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Design of a Hybrid Transducer
Type Ultrasonic Motor

Kentaro Nakamura, Minoru Kurosawa, and Sadayuki Ueha

Abstract— This paper presents a design method of a hybrid
transducer-type ultrasonic motor (HTUSM) aimed at practical
uses of the motor. We introduce a simple equivalent circuit
that expresses the unique operation mechanism of the hybrid
transducer-type motor. The numerical simulation based on the
model enables us to predict the motor characteristics such as the
maximum torque and the no-load revolution speed. In addition,
for the purpose of efficient design and physical interpretation of
the phenomena, we discuss analytically the maximum torque of
a special case and develop two design charts for the prediction
of the no-load speed of the motor.

I. INTRODUCTION

N AN ultrasonic motor, the revolution of a rotor is caused

by a piezoelectric vibration of a stator instead of electro-
magnetic interaction. The driving force/torque is transmitted
directly from the stator to the rotor by friction. This basic
principle of the ultrasonic motor has unique properties, such
as large output torque, large holding torque without energy
consumption, and quick response. The major feature of an
ultrasonic motor consists in the mechanism which converts
stator vibration to rotor revolution. Only half a cycle of the
vibratory motion of the stator should be transmitted to the rotor
selectively. In traveling wave type ultrasonic motors [1}-[5],
at every crest of the elastic traveling wave, the vibration
velocity has the same direction which is opposite to that
at the trough. Thus if we press a rotor on the stator that
guides the traveling wave, it is driven to rotate. On the other
hand, in a hybrid transducer-type ultrasonic motor [6]-{8]
(HTUSM), the torsional vibration provides the driving force,
while the longitudinal vibration changes the friction force
between the rotor and the stator so that only half a cycle
of the torsional vibration of the stator can be transmitted
to the rotor. Ultrasonic motors using a longitudinal torsional
vibration converter also belong to this type [9], [10].

These two typical conversion mechanisms are in contrast
to each other. In the traveling wave type, driving forces
having the same direction are extracted spatially from the
stator vibration. In the HTUSM, on the other hand, it is done
temporally. In other words, the temporal change of the friction
between the rotor and the stator caused by the longitudinal
vibration rectifies the torsional vibration into rotor rotation.
Traveling wave type motors have been investigated widely,
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and some of them are in current use. The HTUSM, which
was proposed by the authors about 5 years after the traveling
wave type, has better characteristics such as high output torque
and controllability. This paper presents a design method of
the HTUSM by use of a simple model, to provide an aid for
practical uses.

Focusing on the conversion mechanism from torsional vi-
bration to rotor revolution, we employ an electrical equivalent
circuit of the torsional vibrator, the rotor, and the friction
characteristic of the contact surfaces. The friction force varies
according to the normal force applied at the contact surface
called the “preload.” In this paper, for simplicity, it is assumed
that the change in the preload due to the longitudinal vibration
has a sinusoidal waveform. Analysis by this model shows
that the conversion efficiency of the torsional port is above
80%, if the contact duration between the rotor and the stator
is short enough. If the motor performance requirements such
as maximum torque and no-load speed are given, the speci-
fications of the torsional vibration system can be determined
by using this model. For a systematic design procedure and
a physical interpretation of the phenomena, we will consider
analytically the maximum torque and develop design charts
for the prediction of the no-load revolution speed.

II. STRUCTURE AND PRINCIPLE OF THE MOTOR

Fig. 1 illustrates a typical structure of a HTUSM. A stator
has two types of piezoelectric elements to independently excite
the torsional and the longitudinal vibration. A rotor is pressed
to the transducer by a coil spring with a static force F.. A
normal force f. at the contact surface between the rotor and
the stator, termed “preload,” varies periodically due to the
longitudinal vibration, while a driving torque 7 is generated
by the torsional vibration. If the phase difference between
displacements of the two waves is 90°, only half a cycle of
the rotational force will be transmitted to the rotor from the
stator in order to rotate the rotor in one direction. The rotation
direction can be reversed, if we switch the phase difference
by 180°.

