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Design, Analysis, Measurement and Control of a New 
Disc-type Ultrasonic Motor System

By

Puu-An Juang

Abstracts
An ultrasonic motor (UM) uses ultrasonic vibration to obtain a 

driving force by means of friction. Ultrasonic motors can produce larger 
torque at low speed with higher efficiency, in comparison with normal 
electromagnetic DC motors. No gears are used in a UM and, therefore, 
direct drive is possible. A UM has good control characteristics, high 
precision in positioning and no EM interference. Ultrasonic motor can be 
used as actuators for robots as well as for many household appliances.

In this thesis, a novel disc-type ultrasonic motor stator is 
investigated. The stator has an asymmetrical structure (120°-90°-150° 
support boundary configuration) on its surface. The advantages of this 
structure include a single electrical phase driving, 
multiple-resonant-modes driving, rotational direction changes by 
modulation of driving frequencies, single contact point, and simple 
driving electrical circuit.

With the setup of a precision laser vibrometer measurement 
experiment, mode motions and wave propagations of the UM are 
analyzed. The model is further verified by using finite element 
simulations where a 3-dimensional mechanical element with an extra 
electrical degree of freedom is used and then electrical impedance 
response, phase response and mechanical frequency response of the UM 
are studied. Furthermore, a transfer function model and equivalent circuit 
model of the UM in terms of radial and tangential displacement 
components are established for control objectives and for certification of 
dynamic characteristic parameters. The equivalent circuit model verifies 
radial, tangential and couple vibration modes once more and is used in 
search of resonance frequencies. The PSPICE has been used to simulate 
the equivalent circuit components. Finally, a speed control scheme is 
implemented by using current modulation and commercial DSP technique, 
in order to keep the revolution speed constant.

The proposed ultrasonic motor system has proven good dynamic 
behaviours with the driving frequency range of 65k-100kHz and reaches 
a maximum revolution speed of 600rpm.
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Notations and Symbols

Mathematical notations

A transfer factor

A transfer factor

Av transfer factor

Bu product of differential-operating matrix

C Young’s Modulus

c d piezoceramic clamp capacitance

total equivalent capacitor

CE 6x6 elasticity matrix

C, equivalent capacitance of stator

equivalent capacitor of radial vibration

Cme equivalent capacitor of tangential vibration

Cs compensation capacitor

Co equivalent capacitor

d piezoelectric strain constant

dr radius of a piece

dO circumferential angle of a piece

piezoelectric strain constant in z direction

D 3x1 electrical displacement vector

Dr direction restriction

e 3x6 piezoelectric matrix

e T e transpose
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ess error function

E 3x1 electrical field vector

Ec coercive electric field

E. electric field in z direction

h body force

f c concentrated force

f s surface force

E, a contact force

Fp mechanical force vector

F, radial force

Fe tangential force

g voltage output constant

g; i voltage output constant in x  direction

£33 voltage output constant in z direction

h thickness of ceramic

hn measured input current

ôut measured output current

J rotor moment of inertia

k coupling coefficient

K transfer coefficient

Kg constant gain

K j integral gain

KP proportional gain

K l elastic stiffness matrix

K U piezoelectric coupling matrix

dielectric stiffness matrix
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force factor

total equivalent inductor 

equivalent inductor of radial vibration 

equivalent inductor of tangential vibration 

equivalent inductor of rotor 

equivalent inductor

mass of rotor 

stator mass matrix 

transfer ration

interpolation function for the variable of u

interpolation function for the variable of <j>

piezoelectric ceramic

electrical charge vector

motor output power

point charge

surface charge

mechanical quality factor

plate stiffness

radius of rotor 

equivalent resistor of stator 

total equivalent resistor

equivalent resistor of radial vibration 

equivalent resistor of tangential vibration 

equivalent resistor of rotor 

equivalent resistor 

disc

6x1 strain vector



S, area where mechanical forces are applied

Sa area where electrical charges are applied

s» strain in the x  direction

1 S 3 3 strain in the z direction

T 6x1 stress-vector

Td Fourier transforms of rd

u displacement vector

Ur radial displacement

u e circumferential displacement

K measured input voltage

Vou< measured output voltage

VP pre-force

Yd damped admittance

Yseq equivalent dynamic admittance

a damping coefficient

p p damping coefficient

F damping coefficient

s permittivity of ceramics

£0 permittivity of free space

s s 3x3 dielectric matrix

electric potential

V Rayleigh coefficient

X Rayleigh coefficient

V Poisson ratio

vE Poisson ratio in constant electric field

p density

*d applied torque
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kinetic friction coefficient

CO angular velocity

<»a anti-resonance frequency

co0 resonance frequency

<»R revolution speed

A variation

A0 phase shifter

0 Fourier transforms o f 6

A nodal value

Substitutions

C = CP +CS stator structure damping computation

Cp = tjM p + AK£ piezoelectric ceramic structure damping computation

Cs = rjMs + AKsuu disc structure damping computation

E = -V(/> electric field E is related to electric potential ^

G(S)| s=jQ) = Kg transfer function approximation

j  = mry/ rotor moment o f inertia computation

S = Buii strain-displacement in terms o f nodal displacement
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Chapter 1 Introduction

1.1 Role of Ultrasonic Motors

An ultrasonic motor is defined as a motor that fully uses ultrasonic 

vibration, i.e., a kind of elastic vibration, and a driving force to drive the 

motor. In general, an ultrasonic motor consists of a stator and a rotor. This 

concept is equivalent to the traditional electromagnetic motor.

Ultrasonic motors have been widely used in industry due to the 

following advantages:

(1). Low speed and high torque under direct drive;

(2). Fast response and wide velocity range;

(3). Hard brake but no backlash;

(4). Fine position resolution and easy to control;

(5). High performance under high power/weight ratio;

(6). Very low noise during driving;

(7). Lightweight and min-size;

(8). Simple design structure and easy production procedures;

(9). Low external magnetic and radioactive field interferences.

However, they also have the following disadvantages:

1. A higher frequency power supply required;

2. Low durability due to the contacted friction;

3. Nonlinear torque-speed characteristics.

At the beginning of this dissertation, we shall review the history and
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classification of ultrasonic motors as well as their features in detail.

1.2 History and Classification of Ultrasonic Motors

Electromagnetic motors were invented more than a hundred years 

earlier than the first, practical ultrasonic motor was proposed by Barth [1]. 

Conventional electromagnetic motors are difficult to be minimized to 

under 1 cm3 in size yet with sufficient energy efficiency. Thus, the 

ultrasonic motor, which fully explores electromechanic interactive energy 

transformation (i.e., electronic to ultrasonic energy), is proposed and 

considered in industry. In general, an ultrasonic motor consists of a high 

frequency power supply, a stator and a rotor. Furthermore, the stator is 

usually composed of a piezoelectric driving actuator and an elastic metal 

part, and the rotor is composed of a movable part and a friction coat, as 

shown in Figure 1.1.

Vibrator
^

Piezoelectric Elastic Vibrator 
Driver P iece

Mechanical
Output

Electrical

High Frequency 
Power Supply

Friction Elastic sliding 
Coat P iece

\ ------------ „ ---------------/■

Slider

Figure 1.1 Fundamental structure of ultrasonic motors [1], [12].

The stator of an ultrasonic motor is made mainly by piezoelectric 

material, which will affect the final performance of the motor. So, the 

principle of piezoelectric material property should be considered in
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prototyping an ultrasonic motor. The relevant detail of piezoelectric 

material is introduced in Appendix B.

In general, ultrasonic motors are classified [2]-[3] according to the 

following categories:

(1). Classification by motor function (rotary type or linear type); further

the rotary motors fall into:

(a) Continuous rotary motors;

(b) Motors rotating in one direction;

(c) Stepping rotary motors;

(d) Rotary motors for heavy or light load use.

(2). Classification by motor structure:

* Ultrasonic motors using a disk or ring vibrator: (Figure 1.2-1.4 

are standard expressions in ultrasonic motor area. To show their vibration 

characteristics, it needs to express them in different forms.)

(a) Bending motions vibrating in the direction perpendicular to the 

plane face, as shown in Figure 1.2, where two degenerate 

resonance modes of the same form are used. The vibrations are in 

the direction perpendicular to its surface and the vibration modes 

are represented as Bmn, where m is the number of nodal circles 

and n is that of nodal diameters. (It will be not clear if shown in 

(+,-), but it is very clear to express in nodal line and circles. For 

example for 2?02, we can see two nodal lines but no circle on the

disk.)

(b) Flexural motions vibrating in the horizontal face, as shown in 

Figure 1.3, where resonance modes of the same form are used. 

They are non-axisymmetric contours and the displacement is in its 

plane. The modes are represented as ((n, m)), where n is the 

circular order relative to axis of symmetry in a resonance mode
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and m is the radial harmonics (the m\h eigenvalue).

(c) Radial and flexural vibrations in the horizontal face, as shown in 

Figure 1.4, where modes of different forms are used. They are 

expressed in deformation form in radial and flexural vibrations to 

emphasize non-axisymmetric contours.

(2.3476) (as&9) (4.7&6) (5.8446) (63459)

(a): FREQUENCY CONSTANT AT 0=1/4

Figure 1.2. Resonance modes and frequency constants of a disk in 

bending vibration [2].
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Figure 1.3. Non-axisymmetric modes and excitation of two-phase drive 

[2], [12].

N
1It
|7/
/

/

(a)

Figure 1.4. An annular plate ultrasonic motor using radial and 

non-axisymmetric vibration [2].

* Ultrasonic motors using a rod vibrator.

(a) Flexural vibrations with degenerate resonance modes of the same 

form;

(b) Longitudinal and torsional vibrations, as shown in Figure 1.5, 

with resonance modes of differing forms.
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TORSIONAL
VIBRATION ELLIPTIC

MOTION

u

LONGITUDINAL u y
VIBRATION

(“*)
(a) (b)

Figure 1.5. Longitudinal and torsional modes and their elliptical motion 

[2].

* Ultrasonic motors using a thin plate o f rectangular form :

(a) Longitudinal and bending vibrations, as shown in Figure 1.6, 

resonance modes of differing forms used;

(b) Flexural vibrations, as shown in Figure 1.7-1.11, resonance modes 

of the same or differing form used.

ELLIPTIC MOTION

-Ho 1 o

B L10 MODE

L MODEl

Figure 1.6. A rectangular plate motor using longitudinal and bending 

vibrations [2].
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Figure 1.7. A rectangular plate motor using two bending vibrations [2],

A

ROTATION OF 
ROLLER

( SUPPORT

^ ^ = ^ ^ i B” MODE

840 MODE (a) (b)

Figure 1.8. An alternative rectangular plate motor using two bending 

vibrations [2].

ELLIPTIC MOTION

7
J

(a) B W1-FL1 M ODES

1 - i » - i  - I K
(b) b u -f li m o d e s

Figure 1.9. A rectangular plate motor using bending and flexural 

vibrations [2].
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(BENDING (FLEXURAL
MODES) MODES)

Figure 1.10. A disk motor using bending and flexural vibrations [2].

