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ABSTRACT The control performance of a butterfly-shaped linear ultrasonic motor is not good when the
target speed is less than 1 mm/s by traditional methods. To improve low-speed controlling characteristics
of linear ultrasonic motor, a closed-loop control strategy by using both the step control and the fuzzy
PID control was proposed. The controller was constructed with the function of providing a closed-loop
control of the speed by adjusting the driving voltage amplitude in stepping driving mode. The corresponding
step controlling parameters were determined by experiments. Comprehensive experiments on the developed
control strategy were conducted under different target speeds. There was a maximum of 24.5% speed error
at the target speed of 10 um/s, meanwhile, the coefficient of variation and the response time were 16.3% and
0.11 s, respectively. With the triangular or sinusoidal waves speed tracking curves at amplitude of 1 mm/s,
the maximum speed tracking error were 0.1 mm/s and 0.15 mm/s respectively. Thus, a good speed tracking
performance was obtained. These results support the functional ability and potential of the proposed method
as a low-speed precision control method for linear ultrasonic motors.

INDEX TERMS Linear ultrasonic motor, step control, fuzzy PID control, low speed.

NOMENCLATURE v Average speed of the platform
C, Coefficient of variation ¥(t) Actual position of the platform

em Maximum speed error of the platform y(@)  Actual speed of the platform
e(t) Speed error of the platform o Standard deviation of the platform speed

e(t) Change of speed error of the platform

K, Proportional coefficient of the PID controller

0 ... . . . I. INTRODUCTION
K Initial value of proportional coefficient . . . .

P . . A linear ultrasonic motor (LUSM) is a special type of motor
AK, Change of proportional coefficient . . . . ..

. by using the inverse piezoelectric effect and ultrasonic vibra-

K1 Integral coefficient of the PID controller . . . .

0 . . .. tion. The motor converts the micro-deformation of elastic
K; Initial value of integral coefficient

material into the motion of the slider through friction cou-
pling [1]. During the past decades, a significant interest has
arisen in the issue of using LUSM for precise positioning

AKr;  Change of integral coefficient
Kp Differential coefficient of the PID controller

0 .o, . . . . .

Kp Initial value ,Of dlffgrentlal c.o§ff101ent [2]-[4]. The motivation of these efforts is the attractive fea-

AKp Change of differential coefficient . .
. .. . tures of the LUSMs, such as quick response, electromagnetic

Ng Number of driving waves of the driving signal . . d off 1£-locki Consideri h

9 Set soeed of the platform immunity, and off power self-locking. Considering these
;(2 C flf)' ; fd p — excellent characteristics, LUSMs have broad application
T Do.e : icient _0 d e;e;ml(;le.ltl.on onal prospects in fields of optical precision platform, micro-nano
d riving period of the driving signa operation system and precision measurement system [4]—[8].
However, in many applications such as semiconductor
The associate editor coordinating the review of this manuscript and device inspection, the requirements for both long stroke, rapid
approving it for publication was Kan Liu "~ . and high positioning accuracy should be satisfied. This means
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that the motor must have a certain speed to ensure that the
platform can be quickly driven to the target position, however,
to achieve high positioning accuracy, the speed cannot be
fast, the two goals are in conflict. Therefore, the speed of
the motor should be decreased to a stable low value before
reaching the target position to achieve high-precision posi-
tioning. Indeed, a low speed is necessary for microscopy
stages, robotic arms, medical operations, and so on. To enable
high precision control of the LUSM, various control strategies
have been investigated [9]-[14], such as model predictive
control, fuzzy neural networks, nonlinear PID and sliding
mode.

In most cases, many LUSMs are resonating displacement
devices for which the alternating strain of its stator is excited
by an AC field at the mechanical resonance frequency, which
can provide long stroke (no limited in theory) and can easily
reach the speed of greater than 100 mm/s. However, these
types of motors are difficult to achieve low speed precision
control due to the obvious nonlinearity of the motor and the
velocity dead zone of the motor. The motion of the motor can
only be achieved when the driving voltage above a threshold
voltage level, which causes much trouble with the low speed
control of the LUSM.