III. MODEL OF THE CONVERSION MECHANISM

To express the conversion mechanism from the torsional
vibration to the rotor rotation, we introduce an equivalent
circuit, shown in Fig. 2, which includes the torsional trans-
ducer, the rotor, and the friction characteristic at the contact
surfaces. The torsional vibrator is driven by a high frequency
voltage Vr = Vycoswt. A “torque factor” A, connects the
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Fig. 2. Equivalent circuit of the motor for the torque generation mechanism.
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Fig. 3. Friction characteristic model of the contact surface used in the
calculation.

electrical arm with the mechanical arm. The fundamental res-
onance mode of the torsional vibration system is represented
by L, ¢m, and r,,, while the clamped capacitance of the
piezoelectric ceramics and its dielectric loss is denoted by Cy
and Ry, respectively. The rotor is represented by a constant
current source (g under the assumption that the moment
of inertia of the rotor is large enough in comparison with
the driving frequency. In the figure, the angular vibration
velocity is indicated by Qy. For the friction characteristics
at the contact surface, we employ the Coulomb model as
shown in Fig. 3, where traction force is limited to uf.rc if
slip exists. Here, u, f., and 7. are the friction coefficient, the
normal force at the contact surface (termed “preload”), and
the contact radius, respectively. It is symbolized by a back-
to-back-connected twin Zener diode in the circuit. To avoid
the lengthy discussions on the analysis of the longitudinal
vibration system [11], let us assume that the preload f. varies
temporally by the longitudinal vibration as shown in Fig. 4.
Here, we define the contact duration ¢, during which the rotor
is in contact with the stator, If the contact duration ¢, and the
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Normal force
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Fig. 4. Model of the preload waveform.

static load applied by the spring F. are given, the time varying
preload f. can be uniquely determined as follows. First, as
shown in Fig. 4, the waveform is assumed to be:

1) 0 < ¢, < 27

ﬂ(coswt — CoS %—C), for 0 < wt < %—"

0r27r—¢2—c <wt <27 @
0, elsewhere

fc‘_'{

2) ¢ = 2m:
fe=F.(1 + kcoswt). 2)
It is obvious that the time averaged f. is equal to F:
fe=F.. 3)

Here, the upper bar denotes taking the time average. Substi-
tuting (1) into (3), the amplitude § can be specified by ¢,
and F,. For ¢. = 2r,x is proportional to the magnitude of
the longitudinal vibration. To know the exact waveform of the
preload, we should make a full analysis of the longitudinal
vibration system including the effect of impact between the
rotor and the stator. In this paper, however, we have employed
a simple model, instead of a complex one, that is sufficient for
the investigation of design method.

Then, an instantaneous torque 7 is calculated from the
circuit as follows. If slip exists, then

= wfere,
"'/-Lfcrc’

In the case of no-slip (slip = 0), then

Ay CL/QV dt — rmQy.  (5)

slip > 0

slip < 0° @)

= AV t—l,——
T 0 Cosw 7

Here, slip is defined as the difference between the angular

vibration velocity of the stator 2y and the angular velocity
of the rotor 2p:

A
slip — (Qv — Qg). )
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Thus the output torque of the motor T' can be calculated as
the time average of the instantaneous torque 7:

T=7 @)

for the revolution speed of the rotor (g.

IV. FUNDAMENTAL PROPERTIES OF THE MOTOR

Before discussing the design method, let us mention the
basic characteristics of the motor as determined by the model.
First, Fig. 5(a) shows the plots of the speed load and the
efficiency for ¢ = 180°, simulated by using the model for
various voltage Vr applied to the torsional port. The efficiency
is the ratio of the output mechanical power to the input
electrical power to the torsional port. No-load speed g is
defined as the revolution speed for T' = 0, while the maximum
torque Tp is the load torque where the rotor revolution stops.
The no-load speed and the maximum torque are proportional
to Vr, though the saturation exists in the maximum torque
because of the limit of the friction force. If Vr is too large,
slip increases and the efficiency decreases. Fig. 5(b) shows in
more detail the properties of the load curve in the case of high
friction limit; Ty <« pF,r.. The revolution speed is reduced
almost linearly as the load torque increases until it approaches
the region near the torque axis. In the heavy load region near
the maximum torque, the plot of the speed load is curved and
the real maximum torque 7 becomes greater than the effective
maximum torque 73 which is defined as the point where the
extension of the linear part intercepts the torque axis as shown
by a dashed line in the figure. In practice, it is convenient to
regard the effective torque 7 as the maximum torque, since
the revolution speed is almost zero when the load torque is
larger than 7). The numerical value used in calculation here
is summarized in Table 1.

