SPEED CONTROL FOR ULTRASONIC MOTORS USING
FUZZY ON-LINE TUNING SYSTEM

Tomonobu Senjyu, Yoshihiko Gushiken, and Katsumi Uezato

Faculty of Engineering, University of the Ryukyus
1 Senbaru Nishihara-cho Nakagami Okinawa 903-0213 JAPAN
FAX: 4+81-98-895-8708, Phone: +81-98-895-8686
E-mail: b985542@tec.u-ryukyu.ac.jp

ABSTRACT — This paper presents a speed con-
trol for ultrasonic motors using a PI controller and dis-
turbance torque observer. Since the PI gains and {he
observer’s poles are generally fixed, the control perfor-
mance deteriorales when the driving conditions vary
much. Therefore, we propose the speed control scheme
that the PI gains and the observer’s poles are adjusted
on-line in accordance with the speed ripple using fuzzy
reasoning.

1. INTRODUCTION

Ultrasonic motors(USMs) are a newly developed mo-
tor and it has excellent performance and many use-
ful features, e.g., high torque density, low speed, com-
pactness in size, no electromagnetic interferences and
50 on[l]. The features that USM can operate in low
speed range is useful for utilizing as gearless actua-
tors or direct servo drives. Recently they have been
utilized as actuators for driving joints of articulated
robots. The proposed speed control scheme would be
applied to these applications because they require quick
and precise speed control for various load conditions.
[Mowever, the drive principle of USM is different from
that of general electromagnetic type motors, further-
more, USM has highly non-linear speed characteristics
and these characteristics are sensitive to the change of
driving conditions such as driving frequency and ap-
plied load torque. Therefore, it is difficult to control
USM with high performance at all timnes.

In recent years, there have been reported some pre-
cise mathematical models of USM based on equivalent
circuit[2] or Minddlin and Reissner theories[3], how-
ever, these models are too complex to apply for motor
control. Therefore, most speed/position controllers for
USM have been designed using a proportional and in-
tegral (PI) controller[4], {5] which might not use the
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mathematical model of the motor. The control algo-
rithm of this controller is simple, and has the advanta-
geous features — wide stability margin and high reli-
ability — when the PI gains are well tuned. However,
the speed characteristics of USM vary with driving con-
ditions, therefore, adjusting the Pl gains is necessary
to obtain fine speed control perforinance at all times.

The authors have been proposed speed control of
USM using fuzzy neural network(FNN) in a previous
work[6]. In the speed control, the controller is effective
for the characteristic variations because the PI gains
are adjusted on-line using FNN. However, in that work,
it 1s difficult to improve the speed tracking performance
and the disturbance suppression ability at the same
time.

In order to solve the problems and control USM with
high performance, we employ a PI controller and dis-
turbance torque observer. The control system is robust
with respect to plant parameter variations and distur-
bance torque. Since the PI gains and the observer’s
poles are generally fixed, the control performance dete-
riorates when the driving conditions vary much. There-
fore, we propose the speed control scheme for USM, the
PI gains and the observer’s poles are adjusted on-line in
accordance with the speed ripple using fuzzy reasoning.

In general, the speed of USM can be controlled by
driving [requency and phase difference of applied volt-
ages. This paper adopts the driving frequency control
inpul, in order to simplify the drive system and im-
prove the efficiency of USM. Firstly, a brief description
of drive principle of USM and the drive system used
in this paper is shown in Section 2. The characteris-
tics of speed ripple of USM are indicated in Section 3.
Then, a speed control system using the proposed con-
trol scheme is constructed in Section 4. The effective-
ness of the proposed control scheme is compared with
that of a PI controller in Section 5. Finally, conclusions
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Table 1. Design specifications of tested USM.
40 kHz

100 Vrms

53 mA x 2
0.314 Nm
Rated output power 3 W

Rated speed 9.0 rad/s
Weight 0.240 kg

Driving frequency
Driving voltage
Rated current

Rated torque
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Fig. 1. Drive system for USM.

of this paper are summarized 1n Section 6.

2. DRIVE SYSTEM

The drive system of speed control for USM is shown
in Fig. 1, and the design specifications of tested USM
are shown in Table 1. A typical traveling-wave type
UUSM consists of a rotor, stator made by elastic body,
and piezoelectric elements [1]. When two-phase volt-
ages wliose frequency is near the resonant frequency
of the motor are applied to the piezoelectric elements.
traveling wave is produced on the surface of the stator.
The traveling wave generates vibration force with an
elliptic locus on the stator surface, then the rotor in
contact with stalor is rotated by the vibration force.
Drive control system of USM are gencrally considered
lo be driving frequency control and phase difference
control of two-phase voltages V4 and Vg. As the eft
ficlency of USM using the phase difference control to
speed control 1s low, we adopt the driving frequency
control only.

In Fig. 1, load and rotary encoder are connected with
the USM via coupling, and the motor speed is mea-
sured using the rotary encoder which has 10,000 pulses
per revolution. The microcomputer calculates the con-
trol input, and the control signal is transmitted to the
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Fig. 2. Revolving speed vs. driving conditions.
drive circuit using programmable {requency oscillator
which generates the switching signals for the drive cir-
cutt. Then the drive circuit geperates the two-phase
alternating voltages V4 and Vg, and they are applied
10 the USM.