Chu et al. proposed a differential composite motion
method to achieve the speed or the step size controlling of a
rotary ultrasonic motor by adjusting the duty ratio of driving
signal and the displacement difference between the clock-
wise and counterclockwise rotation [15]. A minimum stepped
angle of was obtained by using this method. Zhang et al.
developed a PWM control method to realize the low speed
controlling of a linear ultrasonic motor by adjusting the dif-
ference of the two vibrators’ vibrating amplitudes [16]. This
method is different from the general method of decreasing
vibrating amplitude of ultrasonic motor to realize low speed,
two transducers of the linear ultrasonic motor are respectively
excited by pulses whose width can be modulated to real-
ize two contrary elliptical vibrations with different vibrating
amplitudes. The minimum speed of 0.1 mm/s was realized by
driving an aerostatic guide. Zeng et al. proposed a superpo-
sition pulse driving approach of rotary ultrasonic motor for
control moment gyro servo system [17]. The superposition
pulse driving method, which prolong the turn-off time of
the traditional step driving method, includes the traveling
wave area and the standing wave area. However, the velocity
fluctuation reaches 47.3% at the motor speed of 0.28°/s by
this method.

In this study, to realize a smooth lower speed control of
a butterfly-shaped LUSM, a closed-loop control strategy by
using both the step control and the fuzzy PID control was
proposed. This paper is organized as follows: a motion table
driven by the butterfly-shaped LUSMs and its correspond-
ing control system is presented in section II for using it
to study the speed control characteristics of LUSM. Then,
the corresponding control strategy for low speed control of
LUSM is proposed in section III, followed in section IV by
the experiments associated with the Low speed control and
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tracking characteristics. Finally, the conclusion of this study
is presented in section V.

Il. DESCRIPTION OF THE PLATFORM SYSTEM

In this study, a butterfly-shaped LUSM developed by authors
is utilized for studying the low speed control characteristics
[2], [18]. Two specially selected vibration modes of the motor
stator, symmetric and anti-symmetric modes, are activated at
the same time to realize elliptical motion on the driving foot
of the motor stator by using the d33 effect of the piezoelectric
ceramic. In most case, the stator of the LUSM can be matched
with different structures as movers according to the appli-
cation requirements. Here, to verify the effectiveness of the
proposed control strategy, a two DOF motion platform driven
by the butterfly-shaped LUSMs is taken as a research object
(see Fig. 1). It consists of the upper stage, the lower stage,
the middle stage. Here, the upper stage and the lower stage
are regarded as LUSM’s movers. Two butterfly-shaped piezo-
electric stators are mounted on the middle stage to match the
upper and lower stages. Four commercially available crossed
roller rails are applied as the guide rail, and two ceramic
strips, adhered on the upper and lower stages, play the role of
contacting with the driving feet of the stator and transfer the
motion to the upper and lower stages. Here, a linear encoder
(JENA LIA20, NUMERIK Ltd., Germany) with the resolu-
tion of 10 nm is used as the displacement feedback element.
The dimension of the stage is 162 mmx 162 mmx52 mm.

Upper stage A N Stator

Middle stage

Lower stage inear Encoder

Cross roller rail

FIGURE 1. The mechanical structure of the motion platform.
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FIGURE 2. Block diagram of the motion platform system.
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The block diagram of the driving and controlling system of
the motion platform is shown in Fig. 2. A driving controller
developed by authors is used to generate the driving signals of
the motor and implement the control strategies [19]. By using
this device, the driving voltage and the driving frequency of
the motor can be adjusted in time. A PC is used to commu-
nicate with the driving controller by a serial port interface.
The interpolator (IPE2000-USB, GEMAC Ltd., Germany)
is used to increase the resolution for incremental position
and angular measuring systems with sinusoidal output signals
offset by 90°. The driving controller can get the displacement
of the platform by the RS422 output signals. According to
the command of the PC and the feedback of linear encoder,
the frequency register and the voltage amplitude register are
adjusted by proposed algorithm so as to control the speed
of the LUSM. The characteristics of the motion platform
system is shown in Table 1. The corresponding characteristic
parameters were tested by the National Institute of Metrology
of China.

TABLE 1. Characteristics of the motion platform system.