Figure 1.11. A square plate motor using degenerate flexural vibrations [2].

(3). Classification by operating principles; the driving force for the 

ultrasonic motor could be:

(a) By electrical excitation of the stator through another transducer;

(b) By mechanical excitation of the stator through another transducer 

as shown in Figure 1.12.
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bending 
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surface

torsional
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(a) (b)

Figure 1.12.Kumada’s motor using a single-resonance-mode vibration

1.3 Features of Ultrasonic Motors

The unique features of ultrasonic motors can be distinguished by 

wave type, reliability (heat generation, frictional coating and lifetime) and 

drive/control. In this section, we will discuss these features using simple 

theoretic descriptions and explanations of functions.

1.3.1 Wave Types

1.3.1.1 Standing-wave Type
A standing wave generated by an ultrasonic motor can be expressed

A standing wave type is sometimes considered as a vibrator-coupler 

type, where a vibrator piece is connected to a piezoelectric driver and its 

tip can generate elliptical movement, as shown in Figure 1.13. Sashida [4]

[2].

by

us (x, t) = A cos kx cos cvt. ( i . i )
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has proposed this type of motor. When a displacement

ux -  u0 sin(<z# + a)  (1-2)

is excited at a piezoelectric vibrator attached to a rotor with a slight cant 

angle 0 , the vibratory piece will generate bending due to restriction by 

the rotor. The tip moves along the rotor face between A->B and freely 

between B-> A.

Oscillator
Vibratory 
piece Rotor

Piezoelectric
vibrator

(a)

Figure 1.13. (a) Vibratory coupler type motor (b) its tip locus [4], [12].

13.1.2 Propagating-wave type
The propagating wave is expressed as

up (jc, t) = A cos(Ax -  cot) , 

using a trigonometric relation, (1.3) can be transformed as

u (x, t) = A cos kx cos cot + A cos (kx - n  IT) cos (cot - n  IT).

(1.3)

(1.4)

This leads to an important result, i.e., a propagating wave can be 

generated by superposition of two standing waves whose phases differ
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from each other by 90° both in time and in space. This principle is 

necessary to generate a propagating wave on a limited volume/size 

substance, because only standing waves can be excited stably in a finite 

size. This superposition principle is shown in Figure 1.14. A surface 

particle of the elastic body draws an elliptic locus due to the coupling of 

longitudinal and transverse waves. This type requires, in general, two 

vibration sources to generate one propagating wave, leading to low 

efficiency, but it is controllable in both rotational directions.

Slider
Moving direction

Propagation direction

Elastic body

Figure 1.14. Principle of the propagating-wave type motor [12],

1.3.2 Ultrasonic Motor Types

1.3.2.1 Rotary Motors
Sashida [4] proposed a rotary type motor. This type of ultrasonic 

motor contains four vibratory pieces mounted onto the edge face of a 

cylindrical vibrator and pressed onto the rotor. Many present prototypes 

of ultrasonic motors follow and develop further on this type. This rotary 

motor can provide a revolution speed of 1500rpm, torque of 0.008N-m, 

output of 12W, and efficiency of 40% under 35kHz excitation and 30W 

input. It will obtain a much higher speed than the inchworm types due to 

its high frequency and the amplified vibration displacement at its 

resonance frequency. Hitachi Maxel [5] used a torsion coupler to replace
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Sashida’s vibratory pieces and increase the pressing force with a bolt; 

therefore its torque and efficiency would be significantly improved. Its 

configuration is shown in Figure 1.15(a). It usually consists of two legs 

that transfer longitudinal vibration generated by a Langevin vibrator to a 

bending mode of the knob disk and the vibratory extruder. The extruder 

must be aligned with a certain cant angle to the legs transferring the 

bending to the torsion vibration. The transverse moment coupled with the 

bending up down motion leads to an elliptical motion on its tip portion, as 

Figure 1.15(b) illustrates. If the elliptic locus is reduced by about half, the 

optimum pressing force for the maximum thrust can be acquired. For 

example, a 30 x 6 0 m m 2 motor with a 20 -  30° cant angle between the leg 

and the vibratory piece can provide up to 1.3N-m torque and 80% 

efficiency. Its main merit is that its rotation output is quite smooth—even 

its drive is intermittent. This is because of the inertia of its rotor. However, 

its drawback is that it only provides unidirectional rotation.

Propellero
Torsion
coupler

Al horn

o
Spacer

Piezoelectric
disk

o

Al cylindero

Figure 1.15. (a) Torsional coupler ultrasonic motor (b) the motion of the 

torsional coupler [5], [12].
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In addition, Penn State University invented a tiny 3mm diameter 

ultrasonic motor [12]. It is shown in Figure 1.16. Its stator consists of a 

piezoelectric ring and two concave/convex metal end-caps with windmill 

shaped slots bonded together. It can generate an up-down and torsional 

type of coupled vibration, and has a maximum revolution speed of 

600rpm and a maximum torque of lmNm at a 160kHz driving frequency. 

Tokin [6] has used an interdigital type electrode pattern printed with a 

45° cant angle on a piezoelectric ceramic cylinder as a torsional vibrator. 

It is shown in Figure 1.17. Ueha also developed a two-vibration-mode 

coupled type [7]. It used a torsional Langevin vibrator with three 

multilayer actuators to allow its stator to generate larger longitudinal and 

transverse surface displacement. This is shown in Figure 1.18. Its 

rotational direction can be changed by controlling the phase difference.

Rotor

Rearing

Stator TopEndcap

Bottom Endcap

Piezoelectric Ring

Figure 1.16. ‘Windmill’ motor with a disk-shaped torsional coupler [12].
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Ceramic
Hollow-Cylinder

(b)
(a)

Figure 1.17. (a) Piezoelectric cylinder torsional vibrator (b) electrode 

pattern [6], [12].

ROTOR
STATOR
HEAD
LONGITUDINAL
PZT

BOLT

Figure 1.18. Two-vibration-mode coupled type motor [7].

1.3.2.2 Linear Motors
K.Uchino [8] developed a n  -shaped linear motor, as shown in 

Figure 1.19. It is implemented with a multilayer piezoelectric actuator 

and fork-shaped metallic legs. Changing its driving frequency due to a 

slight difference in the mechanical resonance frequency between the two 

legs can control the phase difference between the bending vibrations of 

both legs. A prototype motor 20 x 20 x 5 m m 3 driven at 98kHz with a 0.7W 

input power will have a maximum speed of 20cm s~ l , a maximum thrust of

0.2kgf and a maximum efficiency of 20%. The characteristics of the
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linear motor are shown in Figure 1.20. This type of motor is usually 

employed in a precision X-Y stage.

Another type of linear motor is Tomikawa’s rectangular plate motor 

[9], as shown in Figure 1.21. The first longitudinal mode, L, mode, and 

the eighth bending mode, 2?g, with the same resonance frequencies are

made by applying voltages with a 90° phase difference to form an 

elliptical displacement motion on the plate surface. Ueha et al. [10] 

developed a kind of linear motor using a bending vibration, as shown in 

Figure 1.22. The two piezoelectric vibrators mounted at both ends of the 

transmittance steel rod will become excited and will receive the travelling 

transverse wave in the asymmetric fundamental Lamb wave mode. 

Adjusting the load resistance in the receiving vibrator produces a 

travelling wave. A reverse motion can be achieved by exchanging the 

roles of exciting and receiving piezo-components.

To Oscillator.

0 TMultilayer
"Piezoelectric
ActuatorAdhesion 1 /4  T

2/4 TLeg

Rail 3/4 T

(a) (b)

Figure 1.19. (a) /r-shaped linear ultrasonic motor (b) walking principle 

[8], [12].
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Figure 1.20. Motor characteristics of the ;r-shaped linear ultrasonic motor 

[8], [12].
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Figure 1.21. Lx and Bs double-mode vibrator motor [9], [12].
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M

Figure 1.22. Linear motor using a bending vibration [10], [12].

1.3,2.3 Surfing Type
When a stator is driven at one position on a closed ring at a 

resonance frequency, a standing wave is excited. The vibration waves will 

interfere with each other due to the propagation outward to random 

direction from the vibration source. All the waves induced by the 

vibration source can be superimposed; they will produce a standing-wave 

rotation in the ring. When a vibration source of A cos cot is located on the 

point <9 = 0 of the closed ring, the nth standing wave can be written as

u(0,t) = A cos n0 cos cot (1*5)

and the travelling wave as

u (0 j)  = Acos(n0 -  cat) , (1-6)

where n is the nth mode. Using the superposition method, the travelling 

wave can be formulated as

u(0,t) = A cos n0  cos wt + Acos{n0 -  n  !T)cos{wt -  n  IT)

It reveals that the travelling wave is formed by two standing waves 

with a phase shift of 90° in any direction. In general, the phase shift can 

be arbitrary except 0 but  the phase shift must occur in the same 

space and time. Figure 1.23 illustrates this shift. Basically, for generating
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a travelling wave, there only needs to occur an excitation in two parts of 

the ring. However, to increase the mechanical output, there needs to be as 

many vibration sources as possible. Therefore, we need to consider the 

symmetry of the electrode on the closed ring, that is, it is depending on 

the mode order to be excited. The main reason is that in the condition, 

some standing-waves will be produced and all the waves induced by 

these vibration sources can be superimposed maximally, then it can create 

maximal electrical-mechanical transfer energy and efficiency, so the 

mechanical output can be increased.

sin 0 / sin tot

0 e

sin cos sin cos sin cos
(a) 1st (2) 2nd (3) 3rd

Figure 1.23. Vibration source position for generating a propagating wave 

in a ring [12].

The Sashida type ultrasonic motor [11] is illustrated in Figure 1.24. 

Most ultrasonic motor systems in Japan and the US are modification of 

the Sashida type, for example, the exchange lens of Canon’s EOS camera 

series uses the type for its ultrasonic motor mechanism. In practice, it 

operates by using travelling wave induced by a thin piezoelectric ring. 

The slider makes contact with the rippled surface of the elastic body 

bonded onto the piezoelectric ring driven in both directions by
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exchanging the sine and cosine inputs. Its advantage is its thin design, 

which can serve as an automatic focusing device in cameras. The 

piezoelectric ring has 16 pairs of positive and negative poled regions and 

two asymmetric electrode gap regions (the poled pairs will determine the 

excited mode form and driving frequency), which can generate the ninth 

mode propagating wave at 44 kHz. The prototype consists of a brass ring 

of 60mm in outer diameter, 45mm in inner diameter and 2.5mm in 

thickness, bonded onto a piezoelectric ring of 0.5mm in thickness with 

divided electrodes on the back side. The rotor is polymer material coated 

with hard rubber or polyurethane. Sashida’s motor characteristics are 

illustrated in Figure 1.25.