The calculated results fit well with the experimental ones.
For example, as is shown in Fig. 6, the calculated speed load
relation of a motor of 30 mm in diameter agrees well with
the measured one for a prototype motor. The constants of the
motor are listed in Table II.

Fig. 7 summarizes the effects of the contact duration ¢, on
the motor performance, calculated with the parameters listed
in Table I. The no-load speed Ny becomes larger if the contact
duration ¢, is shorter, and Ny at ¢, = O coincides with the
angular vibration without load. The maximum torque 7p has a
peak at a certain ¢.. The contact duration ¢, has an optimum
value of about 7 /3 rad for maximum efficiency. The maximum
value of the efficiency is over 80%, and is close to the optimum
efficiency of the torsional vibrator itself. This means that the
hybrid transducer type has inherently high efficiency if the
contact duration is short enough. However, in our prototype
motors so far, the maximum efficiency was lower than 50%
[12]. This means that the longitudinal vibration system did not
succeed in reducing the contact duration. The overall efficiency
of the motor was much smaller than this value, since electrical
power was also dissipated in the longitudinal vibration system,
which did not contribute to the motor output. Consequently,
we should develop a strong longitudinal vibration system with
high efficiency to improve the motor performance.
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Fig. 5. (a) Calculated load characteristics and efficiency curves. (b) Details
of a load characteristic curve, where Ty, T}, and Qo denote the maximum
torque, the effective torque, and the no-load speed, respectively.

V. DESIGN OF THE MOTOR CHARACTERISTICS

A. Maximum Torque Design

We could determine the specifications of the torsional
vibration system from the given maximum torque by means
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TABLE I
PARAMETERS U SED IN THE CALCULATION

Torque Factor A, 0.0065 Nm/V
Free Admittance Yo 1.65 mS
Mechanical @ 50
Torsional Resonance frq 22.63 kHz
Clamped Capacitance Cy 33 nF
Dielectric Loss Ry 100 k2
Contact Radius r 14 mm
Friction Coefficient u 0.15

o , Measured
—, Calculated

w

™o

Revolution Speed (rps)

=]
o
F =N
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12 16
Torque (kgf-cm)
Fig. 6. Comparison between the calculated and measured results for a motor

of 30 mm in diameter whose specification is described in Table II. F. = 40
kgf, ¢ = 280°,Vr = 330 Vips.

TABLE II
PARAMETERS U SEDIN FIG . 6
Torque Factor A, 0.0048 Nm/V
Free Admittance Y0 0.60 mS
Mechanical @ 30
Torsional Resonance frg 20.60 kHz
Friction Coefficient u 0.30

of the numerical calculation. However, it is useful to grasp the
physical phenomena or meaning for an efficient design. If the
reactive components in the equivalent circuit [,,, and ¢,, are
ignored, the maximum torque can be derived analytically for
the special case ¢. < n. For small values of V7, slip does not
occur (QQy = Qp = 0: Maximum torque is a torque which
stops the rotor), then:

_ [ A.Vrcoswt (in contact) @)
10, (out of contact)”
Consequently,
AV
Ty = ZLsin (?») ©
w 2
If Vr is so large that slip always exists:
T = pferec. (10)
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Fig. 7. Calculated motor performances as functions of the contact duration,
where (A) and (B) express the free vibration velocity and the maximum
efficiency of the torsional vibration system, respectively.

Then:
(11)

These results show that maximum torque is proportional to the
voltage and the torque factor, before it saturates at the friction
limit. Fig. 8 shows the maximum torque (A), the effective
torque (B) calculated with the reactive components c¢,, and
Im, and the maximum torque (C) without ¢, and [,,,. The left
part (¢. < =) of the curve (C) is calculated by (9), while
the expression of right part (¢. > «) of the curve (C) is not
so simple that we need numerical integration. The effective
torque T decreases monotonically with ¢., and 7} can be
approximated by the maximum torque calculated without the
reactive components for the region of ¢. > x. In a rough
way, the value calculated by (9) for ¢, = 7 can be used for the
practical design of the maximum torque. The procedure for the
maximum torque design is summarized as follows: the preload
by the spring F, is determined first from (11), if the limiting
torque Tomax, is given. Then, (9) shows the required torque
factor of the torsional vibration system A,., if the torque factor
as a motor Ty/Vr is given. The torque factor is determined
by the size, the piezoelectric constant of the torsional PZT

To = pFere = Tgmax (const.).
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Fig. 8. Maximum torques versus the contact duration: (A) the maximum
torque and (B) the effective torque calculated with the reactive components,
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disk, and the vibration mode [12]. Fig. 9 compares the design
maximum torque versus voltage with the actual data for
a prototype motor. We could design the maximum torque
successfully except at the saturation value. The limit of the
maximum torque is lower than the design, since real contact
duration is wider than the design value. Then, it is necessary to
determine the preload F,. with a sufficient margin. This also
means that we should operate the motor at the load torque
sufficiently lower than g max = pFerc in order to avoid slip
and abrasion.