Parameter Value Parameter Value
Travel 50 mm Repositioning +0.3 um
Accuracy
Traversing rate =200 mm/s | Max. acceleration S5g
L. L F~=10N; F,=15N;
o + 8 2 > B
Position accuracy ~ +0.5 um Permissible load F=30 N:

Ill. CONTROL STRATEGY FOR LOW SPEEDS

Here, the speed of the LUSM can be controlled by the driv-
ing voltage, frequency and the phase difference of the two-
phase power sources. Ideally, the frequency response of the
operation modes of LUSM (symmetric and antisymmetric
mode) should be the same. However, the frequency response
of the two operation modes is inconsistent due to machining
and assembly errors. Therefore, it is not appropriate to adjust
the motor speed by changing the driving frequency. Since
changing driving voltage method supports better linearity
than other methods, the LUSMs are often controlled by this
method.

Smm/s -

n

.

speed (mm/s)
")

2mm/s

(S}

Imm/s

0 02 04 06 08 I
time (s)

FIGURE 3. The closed loop speed control characteristics of the motor
using traditional PID control method at different target speed.
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The closed loop controlling features of the motor was
tested in low speed zone by using traditional PID control
method, the speed of the motor was regulated by adjusting
driving voltage applied on the stator of the motor in contin-
uous operation mode. The experimental results at different
target speed (1 mm/s, 2 mm/s and 5 mm/s) are shown in Fig. 3.
Obviously, the low speed performance goes worse with the
target speed decreasing due to an inevitable velocity dead
zone caused by the friction between the slider and the stator.
The speed fluctuates from 0 to 2 mm/s when the target speed
is set to 1 mm/s. Therefore, in order to avoid the dead zone
problem and improve the low speed characteristics of the
butterfly-shaped LUSM, we consider adopting step control
to realize lower speed control.

FIGURE 4. Driving signal of step control.

A. STEP CONTROL

To realize step control of the motor, the number of driv-
ing waves Ny during driving period T, is controlled by the
driving controller, and a discontinuous driving signal can be
produced, as shown in Fig. 4. Thus, the motion of the motor
is discontinuous, and a low average speed could be achieved.
In this case, however, the speed vary greatly. Therefore, a fur-
ther study on step characteristics of the motor is performed.

DC Power

Retro: u]] ctor

Driving controller; l =

Imu[m mete

[ .1\"| IHl\’I]L‘IUHkl\'
FIGURE 5. Measurement system of the platform.

Figure 5 shows the measurement system for step character-
istics of the motor under open loop condition. A laser interfer-
ometer (XL-80 Laser Measurement System, Renishaw Ltd.,
England) with linear measurement accuracy of 0.5 ppm is
used to test the displacement of the platform. The experi-
ments are carried out in the clean room with grade of 103
and vibration isolation has been effectively done. During the
experiments, the motion of the upper platform is measured,
and the driving frequency of the motor is 53.38 kHz.
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FIGURE 6. Influence of the driving voltage on step size.

Figure 6 shows the influence of the driving voltage on
step size. Here, the number of driving waves is 10, and the
driving period is 20 ms. Experimental results show that a
good linearity between the step size and the driving voltage is
obtained, and the coefficient of determination is greater than
0.98. Obviously, there are different paces at the forward and
backward direction, due to the assembly error of the motor in
both directions. When the driving voltage is 50 V, the average
step size at forward and backward direction are 0.105 m and
0.196 pm.

Moreover, the displacement characteristics of the motor by
different driving period were investigated in open loop state
(see Fig. 7).
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FIGURE 7. Step displacement characteristics of the motor with different
driving period. (a) 20 ms. (b) 5 ms. (c) 1 ms.
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Here, the driving voltage was set to 200 V, and the number
of driving wave was also set to 10. The experiment results
show that the step displacement increases from 0.669 um to
0.954 pum and the average speed increases from 33.45 pum/s
to 954 pum/s as the driving period decreasing from 20 ms to
1 ms. Obviously, the longer the driving period, the lower the
average speed but the larger the speed fluctuation. When the
driving period is 1 ms, the step characteristic becomes incon-
spicuous and thus the displacement curve becomes smoother.