3. CHARACTERISTICS OF
SPEED RIPPLE

Fig. 2 illustrates the characteristics of speed ripple
for driving conditions at a fixed driving frequency. The
driving frequency is determined so that the revolving
speed becomes almost 3.0rad/s, 6.0rad/s, and 9.0rad/s,
respectively. As shown in Fig. 2, in the case of open-
loop drive, there are large speed ripple, and the speed
11ipple becomes large as the revolving speed increases.
Furthermore, it becomnes large as applied load torque
jincreases as shown in Fig. 2{b). Therefore, the suitable
PI gains and observer’s pole are different with driving
conditions such as revolving speed and applied load
Lorque.

In case of that the Pl gains and the observer’s pole
are fixed, the control performance deteriorates when
the driving conditions vary much. For the purpose of
solving this problen, this paper proposes a speed con-
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Fig. 3. Block diagram of speed control.

trol scheme which can compensate change of the speed
ripple by adjusting the PI gains and the observer’s pole.

4. SPEED CONTROL SCHEME

Fig. 3 shows a speed control system by using a PI
controller with disturbance torque observer, where ym,
is the commanded speed, y is the actual revolving speed,
e is the speed error, u is the control input(driving fre-
quency), and u*(=41.6kHz constant) is the biased fre-
quency, respectively.

The control input u is determined as

U= Upi + Uo (1)

where u,; is the control input of the PI controller and
1, is the control input which compensates disturbance
torque. These control inputs are determined as follows

Up; = (I{p + ATI)B (2)
Ty :
Up = 7‘; (3)

where K'p, Ky are the proportional gain and integral
gain of PI controller, Ty is the estimated equivalent
disturbance torque which can be estimated by the dis-
turbance torque observer.

If the PI gains and observer’s pole are tuned suitable
value, fine control performance is obtained by the con-
trol input u. However, as the speed characteristics of
USM vary with driving conditions, the control system
may be unstable when the PI gains and the observer’s
pole are fixed. Therefore, we propose the speed control
scheme of USM, the PI gains and the observer’s poles
are adjusted on-line in accordance with the speed ripple
using {uzzy reasoning.
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Fig. 4. Membership functions for |AJ(k)|, AK (k).

On-line Tuning of PI controller

In the speed control, it is important to improve the
speed tracking performance and the disturbance sup-
pression ability. As the disturbance suppression ability
can be determined by pole assignment of disturbance
torque observer, the proportional gain of the PI con-
troller is tuned in order to improve the speed tracking
performance, and then, it is fixed. Therefore, only the
integral gain is adjusted on-line in accordance with the
speed ripple using a fuzzy reasoning.

The steady state error can be reduced by the integral
controller. Therefore, in order to adjust the integral
gain, we adopt the mean absolute value of the speed
control error as a cost function. The cost function is
described as

k

Jk=2 3 len)] 0

n=k—m

where T’ is the sampling period, m is a number of data
for calculating the cost function J(k).

At the steady state, AK(k) indicated in (5) is de-
termined using fuzzy reasoning in order to reduce the
cost function J(k)

Ki(k) = Kr(k— 1) =AK (k). (5)

The integral gain adjustment procedure is explained
as follows. For instance, either of an increase/decrease
of the integral gain is decided, and then, integral gain is
updated every m sampling period. If the cost function
1s decreases compared with the preceding one, the di-
rection of increment and decrement of the integral gain
is the same. In case the cost function is increased, the
direction of increment and decrement is turned over.

In order to determine the AKj(k), we adopt the
fuzzy reasoning. The difference of the cost function
is adopted as the input variable of the fuzzy reason-
ing. The membership functions of the fuzzy sets are
shown in Fig. 4. The singleton values for output fuzzy
set is selected to reduce the computational burden for
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defuzzification. The abbreviations used in these fuzzy
sets are as follows

ZR : Zero, S :Small, M : Medium, B : Big.
The i-th fuzzy rule is given as
Rule i 2 if |AJ(k)| is 4; then AN (k) is B; (6)
j=1, 2, 3, 4

where A4; is the fuzzy set of the antecedent functions,
while B; is the fuzzy set of the consequent functions.
Finally, the defuzzification is performed as

4 4
KR =Y wi B / S (7)

To avoid the sudden change of the integral gain, AK(k)
determined by (7) is filtered out through low-pass fil-
ter(LPF).

Design of Disturbance Torque Observer

To obtain the estimated equivalent disturbance torque
T, we design the disturbance torque observer. The mo-
lion equation with respect to parameter variations for
the USM is represented by

In CfZ—L: 4+ Dpw+Ty = Kpu (8)
where, Tq = AJ%—‘: +ADw—ARu+T, is the equiva-
lent disturbance torque, AJ, AD, AKX are the param-
eter variations from nominal values, 7 implies nominal
value, Tt is the applied load torque.