B o tto m  v iew P o l a r iz a t i o n
d ire c tio n

(1/4) A

2'5 Unit;mm

„ A x is
Rotor

1 ° ” ™ ^  ,  S lider
E lastic ring

P iezo-ring
Bearing Felt

Slider Elastic ring 
' P iezo  ring

Figure 1.24. Stator structure of Sashida’s motor [11], [12].
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Figure 1.25. Motor characteristics of Sashida’s motor [11], [12].

A Cannon camera is another example of a surf motor used for a 

camera’s automatic focusing mechanism. It can compactly install the ring 

motor into the lens frame. Because the closed ring has many teeth, it can 

magnify the transverse elliptical displacement and promote the speed. 

The lens position can be moved back and forth by regulating a screw 

mechanism.

Although the surfing motor has some advantages such as a silent 

drive due to the ultrasonic frequency drive with no gear mechanism, and 

thin motor design with no gear mechanism which leads to the saving of 

space and energy, these type of motors usually encounter a problem 

relating to the support of the closed ring. For the standing wave motor, 

the nodal points or lines are generally supported, which may have 

minimal effect on the resonant vibration. However, the surfing type does 

not have steady nodal points or lines. Therefore, these problems must be 

deal with. Figure 1.24 shows that the stator is fixed along the axial 

direction so as not to reduce its’ vibration. The stop pins latch onto the 

stator teeth only for the purpose of high rigidity against the rotation.
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Figure 1.26(a) shows the stator structure proposed by Matsushita 

Electric [12], who used a nodal line method supported by a higher order 

vibration mode [see Figure 1.26(a)]. The ring is supported at the nodal 

circular line and the teeth are arranged on the maximum amplitude circle 

to obtain a larger revolution.

Figure 1.26. (a) Tooth shaped stator (b) a higher order vibration mode 

with a nodal line for fixing [12].

Figure 1.27 shows the construction of a small motor with a 10m m  

diameter and 4.5m m  thickness proposed by Seiko Instruments, which can 

miniaturize the ultrasonic motor a to 10 mm in diameter [12]. This small 

motor can provide 6 0 0 0 r e v m m ~ x and a torque of O .lm N m under driving a 

voltage of 3V and a current of 6 0 m A  . Allied-Signal proposed an 

ultrasonic motor similar to Shinsei’s type that can be used as mechanical 

switches for launching missiles [12].
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Figure 1.27. Construction of Seiko’s motor [12].

Tokin [13] proposed another special design called a ‘plate-spinning’ 

type motor, as shown in Figure 1.28. Its operating principle involves the 

use of a mixture of sine and cosine signals to excite a piezoelectric rod, 

and then it rotates a cup contacting the ‘spinning’ rod by the internal face.

DIRECTION OF 
POLARIZATION

— ►DIRECTION OF 
EXPANSION EXCITED

ELECTRIC 
FIELD

DIVIDED ELECTRODES

CONTRACTION

Figure 1.28. Plate-spinning type motor by Tokin [12], [13].

1.3.2.4 Vibration Coupler Type
Here, the compliant slider-rigid stator model is introduced. As shown 

in Figure 1.29, the horizontal and vertical displacements of the rigid
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stator are given by

a - a 0 cos cot (1-8)

b = bQsmojt. (1-9)

Thus the horizontal velocity becomes

vh =(daldt) = - a 0o)sino)t. (1-10)

We usually employ the following three hypotheses [12] for further 

calculations:

Hypothesis 1. Normal force is given as follows, using a characteristic

angle ^ between Pi and P2: 

n = N [ sin cut -  cos(</> / 2)]. 

for (7t /  2  -  </> /  2 )  < cut < (7 t 12  + $  12 )  (in contact) 

n -  0

for 0 < cot < (7 t / 2 -  </> 12),(7t 12 +  </> /  2 ) < art <27t (out of contact). (1.11)

Hypothesis 2. The slider speed is constant (V0).

Hypothesis 3. The dynamic friction constant gives the maximum thrust 

/V

/  = ~ n dn Accelerating force for {n  / 2 -  y/ / 2) < cot < {n  / 2 + y/ / 2)

/  = n dn dragging force for { n ! 2  - (f>!2)< cot < ( n l 2 - y / l 2 ) ,

{n ! 2  + i//l 2 ) < c o t < { 7 r l 2  + (l>l2). (1-12)

The main results are summarized. If we know </> experimentally 

under a certain normal force N, we can calculate the no-load speed Vo 

from (no-load condition, no slip, V0 = v h see Figure 1.29)

VQ = vh = -a 0(osm cot -  - a Q(Dsm(7r/ 2 -  y//2) = - a 0 cos(i// /2 ) ,  (1-13)

and no-slip position angle y/ (small angle) from the following relation

cos(^/2) = sin (^ /2)/(^ /2). (1-14)
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Equation (1.14) is obtained by trigonometric approximation 

relationship ( sin(^/2) = (^/2) = tan(^/2) ). According to Hypothesis 

1 (normal force, in contact and out of contact period) and Hypothesis 

3(acceleration force and dragging force period), with further 

simplifications made by the author in [12], the thrust can be obtained as 

follows:

F  = fidN{1 -  2[sin(y/r 12)-{ if/12) cos(^ / 2)]/[sin(^ / 2) -  ((/> / 2) cos(^ / 2)]} (1.15) 

The two cases of ^ = 0 ,^  = 0 ,V0 = -a 0a), F  = -QA55pdN ,  and <j> = n ,  

cos(y/72) = 2//r , V0 = -(2 /f f )a 06) , F  = -0.542/idN  can be verified by 

Equation (1.15). We also find that with an increasing contact period of the 

vibratory piece, the thrust F will be increased at the expense of reducing 

the speed.

SHder
Vh=V° No

Faster

Slower

s NPie2oelectrie

Stator

Figure 1.29. Compliant slider and rigid stator model [12].

1.3.3 Reliability of Ultrasonic Motors

When discussing reliability of ultrasonic motor, the following issues 

should be considered:



(1). Measuring methods—high-field electromechanical couplings.

(2). Material development- low loss.

(3). Piezoelectric actuator designs.

(a) Heat generation mechanism.

(b) Degradation mechanisms.

(c) New multilayer actuator designs.

(4). USM designs.

(a) Displacement magnification mechanisms.

(b) USM type.

(c) Frictional contact part.

(5). Drive/control.

(a) High frequency/high power supply.

(b) Resonance/anti-resonance usage.

There are some important factors such as heat generation, frictional 

coating and lifetime that affect the reliability of the ultrasonic motor. 

These factors are described in the following section.

1.3.4 Heat Generation

Heat generation is a major problem with ultrasonic motors that 

causes a serious degradation of the motor characteristics, especially if its 

temperature gets up to 120°C. Therefore, the ultrasonic motor is required 

to have a very hard type piezoelectric material with a high mechanical 

quality factor Q, which can reduce heat generation. In addition, Q value is 

related to the actual mechanical vibration amplitude at the resonance 

frequency.

Figure 1.30 [14] shows mechanical Q versus basic composition x at
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effective vibration velocity v0=0.05 ms'1 and 0.5 ms'1 for Pb(ZrxTii_x)0 3 

doped with 2.1 at. % of Fe. The results reveal that the mechanical Q is 

slightly decreased with an increase of vibration level around the 

rhombohedral- tetragonal morphotropic phase boundary (52/48). The 

worst material at a small vibration level becomes the best at a high 

vibration level, which is not relevant to high power materials from the 

conventional impedance analyzer.

Pb(Z rxT i i -x) 0 3  
+2.1  at. °/o  Fe

2000

Vo—0 .0 5  m/s

6 0 0
1000

4 0 0

200

0 .4 8  0 .5 0  0 .5 2  0 .5 4  0 .5 6  0 .5 8
x  ( m o l )

Figure 1.30. Mechanical quality factor Q against basic composition x at 

vibration velocity v0 = 0.005 and 0.5/tw1 for Pb(ZrxTiX x)0 3

+2.1 at. % Fe ceramics [12], [14].

Another problem relating heat generation is resonance loss, 

referencing [15], as shown in Figure 1.31. From the relationship 

between the resistances Rd, Rm in the equivalent electrical circuit and

vibration velocity, it reveals that Rm is mainly related to the mechanical

loss and insensitive to the vibration velocity, while Rd is related to the

dielectric loss and changes significantly around a certain critical vibration
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velocity. The resonance loss at a small vibration velocity is mainly 

determined by the mechanical loss, and with increasing vibration velocity; 

the dielectric loss contribution significantly increases. For the ultrasonic 

motor, dielectric loss dominates heat generation.

200

^ - ( D I R E C T L Y  ^  
M E A S U R E D )lOO
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V I B R A T I O N  V E L O C I T Y  V0{ m / s )

Figure 1.31. Vibration velocity dependence of resistances Rd and Rm in 

the equivalent electric circuit [12], [15].

Uchino [12] reported the heat generation from various sizes of 

multi-layer type piezoelectric ceramic actuators. The temperature change 

was monitored in the actuators when driven at 3kV mm"1 and 300 Hz, and 

Figure 1.32 plots the saturated temperature as a function of v j A ,  where

ve is the effective volume and A is the surface area. This linear relation is

reasonable because the volume ve generates the heat and this heat is

dissipated through the area A. Thus, if one needs to suppress the heat, a
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small v j  A design is preferred.

120

100

80

60

Figure 1.32. Temperature rise versus v j  A (3kV m m 1, 300kHz), where 

ve is the effective volume generating the heat and A is the 

surface area dissipating the heat [12].

1.3.5 Frictional Coating and Lifetime

Figure 1.33 plots the efficiency and maximum output of various 

friction materials [12]. High-ranking materials include PTFE 

(polytetrafluoroethylene, Teflon), PPS (Ryton), PBT (polybutyl 

terephthalate) and PEEK (polyethylethylketone). In practical motors, 

Econol (Sumitomo Chemical), carbon fiber reinforced plastic (Japan 

Carbon); PPS (Sumitomo Bakelite) and polyimide have been widely used. 

Figure 1.34 shows the wear and driving period for CFRP, which indicates 

that 0.5mm thick coating corresponds to 6000-8000 hours of life [12]. 

Although the lifetime of the ultrasonic motor is limited by the 

characteristics of the friction material, in some case this problem has been 

nearly solved in practice. For example, in these experiments, the
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thickness of the frictional material was kept constant at 0.2mm, its 

contact surface was polished with fine abrasive (no. 2000), the thrust on 

the material was 160N and driving frequency of the motor was 40kHz. 

From these results, we can conclude that the features required in a 

frictional material are as follows. A certain amount of defacement is 

allowable, as long as each particle dislodged is small and significant 

recombination of the particles does not readily occur. In addition, the 

dislodged particles must be easily eliminated from the motor. Frictional 

material that suffers breakage of large particles by friction is not suitable 

for an ultrasonic motor. The material of group C in Figure 1.33 are 

considered to suffer from this defect; that is, large dislodged particles and 

portions where the compound is broken away are deemed to prevent 

effective conversion of vibration energy from the stator to rotor. Here the 

durability test of the Shinsei motor is shown below.

(1). Continuous drive (CW 1 min and CCW 1 min) with a revolution of 

250 rpm and a load of 0.5 kg-cm.