Accordingly, it can be seen from Fig. 6 and Fig. 7 that it is
possible to achieve low speed control with good performance
by adjusting the driving voltage in stepping operation mode.
Here, considering the smoothness of the speed of the motor
in low speed zone, the value of the driving period was set
to 1 ms, the number of driving waves was set to 10, and the
driving voltage was selected as the control variable.

»  Fuzzy
_ﬁ d/dt —»  Control
e(r)
AK, |AK, |AKp
\ 4 | (
r(t) o e(t) PID Step Ay
+ Control Control | Motor

i) i [«

<

FIGURE 8. Block diagram of the control strategy.

B. FUZZY PID CONTROL

Base on the above experimental results, a fuzzy PID method
combined with the stepping operation method were used to
regulate the speed of the motor. The block diagram of the
control strategy is shown in Fig. 8. The actual position of
the platform y(#) is measured by the linear encoder. The
speed error e(t) is the difference of the set speed r(¢) and the
actual speed y(¢). The fuzzy control updates the parameters
of the PID control, and the driving voltage is controlled by
the PID control. Then, a discontinuous driving signals with
the designed driving period and the desired driving voltage is
generated by the step control to power the motor.

The fuzzy controller has two inputs and three outputs. The
input signal consists of speed error e(¢) and the change of
speed error e(t). The output signals are composed of AK,,
AKj and AKp, which are used to adjust the PID parameters.
The PID coefficients of Kj, K1 and Kp could be updated
during each control loop based on the following formulas:

K, = K) + AK,
Ki =K + AK; 1
Kp = K3 + AKp

where KS, KIO and KB are the initial values of PID parameters,
which could be set by traditional PID method and practical
experience. According to the fuzzy rules, the optimal control
signals are produced by these inputs to control the output of
the motor driver.

As we know, the fuzzy variables should be quantized to
implement fuzzy control, and then the fuzzy variables are
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transformed from a basic domain into a fuzzy domain. Gener-
ally, the larger the quantization grades of the fuzzy variables,
the better the control quality of the system. Considering the
amount of calculation, memory occupation, response time
and overshoot synthetically, the input signals and output sig-
nals of the fuzzy controller were quantized into 15 grades:
{-7,—-6,—-5,—-4,-3,-2,—-1,0,1,2,3,4,5,6,7}. During
the process, the basic domain of e() was [—1, 1] mm/s, and
the basic domain of é(t) was [—50, 50] mm/s2, the basic
domain of AK, was [—0.3, 0.3], and the basic domain of
AKy was [—20, 20], and the basic domain of AKp was
[—0.002, 0.002].

According to the control performance of the motor,
the fuzzy subset of inputs and outputs variables based on
linguistic are described as follows: NB (Negative Big), NM
(Negative Medium), NS (Negative Small), ZO (Zero), PS
(Positive Small), PM (Positive Medium), and PB (Positive
Big). The inputs and outputs of the fuzzy controller took
the same membership functions, as shown in Fig. 9. The
Gaussian functions are used in fuzzy subsets NB and PB,
and the trigonometric functions are used in the other fuzzy
subsets.

membership
< e =
F-Y L= 9 o0
: T T

<
(=]
T

0 1 L 1 / I‘l -
7-6-5-4-3-2-101 23
fuzzy domain

FIGURE 9. Membership function.

According to the tuning principles of PID parameters and
engineering experience, a fuzzy PID if-then rule with total
of 7 x 7 = 49 rule bases for each output was established,
as shown in Tables 2-4. Where E and EC are terms in discrete
domain of speed error e(¢) and the change of speed error e(¢)
after the quantization. Here, the Mamdani fuzzy approach
was used.

TABLE 2. Fuzzy rule table for AKp.

NM PB PB PM PS PS 70 NS
NS PM PM PM PS Z0 NS NS
Z0 PM PM PS 70 NS NM NM

Based on the analysis above, the output surfaces of each
output variable of AKp, AKy and AKp are shown in Fig.10.
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TABLE 3. Fuzzy rule table for AK;.

TABLE 4. Fuzzy rule table for AKp.

FIGURE 10. Fuzzy surface. (a) AKp; (b)AK;; (c) AKp.

In this study, the center of gravity (COG) method was
used to carry out the defuzzification, and the domain of the
parameters AK;,, AKy and AKp were respectively remapped
to the basic domain, then the adjustment values of PID con-
troller were obtained. The driving voltage was adjusted to
achieve the speed control according to the calculated PID
parameters by (1).