To construct the disturbance torque observer, the
dynamic model for the disturbance torque is defined
by Ty=0. From (8) and T;=0, the state equation and
the output equation are represented as

w _Dw _ 1 w K.
. = T In +1 " w9
Ty 0 0 T, 0
oY)
y= [ 1 9] (10)

From (9) and (10}, the disturbance torque observer
is constructed using Gopinath’s observer design algo-
rithm as

Ty = ér + Grw (11)

£r = Arér + Bru+ Crw (12)

G 6 G Dy Dy Dy
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Fig- 5. Membership functions for ym(k), vr(k).

where &7 is the intermediate variable, Gr is the ob-
server gain, AT=GT/J,,, 1§T=—GTKH/J,L,
Cr=Gp(Gr+Dy)/Jn, Gr = Joyr and, vr is the ob-
server's pole. Notice that the estimation rate of Ty is
determined by pole assignment of observer.

In general, the observer’s pole is determined in or-
der to obtain a good disturbance suppression ability.
Since the characteristics of speed ripple vary with re-
volving speed, suitable observer’s pole is different in
accordance with the revolving speed. Therefore, we
apply fuzzy reasoning to adjust the observer’s pole on-
line in accordance with the revolving speed.

The membership functions of the fuzzy sets are shown
in Fig. 5. The commanded speed is adopted as the in-
put variable of the fuzzy reasoning. The i-th fuzzy rule
1s given as

Rule ¢ [ if g, (k) is Cy then yp(k) is Dy (13)
k=1, 2, 3.
The defuzzification is performed as
3 3
yr(k) = Zw,; Di/Zw,;. (14)
=1 i=1

To avoid the sudden change of the observer’s pcle,
vr(k) determined by (14) is filtered out through LPF.

5. EXPERIMENTAL RESULTS

In order to evaluate the control performance of the
proposed controller, the experimental results of speed
control using the proposed control scheme are com-
pared with that of a conventional PI control.

Speed control by using PI control

The experimental results of speed control using a PI
control are illustrated first. The control parameters
nsed in the experiments are shown in Table 2.

Fig. 6 shows the experimental result for adjustable-

speed control when the commanded speed is changed
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Table 2. Control parameters.

Sampling period Ts =2.0 ms
Proportional gain Kp=0.10
Number of data m = 500

Jn == 1.438 x 1074 kgm?
D, = 1.041 x 10~! Nms/rad
K, = 6.247 x 10~ Nm/Hz

Inertia constant
Damping coefficient

Torque constant

Table 3. Parameters of membership functions.
a1=0.5, as=1.0, a2=2.0, as=6.0 (xlO“s)
bi=0.0, by=0.2, b3=0.5, bs=1.0 (x10~2)
c1=3.0, €2=6.0, ¢3=9.0

dy = —1750, dy = —1150, d3 = —850

in a wide speed range, where the integral gain is deter-
mined to minimize the cost function at the commanded
speed 6.0rad/s. The control performance deteriorates
when the commanded speed is 9.0rad/s, because the
suitable integral gain vary with revolving speed.

Fig. 7 shows the experimental result for a constant
speed and step-wise applied load torque(0.30Nm, 96%
rated torque). In Fig. 7, the speed ripple is large when
the applied load torque is changed. Accordingly, it is
diffieult to control the USM with high performance us-
ing a PI controller with fixed gain.

Speed control using proposed control scheme

The control parameters and the parameters of mem-
bership functions used in the experiments are shown in
Table 2 and Table 3, respectively.

Fig. 8 shows the experimental result for adjustable-
speed contro]l when the commanded speed is changed
in a wide speed range, but the disturbance torque ob-
server is not used in order to evaluate the on-line tuning
scheme of the integral gain. In Fig. 8(b), the integral
gain is adjusted on-line in order to minimize the cost
function. Therefore, the high-performance speed drive
1s achieved as shown in Fig. 8(a).

"Fig. 9 shows the experimental result for a constant
speed and step-wise applied load torque. In Fig. 9(a),
the speed ripple is suppressed well even if the applied
load torque is changed, because the control input wu,
compensates the disturbance torque.

Fig. 10 shows the experimential result for adjustable-
speed control and step-wise applied load torque. As
shown in Fig. 10(b), the observer’s pole is adjusted on-
line in accordance with the revolving speed. As the
result, the fine disturbance suppression ability is ob-
tained at each commanded speed.
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Fig. 6. Speed control using PI control (K;=0.09 ).
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Fig. 7. Speed control using PI control (K;=0.09).

6. CONCLUSIONS

As the speed characteristics of USM vary with driv-
ing conditions, it is difficult to control USM with high
performance at all times. For the purpose of solving the
problem. this paper proposed a speed control scheme
that the integral gain of the PI controller and the ob-
server’s pole are adjusted on-line Iin accordance with the
speed ripple using fuzzy reasoning. The experimental
results demonstrated the effectiveness of the proposed
control scheme.
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Fig. 8. Speed control using proposed control scheme
(without disturbance torque observer).
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Fig. 10. Speed control using proposed control scheme
{(with disturbance torque observer).
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Fig. 9. Speed control using proposed control scheme
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