B. No-Load Speed Design

No-load speed can be defined as the revolution speed that
makes the time average of 7 zero. Hence, it is difficult to
express the no-load speed in an analytic form in the same
fashion of (9) and (11), and only a numerical solution is
possible. However, to understand the mechanism, and to make
the design procedure systematic, we divide the calculation into
two steps and draw design charts. By using these charts, we
can design a motor straightforwardly instead of repetition of
numerical calculation.
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First, let us introduce a new parameter “speed ratio” which
is the ratio of the angular revolution speed of the rotor to the
amplitude of the torsional vibration velocity of the stator. In
Fig. 10, the speed ratio is plotted as a function of ¢, in the
case of no-load, where the vibration velocity is assumed to be
sinusoidal. If ¢. and the required no-load speed are given, we
can find the necessary vibration velocity Qv from the plot.
The motional current of the torsional port Iy is calculated by
the relation:

Ir = A,Qy. (12)

Second, we need to find the input impedance of the port to
know the required voltage. Fig. 11 summarizes the calcu-
lated input impedance in a general form for the convenience
of designers. For a universal usage, we use the impedance
normalized by the free impedance of the torsional vibration
system 1/Y;,0 as the ordinate, and the ratio of the torque
generated by the transducer A,V to the friction torque pF,.r.
as the abscissa. The point where the limit Z; = Vp/Ir
intersects a curve in Fig. 11 gives the required voltage Vr
applied to the torsional port. Here, let us explain again how
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to use the design charts (Figs. 10 and 11) with an example.
For instance, parameters are given as ¢. = 240°, A, = 0.007
Nm/V, Y,.0 = 1.5 mS, and uF,r. = 0.96 Nm. Then, no-load
speed of 3 rps is required. First, the speed ratio Qz/Qy is
found to be 0.78 by Fig. 10 (¢, = 240°). Consequently, we
need the torsional vibration velocity 2y of 24.1 rad/s. By (12),
the motional current of the torsional port Ir is calculated to
be 0.169 A. Then, the input impedance Z; is

1
Zi=5169"" (13)
This can be rewritten into
ZiYmo = 1.22( ArVr ) (14)
ll'Fcrc

Next, we draw a line of (14) in Fig. 11. A point of intersection
with the curve for ¢, = 240° gives the required voltage
to be 220 V. Fig. 11 also exhibits the basic properties of
the speed—voltage relation of the motor. The input impedance
becomes large at a small voltage, especially for ¢. > m. This
implies that the rotor does not revolve in the low voltage region
if ¢ > 7. Such a region becomes wider, if the contact duration
¢ is larger. If ¢. is small enough (= /2), the input impedance
changes little, and is almost equal to the free impedance of
the torsional vibration system.

VI. SUMMARY

We have introduced an electrical equivalent model of a
hybrid transducer-type ultrasonic motor that expresses the
mechanism of the torque generation by the torsional vibration.
An analytic expression has been given for the torque design,
while two design charts have been developed by numerical
calculation for the no-load speed design. This paper revealed
the basic characteristics of the motor and its physical in-
terpretation. The maximum torque is limited by the friction
properties at the contact interface. Until the limitation value,
it is proportional to the voltage applied to the torsional port.
The no-load speed is proportional to the current of the torsional
port. The relation between the no-load speed and the voltage
is not so simple, since the input impedance of the torsional
port depends on the applied voltage. Based on the model, the
design method of the motor has been presented, where the
specifications of the torsional vibration system are determined
by the motor performance.

A problem that is still to be solved in the future study
is a precise analysis of the longitudinal vibration system.
Up to this study, we cannot design the contact duration
beforehand. In prototype motors, we could not make the
contact duration shorter than 7, and it was near 27 in most
cases. A method needs to be established to systematically
design the longitudinal vibration system.
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