tip to generate
motion only in the tangential direction, and the displacement in
they-axis direction remains constant. The result is the modulated
vibration trajectory of the friction tip, as shown in Fig. 8(b).

Driving the vibrator with two sources at two frequencies
excites three resonance modes on the piezoelectric body. The
first two modes are excited at the main operating frequency of
the vibrator. As the frequency difference between f1 and f2 is
synchronized to the closed loop servo frequency, the resulting
slider force in thex-axis direction corresponds to the modulation
of the two sinusoidal waveforms. The slider force obtained using
the parameters listed in Table I was simulated, as shown in
Fig. 13. Since the two driving signals are sinusoidal waveforms,
and their phase differences are zero, the slider force exceeds the
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Fig. 13. Actuator force in the x direction for DSDF driving of a PUM.

Fig. 14. Acceleration in two subsequent servo cycles for the DSDF
driving of a PUM.

static friction force level as soon as the servo cycle begins. As the
slider starts to perform a microscopic movement, the force starts
to decrease due to the modulation of the force generated by the
vibrator. The resulting acceleration acting on the slider increases
in a stepwise manner until the force provided by the vibrator
decreases under the dynamic friction level. Subsequently, the
force transfer from the vibrator stops, as shown in Fig. 14.
Compared to the single source drive case, the force applied by the
slider is not present in the complete servo period. The resulting
acceleration of the slider is smaller; consequently, the slider can
make smaller steps, leading to lower velocities of the slider.

Using this driving method, a piezoelectric motor can be
driven at a higher speed by reducing the voltage level of the
second source. Reducing the voltage level of the second source
makes the drive equivalent to a single source drive (see Figs. 15
and 16).

IV. TEST RESULTS

Fig. 17 shows the PILine system composed of an XY mi-
croscopy stage (U-781.NN) that includes two single axes linear
stages oriented orthogonally on top of each other, a controller

Fig. 15. High speed actuator force in the x direction for the DSDF
driving of a PUM.

Fig. 16. High performance acceleration in two subsequent servo cy-
cles for the DSDF driving of PUM.

Fig. 17. Image of high resolution U-781.NN microscopy stage with a C-
867.2U2 controller unit and joystick. The proposed driving method was
embedded into the C-867.2U2 controller unit.
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Fig. 18. Slow movement capability at 0.001 mm/s, and the position
error between the commanded and actual positions for a single source
drive.

Fig. 19. Slow movement capability at 0.025 mm/s, and the position
error between the commanded and actual positions for a single source
drive.

unit (C-867.2U2) and a joystick. The proposed driving method
was tested on the high resolution microscopy stage. A noncon-
tact optical incremental encoder (PIOne) integrated in this stage
was used to measure the actual position directly at the motion
platform with a high accuracy [44]. Even if the signal period
of the encoder was 500 nm, the sensor interpolated resolution
was reduced digitally to 1 nm, embedded in the controller. The
measurements were performed under an ambient condition with
a relative humidity of 60%. The stage had a travel range of 135×
100 mm. The DSDF driving method with the relevant electronics
was implemented in the controller.

First, the measurements for single source driving on both the
X and Y moving axes of the microscopy stages were performed.
As shown in Figs. 18 and 19, the magnitude of the deviations
(position error) between the actual and commanded positions at
speeds of 0.001 mm/s and 0.025 mm/s was approximately 20 nm
and 500 nm for the bottom axes of the stage, respectively.

As shown in Fig. 20, the deviation at 0.1 mm/s was more than
1000 nm.

The same test was repeated for the DSDF drive to compare
the deviations between the single source driving and DSDF
driving. We used the same adaptive PID control for the single
source drive. The position errors for the speeds of 0.001 mm/s,
0.025 mm/s, and 0.1 mm/s. are shown in Figs. 21–23. The
deviations when using the proposed drive are one to two orders
of magnitude less than those for the conventional single source

Fig. 20. Slow movement capability at 0.1 mm/s, and the position error
between the commanded and actual positions for a single source drive.

Fig. 21. Slow movement capability of the PILine stage with the DSDF
drive at 0.001 mm/s, and the position error between the commanded
and actual positions.

Fig. 22. Slow movement capability of the PILine stage with the DSDF
drive at 0.025 mm/s, and the position error between the commanded
and actual positions.

drive for constant low velocities. Furthermore, the differences
are large for the velocities of 0.025 mm/s and 0.1 mm/s (see
Figs. 19–20 and 22–23). The movement at these low speeds
when using the DSDF drive is smooth.