(2). After 2000 hours, the revolution change is less than 10%.

(3). Intermittent drive (CW 1 rotation and CCW 1 rotation) under no load.

(4). After 250 million revolutions, there is no degradation in motor

characteristics.

Taking into account the usual lifetime specifications, e.g., 2000-3000 

hours for VCRs, the lifetime of the ultrasonic motor is no longer a 

problem.

There is no doubt that the lifetime of the motor itself is not identical 

to the lifetime when installed in a device system. We need further 

clarification on this issue under severe drive conditions such as large load 

and high temperature and humidity.
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Figure 1.33. Efficiency and maximum output of the Shinsei ultrasonic 

motor for various friction materials [12].
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Figure 1.34 Wear and driving period of the ultrasonic motor for CFRP 

friction material [12].

1.3.6 Drive/Control Technique

Driving the ultrasonic motor at the resonant and anti-resonant
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frequency is also a special technique to reduce the load on the 

piezoceramic and the power supply. Why do we drive the motor at the 

resonant and anti-resonant frequency, the reason is that usually, in order 

to achieve high efficiencies of ultrasonic motor, it should be driven at or 

close to the frequency that will create resonance, however, temperature 

rise is occasionally observed particularly when the motor is driven 

cyclically at resonant frequency, this is due to the imbalance between heat 

generation caused by dielectric hysteretic loss and heat dissipation 

determined by the device size. The heat generated attributes to the low 

efficiency of the motor as the mechanical vibration transform into heat 

energy through friction. So, usage of anti-resonant frequency is suggested 

for improving the efficiency of an ultrasonic motor when the motor is 

driven cyclically because anti-resonant frequency reveals much 

mechanical quality factor and low heat generation than resonant status. 

Mechanical quality factor Qm and temperature rise have been

investigated on a PZT ceramic rectangular bar, and the results for the 

fundamental resonance (A-type) and anti-resonance (B-type) modes are 

plotted in Figure 1.35 as a function of vibration velocity. It [16] is 

recognized that QB is higher than QA over the entire vibration velocity 

range. The anti-resonance mode can provide the same mechanical 

vibration level without generating heat. Moreover, the usage of 

‘antiresonance’, whose admittance is very low, requires low current and 

high voltage for driving, in contrast to high current and low voltage for 

‘resonance’. This means that a conventional inexpensive power supply 

may be utilized to drive the ultrasonic motor.

For the rotor used in the high-speed rotation experiment, we need to 

take into account the controllability and efficiency. A specific drive circuit 

or control technique is required. Figure 1.36 displays most of the control 

methods of ultrasonic motors. The main control techniques include: (1)
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voltage control (voltage change/modulation), its major disadvantage is 

not sensitive to slow motion due to piezoelectric ceramic fast response to 

voltage variation (2) frequency control (frequency change/modulation), 

its major disadvantage is also not sensitive to slow motion due to 

piezoelectric ceramic fast response at resonance frequency (3) phase 

control (phase change/modulation), its major disadvantage is low 

efficiency due to piezoelectric ceramic existing dielectric loss (4) pulse 

width modulation(PWM) control, it is the most popular adaptive control 

technique for ultrasonic motor, its major advantage is the efficiency can 

be kept at maximal and constant value by regulating adaptive duty ratio. 

Most of existing control strategies are similar to EM motor except the 

stator material and energy transformation. To take a two-phase-driving 

ultrasonic motor as a general example [2], the common requirements of 

its driving and control are as follows.

1. Two-phase-driving pulse signals with a duty ration of 50% and x/2  

phase difference are used. Driving the motor clockwise or 

counter-clockwise is performed by electrical switching of the phase 

difference of the two pulse signals by a circuit composed of a TTL.

2. A rotary encoder is used to detect the angular displacement of the 

motor.

3. A PC based DSP system is used for driving and controlling the motor 

movement.

Various IC packages are commercially available for driving EM 

motors in stepping movement, therefore, if IC packages exclusive to the 

ultrasonic motor are also made available, they must favour wide use of 

ultrasonic motor. The following specifications are required for an IC 

package for an ultrasonic motor:

(1). Two-phase pulse driving of the motor must be possible and 

additionally the followings are required:
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(a) switching of the phase difference, 0° and 90°;

(b) switching of single and push-pull driving;

(c) direct driving of motor by MOSFET.

(2). Individual control of pulse-width modulation two-phase-driving is 

expected.

(3). Frequency range: 1-500kHz.

(4). On/OFF and CW/CCW operation are made possible by logic signal 

control.
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Figure 1.35. Vibration velocity dependence of the quality factor Q and 

temperature rise for both A (resonance) and B 

(anti-resonance) type resonances of a longitudinally vibrating 

PZT rectangular transducer through d3l [12], [16].
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1.4 Overview

In the dissertation, we use a novel disc-type stator proposed by a 

published patent [17] (Prof. Minsun Ouyang, National Tsing Hua 

University, Taiwan) for the ultrasonic motor. The stator has an 

asymmetrical simple-support boundary configuration (120°-90°-150°) on 

its surface. The advantages of this motor system are that one single 

electrical phase driving instead of usually two electrical phases driving, 

multiple-resonant-modes driving instead of single- resonant-mode driving, 

clockwise rotation (CW) and counter-clockwise rotation (CCW) change 

by driving frequency modulation instead of by phase shifter, single 

contact instead of area contact, and simple driving electrical circuit 

instead of usually complicated driving electrical circuit. The 

multiple-resonant modes were performed by an external perturbation with 

constraint technique on the stator rather than cutting off the edge of a 

stator. The cutting edge method was also applied for application to an 

electromechanical filter as a communication frequency element. This
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constraint technique is a completely different principle from a 

conventional multi-electrode ultrasonic motor. Using the controlled mode 

shapes in a single-phase driving power for one set of electrode, a stator 

vibrator can be possibly expected to rotate the rotor in both directions of 

CW and CCW. The detail about the disc-type ultrasonic motor structure 

and operation principle will be described at Chapter 2. To explore the 

characteristics of the motor, this dissertation includes the following 

research tasks:

(1). Description of the disc-type piezoelectric ultrasonic motor.

(2). Finite element analysis for the ultrasonic stator.

(3). Transfer function of the ultrasonic motor.

(4). Equivalent circuit estimation of the ultrasonic motor.

(5). Speed control of the ultrasonic motor by using a current controller.

In Chapter 2, first it is mainly focused on description of the disc-type 

ultrasonic motor structure and operation principle from the published 

patent [17]. Then according to the patent’s modal analysis and test, and 

add our laser vibrometer measurement of mode motion and wave 

propagation concept, the asymmetrical simple-support boundary 

configuration (120°-90°-150°) for an adaptive mechanism was proven. 

The relationship between contact point (rotor location) and CW and CCW 

rotation, and the relationship between frequency and CW and CCW 

rotation were proven by finite element mode interaction together with real 

inspection. The driving circuit and measurement instrument for the motor 

system are also discussed.

Chapter 3 is concerned with the finite element model of the 

disc-type piezoelectric ultrasonic stator. Linear piezoelectric, mechanical 

and piezoelectro-mechanic behaviors of a metal disc structure embedded 

with piezoelectric actuator are considered. Using finite element method, a 

dynamic formulary is modeled for the disc-type piezoelectric ultrasonic
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stator. In this model, a 3-dimensional (D) mechanical element with an 

extra electrical degree of freedom is used to simulate dynamic vibration 

modes and analyze characteristic responses such as electrical impedance 

response, phase response and mechanical frequency response for the new 

disc-type piezoelectric ultrasonic stator. An adaptive boundary condition, 

simple support condition with three nonequal-triangular fixed points near 

the stator edge is defined in the finite element model. The finite element 

results have been compared with the experimental measurements. As a 

result, the analysis model seems to be similar to the real condition.

The focus of Chapter 4 is the issue of the transfer function of the 

disc-type ultrasonic motor. The transfer function model is derived from 

the piezoelectric constitutive laws in terms of radial and tangential 

displacement components for control application and for the certification 

of dynamic characteristic parameters. The relative response 

characteristics including frequency response, phase response, transient 

response, stability diagram (bode diagram and Nyquist path), 

speed-current, speed-torque and voltage-torque are obtained from the 

transfer function analysis.

The issue of simulating equivalent circuit models for the disc-type 

ultrasonic motor system is considered in Chapter 5. The equivalent circuit 

models cover radial vibration mode, tangential vibration mode and 

coupling vibration mode but are applied to search for the possible 

resonance frequency. The resonance frequency is examined by using the 

frequency response measurement. The PSPICE is used to build up the 

equivalent circuit models and simulate the equivalent circuit components. 

Some effects are revealed from the comparison between the analysis and 

the experiment.

The rotational speed of an ultrasonic motor is related to the vibration 

speed of its stator. Because drift of the piezostator characteristics will
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cause variation of the motor speed, a controller is thus necessary in order 

to produce a constant output speed. Variations of the motor output 

characteristics will also make it very difficult to obtain the efficiency of 

the motor. Chapter 6 points out the origins of possible drifts in the 

disc-type piezoelectric ultrasonic motor. The frequency behaviour of the 

proposed motor and its consequences on speed control scheme are 

discussed. The speed control scheme is implemented by using current 

modulation and commercial DSP technique, so the revolution speed will 

be kept constant.

Conclusions derived from the results of the dissertation research are 

summarized and future research directions also indicated in Chapter 7.

A supplementary explanation is given at Appendix A. Some axial 

vibration measurements are made to investigate levitation motion on the 

stator surface and explore its possible application on the linear, surfing 

and shaft types of bearingless ultrasonic motor.
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Chapter 2 Description of a New Disc-type 

Piezoelectric Ultrasonic Motor

2.1 Introduction

For piezoelectric ceramics applied to most ultrasonic transducers, 

the design of a single-frequency piezoelectric resonator [18]-[19] is very 

important. In the case of the resonator, the requirements [20] include (1) 

an assurance of the specified mechanical resonance frequency; (2) an 

absence of spurious resonances close to the working frequency; (3) a high 

quality factor including minimum energy dissipation in the material and 

in the attachment. For example, a transducer for most acoustic wave 

generation applications is required to oscillate in the piston mode. 

However, the design of a multi-driving frequency piezoelectric 

stator/vibrator becomes critically important for ultrasonic motor 

application; the main reason is to satisfy the feature of ultrasonic motor in 

multi-mode vibrator and one single-phase driving power, in addition, CW 

and CCW can be changed by switching driving frequency instead of a 

phase shifter, its driving circuit will be able to be simplified. The 

multi-driving-frequency design is essentially related to resonance 

frequency, vibration mode and electromechanical coupling factor, i.e., 

EMCC, which measures how strong the excitation of a specific resonant 

mode is in the transducer response [21]-[22]. All of these parameters 

depend on many factors, however the topology/shape [23]-[25] and 

material property are the most important. In general, the resonance 

frequency and EMCC are dependent upon the size and shape of 

piezoelectric transducers. Thus, optimizing dimension or boundary
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condition is one of the most important problems in piezoelectric 

engineering. Challande [21] and Sato et al. [22] have presented the 

optimization of the dimension ratio of a piezoelectric element with a 

parallelepipedic shape that maximizes the EMCC for a specific mode. 