IV. EXPERIMENTAL RESULTS

Comprehensive experiments were carried out by using the
proposed control algorithm. Here, the sample frequency was
set to 1 kHz. To compare the speed performance at different
set speed, the coefficient of variation defined as follow was
used:

C,=0/vx 100 2)
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where o is the standard deviation of the speed, and v is the
average speed of the sample data.
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FIGURE 11. Speed characteristics. (a) 500 pm/s. (b) 50 um/s. (c) 10 um/s.

From Fig. 11, we can obtained that, as the target speed
decreasing, the maximum speed error e, and the coefficient
of variation ¢, are respectively increased from 1.72% to
24.5%, and 3.2% to 16.3%, and the response time (defined
from zero-speed to 90% target speed) is increased from
0.08 s to 0.11 s. The low speed precision of LUSM is shown
in Table 5. Clearly, even at the target speed of 10 pum/s,
the maximum speed error e, and the coefficient of variation
¢y in stable state (see Fig. 11(c)) are respectively 24.5%
and 16.3%, the relative speed fluctuation amplitude is much
smaller than that at the speed of 1 mm/s as shown in Fig. 3
(the motor is controlled by using continuous driving signals).

TABLE 5. Low speed precision of LUSM.

Speed Speed error e, Coefficient of variation c, Response time

500 pm/s 3.2% 1.72% 0.08 s
50 pm/s 7.8% 3.2% 0.099 s
10 pm/s 24.5% 16.3% 0.11s

Figure 12 depicts the low speed tracking characteristics.
Here, when the input signal was a triangular wave with
period of 1 s and the amplitude of 1 mm/s (see Fig. 12(a)),
the maximum speed tracking error was 0.1 mm/s when the
ideal speed near zero speed (see Fig. 12(b)).When the input
signal was a sinusoidal signal with frequency of 1 Hz and
the amplitude of 1 mm/s (see Fig. 12(c)), the speed track-
ing error performance for the obvious periodical change
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FIGURE 12. FIGURE 12. Low speed tracking characteristics. (a) Triangular
wave speed tracking curve. (b) Triangular wave speed tracking error.

(c) Sinusoidal wave speed tracking curve. (d) Sinusoidal wave speed
tracking error.

characteristics, and the maximum speed tracking error was
0.15 mm/s (see Fig. 12(d)).

V. CONCLUSION

In this paper, we proposed a new control strategy by using
both the step control and the fuzzy PID control on low speed
control of LUSM in micron scale. Compared to traditional
PID controller, the control parameters of fuzzy PID controller
were changing by external conditions. Therefore, the fuzzy
PID controller is much more suitable for the system with a
strong nonlinear and time-variation.

Compared to [16], we developed a different method to
achieve a lower speed precision controlling and realized a
good results: in this study, the driving voltage of the motor
was selected as the control variable and the fuzzy PID con-
trol was used to adjust it in real time to achieve low speed
control. The minimum speed of the motor achieves 10 um/s,
the maximum speed error and the coefficient of variation c, in
stable state are respectively 24.5% and 16.3%, the maximum
speed tracking error of the triangle wave signal and sinusoidal
wave signal is respectively 0.1 mm/s and 0.15 mm/s. These
results show that the low speed control characteristics of the
butterfly-shaped LUSM are beneficial in some applications
that need long stroke, fast response and precision positioning.
As the butterfly-shaped LUSM is operated in continuous
mode, the speed of it can easily achieve over 100 mm/s [18].
Thus, when it is far from the target position, the LUSM
can be operated in the continuous operation mode. When
approaching the target position, the speed of LUSM can be
lowered by using the proposed controlling strategy. Here,
the information used by fuzzy PID controller is limited,
only the driving voltage of the motor was selected as the
control variable. To improve the dynamic performance of the
proposed low-speed precision controlling system, the future
work is to add the number of driving waves and the driving
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period to the control variables. Accordingly, a multi-variable
control method should be taken into consideration. Further-
more, we can increase the number of quantization of the fuzzy
variables to realize higher accuracy low-speed control if the
requirement for system response time is not high.
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