In addition to the linear movement at constant velocities, we
evaluated the sinusoidal trajectory performance. The sinusoidal
trajectories pertaining to two different frequencies generated and
followed using the conventional single source and DSDF drive
were obtained and illustrated in Figs. 24–27). The sine wave tra-
jectories with amplitudes of 1.0 mm and 0.1 mm amplitudes were
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Fig. 23. Slow movement capability of the PILine stage with the DSDF
drive at 0.1 mm/s and the position error between the commanded and
actual positions.

Fig. 24. Sine wave trajectory with an amplitude of 1 mm for single
source and DSDF drives.

Fig. 25. Sine wave trajectory with an amplitude of 1 mm at the direction
change for single source and DSDF drives.

generated and tested using a U-781.NN microscopy stage. It was
noted that the conventional drive leads to a discontinuity in the
trajectory following at low velocities when the direction changes
due to the stick-slip nature of the contact friction between stator
and slider of the piezoelectric motor. The same trajectories with
the DSDF drives exhibit less tracking and contour position errors
over the sine trajectories. The movement of the stage near the
direction change is continuous, and less stick-slip nonlinearities
are observed.

Fig. 26. Sine wave trajectory with an amplitude of 0.1 mm for single
source and DSDF drives.

Fig. 27. Sine wave trajectory with an amplitude of 0.1 mm at the
direction change for single source and DSDF drives.

As seen from Figs. 21 to 23, the position errors and deviations
increase as the speed increases. The reason would be the friction
condition mainly depends on the mated parts and friction also
depends on the environmental conditions such as the temperature
and humidity. However, as expressed in (16), the vibration am-
plitude is linearly related to Fa, which is the difference between
the motor force in the moving direction (Facx) and friction force
(Ff ). By using the proposed driving method, Fa is minimized
by controlling Facx. The change in the friction force Ff is
compensated via adaptive PID control with the DSDF drive.
However, the nonlinear friction changes cannot be completely
controlled. The analytical model of slow motion for resonance
drive type piezoelectric motors can be extended to other friction
theories such as the Stribeck, LuGre, and Maxwell-slip models
[9], [42], [43]. Additionally, the DSDF driving concept can be
tested using sophisticated control methods for increasing the
positioning accuracy and further reducing the velocity ripple
during slow motion. The breakaway force remains the main
obstacle to obtain linearized accurate motion, especially during
circular trajectories, with two degrees of freedomx-y stage com-
binations. This driving concept can be combined with intelligent
control algorithms to minimize the nonlinearities of the dead
zone at the beginning of the motion.



2686 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 25, NO. 6, DECEMBER 2020

V. CONCLUSION

In this article, a mechanical model, which describes the fric-
tion induced forced vibration and source of the noise generation
in a resonance drive type piezoelectric motor was introduced. It
was indicated that the closed loop controller parameters, such
as the servo loop frequency and gain of the PID parameters to
set the motor speed and friction nonlinearities are the sources
of the friction induced vibrations. The amplitude of the friction
induced vibration can disturb the slider movements, especially
at low velocities, at which the frequency of the vibrator force
during the closed loop operation and the frequency of the me-
chanical system are similar.

In a resonance drive type piezoelectric motor, the slider
moving speed is controlled by the acceleration induced by the
vibrator. When the resonance drive type piezoelectric motor
is driven with one driving source, the force applied by the
vibrator within one servo cycle is not controllable. Therefore,
smooth constant movements cannot be realized, especially at
low velocities.

To obtain a smooth movement at low speeds, a new driving
method is proposed, in which the piezoelectric vibrator is ex-
cited with two driving sources at two different frequencies. In
this driving method, the difference between the two excitation
frequencies is synchronized to the closed loop servo sampling
frequency of the digital controller. The microscopic motion of
the friction tip at the interface is a modulated ellipse, which
changes in every cycle. This type of microscopic motion reduces
the acceleration of the slider; however, the force acting on
the slider can exceed the breakaway friction force in every
servo cycle. This phenomenon results in a silent and smooth
movement, especially at a low velocity ranging from 0.001 to
1.0 mm/s. The test results indicate that the position error at these
velocity ranges is less than 10 nm.
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