The main problems with size and shape are solving eignvalue 

optimization. Diaz and Kikuchi [23] used the homogenization method to 

solve the shape and topology eigenvalue optimization problem. Meric and 

Sagal [24] analyzed the shape sensitivity of piezoelectric structures by 

using the adjoint variable method. In our study, by making the boundary 

condition of the stator into an asymmetrical configuration, we can adapt 

the configuration into an adaptive ultrasonic motor.

For an ultrasonic motor, it is powered by the rotational motion from 

the transformational vibration mode and wave motion in the stator 

coming into with the contact frictional force from the rotor. TWUM 

(travelling-wave type) [26]-[28], HTUSM (hybrid type) [29] and RUM 

(rotary type) [30]-[32] are the most popular application in ultrasonic 

motor. Hirata and Ueha [26], [28] proposed a design method based on 

two vibration modes for prototyping TWUM and estimating its dynamic 

characteristics. Hosoe [27] applied TWUM to the automatic focusing 

lenses of cameras. Iwamatsu et al. [30] and Ise [31] employed two 

degenerate flexural vibration modes, which are spatially orthogonal with 

each other to establish RUM. Iula et al. [32] developed RUM using mode 

rotation. The rotating wave is generated by the combination of two 

standing natural flexural waves whose phases differ by 90°, both spatially 

and temporally. They have promoted the driving frequency of RUM to 

ultrasonic frequency range by using axial vibration.

In our studying, the contact frictional force is divided into tangential 

force and radial force, as shown in Figure 2.1. An elliptical motion of the 

material points of the stator edge generates these force components.
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These forces are related to the frictional process in the contact area. The 

contact mechanics of piezoelectric ultrasonic motors determines the 

operational characteristics such as revolution speed, torque, transmitted 

power and efficiency. In addition, wear properties and the lifetime of 

piezoelectric ultrasonic motors are also determined by contact mechanics. 

In general, ultrasonic motors have two-stage energy conversion [33]. In 

the first stage, piezoelectric elements convert electric energy into high 

frequency mechanical oscillations. Depending on the geometry of the 

vibrator and the piezoelectric excitation, two orthogonal and coupled 

vibration modes (tangential, radial and coupled modes) are superposed 

onto an elliptical motion of the surface. In the second stage, the high 

oscillatory vibration is rectified into the macroscopic unidirectional rotary 

or the linear motion of a driven component. The second energy 

conversion is based on contact mechanisms occurring at the interface 

between the stator and rotor. The contact mechanics can be divided into 

two groups according to [34]. One is the travelling-wave contact type 

where the distributed contact area between the stator and rotor moves 

along with a travelling-wave on the stator. The second is an intermittent 

contact type where the contact occurs at the same, small area of the stator. 

In this dissertation, the proposed motor belongs to the intermittent contact 

type. Although the smooth contact of the first group seems to be quite 

different from the impact-like contact of the second group, many 

similarities exist between both types and their overall behavior is 

comparable if proper interpretations of parameter and processes are 

adopted. The mathematical modeling of contact mechanics [35] and the 

optimization of lifetime and operational characteristics of ultrasonic 

motors by a proper choice of contact materials and design parameters 

have been significant topics in the research of ultrasonic motors. Hagoog 

and McFaland [35] calculated the modal forces and formulated a



mathematical model that enables us to investigate the overall travelling 

wave motor system behavior including the stator/rotor contact. In their 

analysis, the normal pressure was obtained from an elastic foundation 

model including a rigid body displacement of the rotor and the tangential 

stresses were calculated using Coulomb’s friction law together with the 

assumption of the complete slip in the whole contact area. However, the 

investigation was limited to the case of a perfect travelling wave with 

prescribed form but undetermined amplitude. Analytical, numerical and 

experimental methods have been employed in the investigations

Figure 2.1. Expression of the contact force between stator and rotor.

In general, the area of contact is subdivided into adhesion and slips 

zones, whose distribution is complex due to its variable nature and 

inherent nonlinearity. One of the first systematic studies of intermittent 

contact type motors is Marth [36]. A strong influence of the contact 

material on the resulting motor characteristics was observed and

[36]-[62].
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experiments were performed in order to validate a simple model for 

contact mechanics. Further models for the contact mechanics of 

intermittent contact type motors are discussed by Ragulskis [37]. They 

are used to investigate torque-speed characteristics and the stability of the 

operation of piezomotors with oblique impact in different regimes. 

Fleischer [38] discussed the contact process for an intermittent contact 

type motor. He emphasized that the impact oscillations of the rotor and a 

corresponding shock wave can be minimized by a proper choice of 

beveling angle. In order to prevent wear, protective layers like sputtered 

TiN was investigated, resulting in drastic improvements of the motor’s 

lifetime. Nakamura [39] reported a simple contact model for intermittent 

contact type motors and applied it to the simulation of a hybrid ultrasonic 

motor. One of the earliest studies of the contact mechanics of the 

travelling wave ultrasonic motor was done by Endo and Sasaki [40] who 

experimentally investigated the influence of the physical characteristics 

of the frictional material on the performance of a linear travelling-wave 

motor. They experimentally confirmed that a linear relationship exists not 

only between the vibration amplitude of the travelling wave and the 

on-load speed of the motor but also between the normal pressing force 

and the obtained driving force. A strong influence of the material 

hardness on the operational characteristics was observed and some 

general guidelines for the choice of contact materials were given.

Kamano [41] found that a certain vibration amplitude must be 

obtained before the motor starts to operate. This non-linear dead-band 

behavior makes it difficult to control the operation of ultrasonic motors at 

low rotational speeds, as pointed out in detail by Furuya [42]. Kato [43] 

discussed the influence of surface roughness, normal force, sliding 

velocity and local plastic deformations as well as damage and wear of the 

contact surface. He gave a critical discussion of the coefficients of static
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and dynamic friction and pointed out that due to the tangential elasticity 

of the contacting micro-asperties a coefficient of static friction, strictly 

speaking, does not exist. Maeno [44]-[45] analyzed the rotor/stator 

contact of a ring-type ultrasonic travelling-wave motor. He used the 

finite-element method to calculated displacements and velocities of the 

stator and rotor and the distribution of stick and slip areas in the contact 

surface respectively. Normal and tangential deformations of the rotor, 

constructed as a flange shaped spring, were taken into account. The 

authors also studied the influence of initial deformations of stator or rotor 

geometry due to production tolerances. Their analysis, based on the 

finite-element method, showed that the initial deformation led to 

asymmetric normal pressure distributions, resulting in torque-speed 

curves lower than those obtained for perfect geometry. Maeno and Bogy 

[46] used a refined model in the finite element analysis. Again, they 

observed that tangential stresses can have an influence on the distribution 

of the normal pressure. Flynn [47] compared several models for the 

contact mechanics of travelling-wave ultrasonic motors and discussed 

torque-speed curve as well as mechanical power flow and conversion 

efficiency of the frictional interface. Zharii [48]-[50] approximated 

analytical solutions of dynamic contact problems that were given by 

subdividing the coupled contact problem into two parts. First, the 

influence of tangential stresses on the size of the contact area and on the 

normal stress distribution was ignored and the contact problem was 

solved for p=0. In the second step, the solutions for normal stresses and 

tangential velocity were used to find the tangential stresses. Buchaillot 

[51] has given a detailed analysis of the contact mechanics of the 

travelling-wave type of ultrasonic motor. In his study, the influence of the 

normal pre-load on the static normal pressure distribution takes the rotor 

and the stator deflections into account.



Kawai [52] presented experimental results obtained for 

travelling-wave ultrasonic motors of different diameters. He found good 

agreement between the measured no-load speed and the calculated one, 

which was estimated under the assumption of point contact between the 

stator and rotor. He also investigated the influence of the rotor vibrations 

on the motor characteristics. It was observed that maximum torque, 

output power and efficiency of the motor was obtained if the normal 

vibration amplitude of the rotor was half as large as the normal vibration 

amplitude of the stator, this is a special case, not a common example 

because maximum torque, output power and efficiency are strongly 

depended on stator configuration, frictional material, rotor size and 

pre-load, it is just for the researcher’s type. If the rotor was designed 

correctly, high amplitude levels could be obtained without audible squeal 

noise. If the friction contact layer between the stator and rotor is to be 

optimized, a detailed description of its dynamic behavior is necessary, 

including the effects of tangential stiffness, damping, layer thickness and 

other design parameters of the frictional interface. Cao and Wallaschek 

[53] presented a contact model including normal and tangential stiffness 

and dissipation of the contact layer as a viscoelastic foundation model. 

Interesting stick-slip phenomena, similar to those observed by [44] were 

found. Cao and Wallaschek [54] studied the stick-slip behaviour in detail 

and it was indicated that there exist three different slip and two different 

stick zones according to the kinematics of the stator and rotor. Guyomar 

[55] developed a travelling-wave type ultrasonic motor that operates at 

very high vibration amplitudes of the stator. His results indicate that the 

effect of rotor vibration and the observed phase shift should be considered 

in the modeling of the stator/rotor contact of ultrasonic motors.

Schmidt [56] used the same viscoelastic foundation model for the 

description of the contact layer as that of [53]-[54]. However, the coupled
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dynamic contact problem was solved by using a Fourier expansion 

method. Hagedom [57] extended this contact model by taking the 

bending vibrations of the rotor into account. It was shown that a spatial 

phase shift between the vibrations of the stator and rotor existed in the 

general case and that the contact mechanics might be much more 

complicated than suggested by simple models, which neglect the rotor’s 

dynamics. In the modeling of the overall motor behavior, the impact of 

the normal and tangential stresses on the amplitude of the stator vibration 

must be taken into account. Maas [58] extended this model for the 

general case of a non-perfect travelling wave and studied the effect of 

various asymmetrical modes of operation. In another paper [59], he 

showed that the special case of a perfect travelling wave is indeed the 

best operation mode for a travelling-wave ultrasonic motor.

Ishii [60] experimentally investigated the wear behaviour of fibre 

orientation. He measured specific wear rates and developed a model for 

the calculation of the long-term wear behavior. Compared to the 

experimental results his model under-estimated the lifetime, which might 

be due to the fact that the change of thickness of the contact layer during 

service was not taken into account. For constant normal force the contact 

length became smaller for the worn contact layer and this led to less wear 

than was predicted by the model with constant thickness of the contact 

layer. Adachi [61] presented experimental results obtained by a special 

test ring simulating the contact conditions of intermittent contact type 

motors. He investigated the microscopic force transfer mechanism and 

proposed a modified Coulomb friction law, where the coefficient of 

friction depends on the relative local displacement of contact asperities. 

Rehbein and Wallaschek [62] used a special test ring for high frequency 

fretting to study the high frequency friction behavior as well the wear 

characteristics of several polymer and ceramic materials with respect to
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their application as contact material in the travelling wave and 

micro-push motors. They experimentally supported the hypotheses that 

the wear resistance of polymer materials can be improved by adding short 

fibres and solid lubrication.

Ultrasonic motors are usually analyzed in two steps. First the 

vibrating structure is designed to achieve the required vibration modes, 

operational frequency and amplitudes. Then, the contact mechanics are 

studied under the assumption that the contact process does not affect the 

vibration characteristics of the resonating structure. The contact 

mechanics will be detailed in this chapter. Strictly speaking, such a 

separation is not accurate, because the motion of the vibrating structure 

depends on the forces generated at the frictional interface, and the whole 

system, including the rotor and other structural parts, should be 

considered as a coupled dynamic structure. However, the separation of 

the analysis process simplifies the investigation considerably and quite 

often results in a good description of motor behavior. In this dissertation, 

the contact type of the studied ultrasonic motor is a point-contact type. 

The rotor is rigid and that the interface forces do not change the stator 

bending profile. The stator and rotor only come into contact at the peaks 

of the travelling wave, as shown in Figure 2.1. The radial and tangential 

forces describe the interaction between the stator and the rotor. The 

friction is assumed to be Coulomb friction in the proposed ultrasonic 

motor system. The contact force/driving force is from r and # direction 

displacements. The derivation of driving force equation may follow up 

classic plate and shell theory [63]-[64]. The mechanically active forces 

are induced from the lateral elliptic motion displacement and the driving 

force is dependent upon the radial and tangential vibration amplitudes of 

the stator

In order for the ultrasonic motor to be widely used, it is necessary
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that the required characteristics of the studied motor are realized. Thus, 

the author follows up a new design method [17] by that can realize its 

practical use. Prof. Minsun Ouyang got the patent earlier than dissertation 

author; in addition, the author has stayed his group for half year, so in 

order to respect his help, the author still needs to state “follow up”. In fact, 

the research works are undertaken independently, dissertation author left 

there after two years, then the patent (120°-90°-150°) was found. The 

purpose of this chapter is to analyze the novel boundary configuration for 

the studied motor by mode concept and physical behaviors. This chapter 

is organized in the following way. First the mechanism for realizing the 

required characteristics is described; second is the description of relative 

design consideration; third the adaptive boundary configuration is proven; 

forth the driving principle is discussed. Then, a drive circuit used in the 

research work for high speed rotation and stable operation is described. 

Lastly, the measurement instruments are introduced and some motor 

characteristic measurements are displayed. In the next several chapters, 

we will use the stator for further research: finite element analysis, transfer 

function model, equivalent circuit analysis and speed control. These 

relative characteristic parameters including driving frequencies, driving 

force, load characteristics and dynamic response will also be acquired 

from these analyses and experiments.

2.2 The Structure of the Motor

2.2.1 Structure and Dimension of the Disc-type Stator

This study is related to an ultrasonic motor using 

piezoceramic-driving element, wherein a main sliver electrode is covered 

at the lowest end of the piezoceramic and the uppermost end of
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piezoceramic is adhered to a metal sheet. In operation, an AC power is 

inputted between the main electrode and the metal sheet. The 

piezoelectric ceramic will generate a pull or push motion due to the 

converse piezoelectric effect and a metal sheet is driven to vibrate in the 

air to emit sound waves. The original operating frequency used is under 

20kHz. But, in this study, a piezoceramic-driving element is used as a 

stator in which its operating frequency launched is over 20 kHz. Thus, the 

generated mechanical flexural waves are transferred along radial or 

transverse directions. In transferring the waves, a reflecting point can be 

formed by using a screw as a constraint. By setting up three reflecting 

points on three peripheral constraints, the flexural wave of different 

direction is generated on the metal sheet at its outer edge. One of the 

reflecting waves is used to provide a torque to rotate the rotor. Therefore, 

the location of constraints shall be considered. Normally, the diameter of 

the screw is 2 mm. To assure the reflection of the waves on metal sheet, 

the screw must be locked tightly.

According to the actuating principle, the studied disc-type structure 

is classified into the quasi-hybrid one, in which one standing wave is the 

propelling source merged functional reflection waves or deflection waves. 

The structure of stator includes three fundamental elements: (1) the 

membrane of piezoceramics; (2) the elastic metal sheet of nickel alloy; (3) 

the covered with its diameter of 24.5 mm sliver sol-gel membrane used 

as an electrode. The thin-disk structure is a piezoceramic membrane 

boned on a Ni-alloy sheet with its diameter 41 mm. Its total thickness is 

0.23 mm and its thickness of metal sheet is 0.10 mm. Actually, the stator 

is a commercial piezoelectric buzzer bought from a local company (OBO 

Corp.) in Taiwan, with its dimension specification as shown in Figure 2.2
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Figure 2.2. The structure of piezoelectric membrane.

2.2.2 Geometry Description and Design Consideration

For PZT disc-type structure vibration in ultrasonic frequency, 

piezoceramic plays the driving source to generate the high frequency 

extended-shrunk motion of metal sheet. The metal sheet plays the 

amplifier of vibrating magnitude and constructs the desired mode shapes. 

The minimum deformation located at central portion but larger deflection 

near outer edge of metal sheet. Contradictorily, metal stiffiiess of sheet 

also constrains the piezoceramic, and limits the PZT dynamic response to 

electric power. Only in suitable power entry matching resonant frequency, 

metal stiffiiess would be overcome by piezoceramic to produce the 

optimal efficiency. Thus, the resonant deformation of metal sheet always 

well-being follows the flexural-like vibrating of piezoelectric ceramic, 

called as mechanical flexural wave, that the phenomena is existed 

especially in ultrasonic frequency. Furthermore, if it were used as an 

actuator, we only need to directly observe the resonant mode shapes. 

Then, ultrasonic driving mechanism was roughly configured. Therefore, 

realizing vibration mode of PZT disc-type structure is the first step for a
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future application. In this study, a piezoceramic stator (simple support 

structure with three fixed points) is fixed to a movable base which is 

linked to a pair of spring for a preload control mechanism, as shown in 

Figure 2.3 (the photo figure of the real ultrasonic motor). The preload 

mechanism is conformed to the movable actuator and fixed rotor may 

contact anytime and can increase the friction between the stator and the 

rotor and increase the torque. And, a good insulation must be formed 

between the fixing aluminum plate and the piezoceramic assuredly. It is 

major purpose to avoid the wire of the driving power to be shorted as 

connected to it. As considering the precise in finishing and the balance of 

the rotor, the rotor is a fixed rotary component. The body of the rotor is a 

rigid steel (diameter 26mm and thickness 16mm). The rotor surface was 

attached a white mark for measuring the rotor speed using photo detector. 

Table 2.1 lists these parameters for the construction of the motor.

Mjggg mam u

(a)
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Figure 2.3. (a) Side views of the real ultrasonic motor (b) top views of 

the real ultrasonic stator.
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Table 2.1. Parameters for constructing LEMUM.
Values used for motor 
system

Piezoelectric membrane:

material PZT-5H
diameter (mm) 24.5
thickness (mm) 0.13

Young’s modulus 65GPa
density (kg w 3) 7500

Q (103pF) 77
4 3400 s0

4(io ~nmYN) 16.5

4(io"2m̂ ) -4.78

^ d o -12̂ ) -274
Poisson’s ratio 0.34

Metal back plate:

material Ni-alloy
diameter (mm) 41
thickness (mm) 0.1

Young’s modulus 170GPa
density (kg m 3) 8800

Poisson’s ratio 0.35
Rotor:

material steel
diameter (mm) 26

thickness (mm) 16
Young’s modulus 190GPa
density (kg m~3) 7850

Poisson’s ratio 0.27
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2.2.3 The D escription of (120°-90°-150°) Simple Support 
Behavior on M etal Sheet

In the ultrasonic motor system, we used the type of simple support 

with three non-equal-triangular (120°-90°-150°), as shown in Figure 2.4, 

fixed points near the edge for the stator, the patent [17] was found by test 

and trial. The author of the dissertation also found it by test in the past. 

But there exists some common concept: we fixed two points “120°” and 

increase/decrease 30° step by step for the rest point to explain) is 

symmetric, so only exists radial force and no tangential force which will 

rotate the rotor, 120°-180o-60° will cause cancellation effect from two 

fixed point with 180° and the rest fixed point will not be reflected by edge, 

so will not occur a standing wave which forms elliptical motion for 

driving, as shown in Figure 2.5, and other configurations are similar to 

two fixed points, it shall be noted that there are at least three fixed points 

for a stable plate structure.

4

Figure 2.4. The non-equal-triangular (120°-90°-150°) boundary 

condition [17].
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V

Figure 2.5. Operation expression of the ultrasonic motor.

In the past test and trial, we conclude that the motor can not be rotate 

by all other boundary configuration except (120°-90°-150°) configuration, 

it also was proven by the patent [17] experimental test (all relative reports 

written by [17] used the (120°-90°-150°) configuration. The followings 

are the relative explanation about how to chose (120o-90°-150°) from 

[17] (* the author of the dissertation will make a reasonable physical 

explanation by modal analysis after this):

Because of the unique feature of thin-disk PZT structure, it is very 

complicated wave physics if adding some constraints and is actuated by 

an AC power source at ultrasonic frequency. That is, a high frequency 

energy conversion system between mechanical oscillation and electricity 

power based on piezoelectric effect is no way to depict the physical 

propagation model of flexural wave, although many papers related to 

mathematical equations had been issued for PZT structures. But, the past 

experimental methods for vibration mode, such as modal testing and

sin(co/)
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analysis, equivalent circuit model, etc., were unable to indicate the whole 

physical meaning so far. The patterns of vibration mode would be 

portrayed through powder patterning technique with carbon black. The 

advantage of carbon powder patterning is direct and full-field observation. 

The technique is that applying inherent capacitive characteristic of 

polarized piezoceramics, by mean of electrostatic adhesive force. 

Uniformly scattered carbon powder was accumulated at nodal circles and 

nodal diameter of the vibrating sheet. Thus the wave behavior was 

observed. Because of electrostatic effect, charged carbon powder is 

always kept on the surface of metal sheet, even though vibrating metal 

sheet is trying to kick off carbon powder while piezoceramic is always 

tracking the input electric field and forced oscillation at ultrasonic 

frequency. Hence, wave propagation on metal sheet would be portrayed 

via carbon powder accumulation so that wave bands and nodal patterns 

would be directly observed.

Flexural wave proven by experimental patterns has useful driving 

mechanism. There were two vibrating direction of flexural wave: one in 

radial (also called in-plane) direction, another in normal (also called 

out-of-plane) direction. In physical textbook, out-of-plane vibration mode 

shapes are generally defined as a term symbol Bwm, where n is nodal circle; 

and m is nodal diameter line. But, in this study, the in-plane vibration is 

major consideration, vibrating in thickness direction is neglected. 

Ultrasonic resonant mode shapes of PZT disc-type structure will be great 

different to sonic mode shape of drum membrane or thin film. According 

to ANSYS (finite element theory will be individually discussed at 

Chapter 3) simulations and further experimental evidence, nodal diameter 

line did not appear on the vibration modes of disc-type structure when 

existing somewhat modified in boundary constraints. Through the 

boundary modification of a PZT disc-type structure; for example, edge
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bounded or located harder screws on a metal disk, the specific vibration 

mode could be controllable. From ANSYS simulations, while a positive 

voltage was input, apparently a PZT thin-disk was extended forcedly in 

radial direction. Similarity, if negative voltage was supplied, due to 

converse piezoelectric effect, forced shrinkage should be occurred in the 

opposite radial direction. Thus, the periodical phenomenon of 

extended-shrunk motion was existed in radial direction while the PZT 

thin-disk structure was input a sinusoidal signal. At the same 

circumstance, nodal circles were obviously displayed due to flexural 

bending wave of metal sheet based on Poisson’s ratio. By spot clamping 

at disk edge or fixed constraints on the metal disk, one desired mode 

shape could be appeared nearby the resonant frequency while the flexural 

wave propagation was influenced. One of purpose to locate the fixed 

screws on metal sheet as a constraint is the nodal effect and specific 

boundary condition. A fixed steel screw is also a reflecting point for 

flexural wave. In ANSYS simulations, the degree of freedom was 

assumed to zero at meshing nodes for the fixed screw position on a metal 

disk. It is composed of flexural wave from bending deformation of metal 

in 0 (transverse) direction and from extended-shrunk deformation in R 

(radial) direction. The vibration at the edge of metal sheet from flexural 

wave can therefore be used to produce the elliptical displacement motion. 

The different elliptical locus is decided by the combination in amplitude 

and phase of flexural waves. Owing to the actuating principle of 

ultrasonic actuators completely based on location arrangement of fixed 

screws, the following figures demonstrate the diverse geometric 

arrangement of fixed screws. Several simulations and experimental 

results are explained corresponding to the simulating conditions of AC 

power 20 Fp_p (if for one single input driving, the input voltage can be 

20V, if for sweeping input, the input voltage must be 10V due to power



limit) frequency range from 65 (* the patent [17] may use two buzzer 

together or add some other mechanical load, so its first driving is 65kHz, 

our studying the first driving is 75kHz) to 75 kHz, compound PZT 

thin-disk structure placed one, two, and three constraints called as 

((2?m,l)), ((Z?m,2)), and ((Bm,3)). For easier explanation, the notation 

is used to catalogue the variation of vibrating modes; where m is 

radial harmonic extended-shrunk motion, N  is screw amount as 

constraint.

((B3,l)) mode: Placing one fixed screw (constraint) onto a metal disk, 

simulating deformed vectors were divided into three portions. That is, 

three separated spreads of deflection in 120° arc was constituted when 65 

kHz voltage was inputted, here called as ((i?3,l)) mode, as shown in 

Figure 2.6. Carbon pattern is noticed that carbon powder is roughly 

scattered to three 120° arc placement, but not clear, as shown in Figure 

2.6(b). Thus, via one fixed screw settlement, ((i?3,l)) mode was gradually 

produced at 65 kHz frequency or higher frequency.

((B3,2)) mode in pitched 120 angle: At 65 kHz, nodal effect 

obviously appeared onto ((i?3,l)) mode caused by one fixed screw in 

which a screw plays a reinforce element in structure with less flexural 

deformation. Later, one more fixed screw was added to an adjacent 120° 

position, then we called mode will be formed. Deformed vectors

of disk still be distributed in three regions, but they are more concentrated 

in comparison to ((i?3,l)) mode, as shown in Figure 2.7. From carbon 

powder patterns, an ultrasonic mode shape consists of three regions: 

powder scattered in radial direction at first, second, third region, but there 

was not only powder located in radial direction but also pushed in 

transverse component, detailed in Figure 2.7(c). Because of steel screws 

enhanced the sheet strength as well as limited the disk deflection, the 

major deformed vectors shown on the simulations were located on the
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opposite 120° area, that is the rest 240° arc area. In other word, the 

average deformation rate of constraint area between the two screws is less 

than that of rest area on the metal disk, because of sheet stiffness 

intensified. Asymmetric flexural deformation on metal sheet was formed 

due to the difficulty oscillation of piezoelectric membrane and metal 

sheet. In contrast, the rest 240° arc area of metal sheet was inherently 

flexible. Thus, the extended-shrunk motion of metal sheet is large than 

that of constraint area (120° arc area). Furthermore, the propagation of 

flexural wave was interfered by screws. If screws were adequately 

arranged, the wave energy would be appropriately driving some objects. 

According to above results, although the deformation vectors of sheets 

were limited between two constraints, some special mode shapes could be 

produced through fixed screws. For instances, the deformed vectors are 

point to the different direction in R and 0 component at constraint region 

implied such PZT thin-disk structure that could be designed as one 

"edge-driving" mode as the driving torque for a rotor running in which a 

rotor was directly contacted to thin-disk actuator. Under well assembly 

with mechanical elements, it also is an excellent fundamental of rotary 

mechanism for an ultrasonic actuator.

((B3,3)) mode in pitched 90, 120, 150 angle respectively: For 

guiding the wave energy concentrated in somewhere of disk edge, it is 

necessary to construct asymmetrically boundary conditions (constraints). 

The fixed screws are individually arranged in 90°, 120°, and 150° arc 

location. At particularly input frequency of 67 and 75 kHz, the oscillation 

wave on disk edge of metal sheet would appear, resulting from converse 

piezoelectric effect. These harmonic motions in circumference are the 

principal propelling basis for ultrasonic actuator. From simulations shown 

in Figure 2.8, at 90° arc edge region, the deformation vectors have 

different directions in both of radial and transverse components when the
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voltage frequencies of 67 and 75 kHz were individually input. The 

variation of the deformation would be enlarged with the higher voltage. 

When a rotor is tightly against the driving point, as the frequency is at 67 

kHz, the rotor will be driven to rotate in counterclockwise; as the 

frequency is at 75 kHz, the rotor will move in clockwise. Thus, edge 

contact of 90° arc region could push the rotor to turn in clockwise and 

counterclockwise respectively via metal sheet deflection. That is, some 

definite region on the metal sheet could be suitable as a driving point to 

rotate the movable mechanical element. For ultrasonic actuating in PZT 

thin-disk structure, a 3-mode is used to get a maximum lateral motion 

effect. The simulations of Figure 2.8 represent ((2?3,3)) mode, one of 

worth modes in driving mechanism.
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Piezoce ramie

Metal
sheet

Radial

Transverse

Figure 2.6. ((B3,l)) mode: (a) scheme with one constraint placed top 

location; (b) carbon powder pattern; (c) simulation at 65 kHz. 

Arrows point to the constraint points [17].
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Metal
Piezoceramic

Radial

Transverse

Figure 2.7. Modes of two constraints with carbon patterns and ANSYS 

simulations: (a) two constraints placed scheme; (b) carbon 

pattern; (c) deformation vectors ((B3,2)) mode at 65 kHz;. 

Arrows point to the constraint points [17].

83



Piezoceramic

Metal
sheet

Driving
region

0 : Transverse

Driving
region

Figure 2.8. ((B3,3)) mode: (a) scheme with three constraints placed 90°, 

120°, 150° arc location; (b) simulation at 67 kHz; (c) 

simulation at 75 kHz. Arrows point to the constraint points 

[17].

2.2.4 P roof of A daptive (120o-90°-150°) Simple Support 
C onfiguration

From above the patent experiment test, we found as follows: (1) 

120° arc just has radial displacement but no tangential displacement, 

however, 120° arc is a necessary condition for radial mode occurring (2) 

90° arc has both radial and tangential displacement, apparently, 90° arc 

reflects radial mode (coupled from 120°) and tangential mode
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(degenerated from 120°) (3) 150° arc is the same with 90° except 

displacement direction (4) carbon powder is useful but sometime it is not 

clear to express mode interaction.

Now, the author of the dissertation uses Laser Vibrometer 

measurement, as shown in Figure 2.9, to certify the adaptive 

120°-90°-150° boundary condition by mode interaction. From the 

measurement, we can confirm as follows: (1) the circumference edge has 

36x A/2 ( A is the wave length, A12 is a standing-wave condition), so 

120° arc has 12x A/2, 90° arc has 9x A/2 and 150° has 15xA/2 (2) the 

diameter has 12x A /2, apparently it is reflected from 120° arc radial mode

*(3) according to wave propagation theory, the tangential wave velocity = 

(the radial velocity x l/(l+Poisson ratio), and Poisson ratio =0.33=1/3, so 

if we want to induce the tangential mode from radial mode (elliptical 

motion condition), 12x A/2x(l/l+l/3) = 9x A /2—90°, therefore we need

to has 90° arc. 120° arc and 90° arc have been confirmed, the rest arc is 

=360°-120o-90o=150°. So, the 120°-90°-150° for the adaptive 

configuration has been proven. This is for 75kHz driving frequency and 

its mode form is B618 (Bmn, m is nodal circle and n is nodal line, in this 

case m= 12/2=6, n=36/2=18), the above analysis from the patent [17] did 

not exactly evaluate the mode form. For the other driving frequencies, 

their mode form theory is similar to 75kHz, however, due to high 

frequency decay (see Figure A.5(b)-(c)), it is very difficult to tell the 

exact mode form.
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Figure 2.9. Laser Vibrometer measurement of mode interaction for proof 

of 120°-90°-150° configuration (it is identical to Figure A.5(a) 

for convenient explanation).

2.2.5 The princip le of driving m echanism

When a periodic voltage is input, the actuator will have a periodic 

deformation. According to converse piezoelectric effect, the input power 

at positive half period or negative half period of sinusoidal voltage, then, 

the deformation orientation of the metal sheet is opposite. Therefore, in 

position voltage of one sinusoidal period, as illustrated in Figure 2.10(a), 

four points (i), (ii), (iii), and (iv) represent checking points for periodic 

deformation. When the peak-peak voltage Fp_p (=2Vm) was input at 67 

kHz, the periodic deformation according to the amplitude of AC power is: 

(i), (ii), (iii), and (iv) sequence; the deformation vectors of the ultrasonic 

actuator are illustrated in Figure 2.10(b). The sequence of the actuator 

deformation also is: (i), (ii), (iii), and (iv). Where (i) represents that the 

voltage is input initially (F=0+); (ii) represents that the input voltage is 

enlarged gradually (V=l/2Vm) and the piezoceramic actuator is also
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deformation; (iii) As the input voltage attains a maximum value, the 

piezoceramic actuator has a maximum deformation; (iv) The deformation 

of the piezoceramic actuator is reduced gradually (V=l/2Vm). In the 

negative voltage of one sinusoidal period, the piezoceramic actuator was 

shrunk. From the simulation, at 90° arc region, actuator’s outer edge 

would be deformed in the R and 0 directions. The deformation of metal 

edge would be variation following the change of the voltage. When the 

rotor is placed on the edge of the actuator being 90° arc region, the 

actuator will push the rotor to rotate in counterclockwise. At the 120° arc 

region, die deformation of the actuator is toward the two screws. At the 

150° arc region, the deformation of the actuator is toward the middle 

portion of the two screws. From above analysis of vibrating mode 

through ANSYS simulations and powder patterns, it is appreciated that 

the displacement of the ultrasonic actuator in this study is determined 

according to the amplitude of the sinusoidal voltage applied to the 

piezoceramic. And the rotational orientation is determined by the 

frequency of the sinusoidal voltage. The deformation procedure for 

75kHz is similar to above that of 67kHz.
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Figure 2.10. Vibration mode with ANSYS simulations of three fixed 

screws placed 90°, 120°, 150° arc location: (a) schematic 

view showing the input sinusoidal voltage; (b) simulation of 

a PZT actuator extending in counterclockwise (at 67 kHz) 

[17].
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2.3 Driving Circuit

In the ultrasonic motor system, the motor is driven at the resonant 

and antiresonant frequencies. Due to the mechanical quality factor of the 

proposed motor being affected by temperature rise and resonance mode, it 

is necessary to reduce the load on the piezoceramic and the power supply 

so that the motor is operated at a stable running speed, even though this is 

a conspiring technique. On the other hand, if the rotor runs in the 

high-speed rotation status, we need to take into account its controllability 

and efficiency and therefore, a specific drive circuit is required. Figure 

2.11(a)-(b) shows a specific driving circuit diagram, there are three 

different topologies in Figure 2.11(a), upper topology with two parallel 

7812IC for providing +12V to one photo coupler (TLP250) in Figure 

12(b), bottom topology with one 7812 transistor also for providing +12V 

to another photo coupler (TLP250) in Figure 12(b), in fact upper topology 

is same function with bottom topology, but the extra 7812 transistor of 

upper topology is just for supplement enhancement, and the middle 

topology with two serial 7812 transistor and 7805 transistor is for 

providing +5V to two photo couplers (TLP250) in Figure 12(b). In Figure 

2.11(b), there are two TLP250 photo couplers for gaining high input 

frequency signal. So, this is an isolating-resistant type driving circuit— 

its source supply and signal amplifier is separated to stabilize input 

voltage. In addition, there are some thermal sinkers inside of the signal 

amplifier to dispel heat while it is running. In fact, this is an inverter 

single-phase AC-DC conversion driving circuit which will be applied to 

current controller for the speed control of the motor system in Chapter 6. 

The driving circuit diagram was advised by Associate Professor Dr. 

Guo-Shing Huang at Department of Electronic Engineering National 

Chin-Yi Institute of Technology Taiping, Taichung, Taiwan, and made by
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the author himself.
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Figure 2.11. The isolating-resistant type driving circuit (a) source supply 

(b) signal amplifier.
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2.4 M easured C haracteristics

The new disc- type ultrasonic motor was experimentally built and 

measured to validate the analysis model according to Table 2.1 and the 

design rule. In addition to the dynamic analyzer, power meter and 

photometer, the laser vibrometer (the detail laser measurement is 

discussed at Appendix A) shown in Figure 2.11 was also used to check 

the analysis model. Here, the input voltage is 20V (if for one single input 

driving, the input voltage can be 20V, if for sweeping input, the input 

voltage must be 10V due to power limit).

OpticBeam Splitter Sensing Beam Beam Splitter

Stator

Reference Beam Acousto-optical
Detector

Bragg

-Cell

Detector

Reference Input

Signal

Figure 2.12. Laser vibrometer schematic view.
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Figure 2.13 shows the electrical admittance response of the stator (z 

dir.), there is higher response near 74kHz, 84kHz, 93kHz and 103kHz 

from the response result. A very significant resonant response occurs 

close to 84kHz. These are the driving frequencies for the ultrasonic motor 

since the rotor can only be rotated near these frequencies, including 

resonant and anti-resonant frequency. Why to drive the motor at the 

resonant and anti-resonant frequency has been discussed at Chapter 1.3.6. 

However, it shall be noted that from above modal analysis and operation 

principle, the driving frequency is not only depended on resonant and 

anti-resonant frequency but also depended on mode rotation and rotor 

location. The detail description is as follows.

upianti-resonance frequency

down: resonance frequency

8.5 9 !
Frequency (Hz)

6.5 7.5
x 104

Figure 2.13. The electrical admittance response of the stator (z dir., it is 

identical to Figure 3.1(a) for convenient explanation).
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Figure 2.14 is the phase response of the stator obtained by 

superposing the desired frequency range, phase degree 180° is a reference, 

up 180° is CW and down 180° is CWW, it shall be noted that CW and 

CCW depend on driving frequency, mode rotation and rotor location 

together, not individually. The phase response is measured from z 

(transverse) direction, it has no direct relation with the lateral elliptical 

motion direction phase (radial and tangential displacement, their phase 

can not be measured), however it is defined by real test inspection. For 

discussion the relationship between frequency and CW and CCW rotation 

(Figure 2.14), it has to together with discussion the relationship between 

contact point (rotor location) and CW and CCW rotation (Figure 

2.15(a)-(c)), then we can fully understand. First, from Figure 2.15(a), the 

input frequency is 75kHz, the displacement vector flow (mode rotation) 

shows the elliptical motion direction is CCW, we fixed the rotor location 

on the middle of 90° arc, so the rotor rotation direction is CW (it is 

reverse with elliptical motion), the region of 90° arc just exists a type of 

displacement vector flow and 75kHz is the first driving frequency, 

therefore we define it as initial CW on the phase response figure. Then, 

from Figure 2.15(b), the input frequency is 83kHz, the displacement 

vector flow shows two elliptical motion directions, CW (down 90° arc 

area) and CCW (up 90° arc area) but no elliptical motion at the middle 

place (rotor location), it means that we can not rotate the rotor at 83kHz, 

but when we shift down to 83.13kHz, then the elliptical motion CW 

follows to shift to the middle place, so the rotor is rotated at CCW, 

therefore we define 83.13kHz as CCW, if we shift up to 85.81kHz, then 

the elliptical motion CCW follows to shift to the middle place, so the 

rotor is rotated at CW, therefore we define 85.81 KHz as CW, because the 

second driving frequency 84kHz is arrange 83.13kHz-85kHz, it is CCW 

(real condition). Finally, from Figure 2.15(c), the input frequency is



98kHz, the displacement vector flow (mode rotation) shows the elliptical 

motion direction is CW near middle place and up 90° arc (the finite 

element analysis has some little difference with real condition, which 

98kHz, the elliptical motion direction CW is location near the middle 

place, it may be mode degradation with frequency increase in real 

condition), so the rotor is rotated at CCW, therefore we define 98kHz as 

CCW, 98kHz is also the third driving frequency, if we shift up to 103kHz, 

then the elliptical motion CCW follows to shift to middle place, so the 

rotor is rotated at CW, therefore we define 103kHz as CW.

210

200

190
initial CW(75kHz)

rCW(85.81kHz) CW(103kHz)

§?180 — f-

I  170

160

150

CCW(98kHz)

CCW(83.13kHz)

140
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11 11.5 12

Frequency (Hz) x10

Figure 2.14. Phase response of the stator in z dir. (it is identical to Figure 

3.1(b) for convenient explanation).
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(c)
Figure 2.15. The explanation of CW and CCW on the lateral edge (a) 

75kHz, (b) 83kHz and (c) 98kHz ( -vindicates fixed-point 

location, it is identical to Figure 3.6 for convenient 

explanation).

Figure 2.16 shows the measured load characteristic of revolution 

speed again applied current at four different driving frequencies. 

Basically, revolution speed increases as current gain increases at a 

constant driving frequency before saturation. The reason is that the 

friction driving force becomes more as lateral displacement gets 

amplifying because of gain increase. In addition, the result shows there is 

a maximum speed (about 580rpm) at 84kHz under same operation 

condition, it also reveals the linear operation current is about 70mA. 

Other characteristics of the motor will be shown and discussed next few 

chapters.
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Figure 2.16. Revolution speed vs. applied current at four different driving 

frequencies.
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Chapter 3 Finite Element Analysis for the 

Ultrasonic Stator

3.1 Introduction

In the last few decades, a finite element method has been well 

developed and has become widely used in solid mechanics. Several 

papers address the use of this method to analyze devices fabricated from 

piezoelectric materials [65]-[73]. The main reasons for its use are that the 

finite element method is very useful for an analysis of mechanical 

structures with different geometry and materials and it is very useful for 

studying the coupling effect between the actuator and test structure 

[74]-[79]. A number of papers use the finite element method to analyze 

the characteristics of piezoelectric transducers/actuators. Most of them 

will be discussed in what follows.

Varadon et al. [80] presented an example where they observed an 

improvement of design time and cost by introducing a hybrid finite 

element into the simulation model of the moony transducer. The actuator 

and sensor function of this type transducer [81]-[83], such as the 

admittance spectrum and the voltage sensitivity, were acquired from finite 

element analysis. Lim et al. [79] reported a finite element model with 

Guyan’s reduction scheme to deal with the transient problems of the 

micro-electromechanical sensor [84]. Further, Kim et al. [85] also 

conducted numerous studies on the numerical aspects of modeling 

electric boundary conditions, the treatment of electrodes as equipotential 

surfaces, the optimal placement of sensors and actuators on a structure 

and other aspects using finite element modeling. Lerch [72] studied a
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simulation of piezoelectric devices using the finite element method that 

included time domain modeling.

Seshu [86] and Naganathan et al. [92] researched the strain transfer 

of extension and bending type actuation from the adhesive layer by using 

a two-dimensional nine-node Lagrangian finite element. The finite 

element method can also be employed to study the feedback control of 

the piezo-actuator-structure [87]-[92]. Lim et al. [87], [91] described a 

numerical closed loop finite element investigation of the active damping 

of a structure using an appropriate feedback circuit. The finite element 

simulations demonstrate the attenuation produced by active damping in 

the time domain. The model also indicates that the use of direct voltage 

control is more effective than charge control. In one of these papers [88], 

the feedback forces induced by piezoelectric actuators were taken as 

external forces at appropriate degrees of freedom of the structures. 

Varadan et al. [89] analyzed the frequency response of a beam structure 

with active constrained layer damper. In their study, the exciting control 

charge force acted on the piezo-actuator using a constant velocity for the 

active constrained layer damper, purely active damping and purely 

passive damping. Ha [90] proposed utilizing feedback voltage as the only 

voltage input at actuator degrees of freedom and neglect considering the 

electric charge on the actuator.

Bemadou and Haenel [93] dealt with the modelization of 

piezoelectric materials through a system of general curvilinear coordinate. 

They specialized these equations to the case of a piezoelectric thin shell 

and derived a set of two-dimensional equations formulated upon the 

middle surface of the shell. The equations were used to model the case of 

a thin shell made of a classical material actuated by several piezoelectric 

patches. Their research emphasizes the existence and uniqueness of 

solutions, approximations by finite element methods and validation
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through numerical experiment. Krome and Wallaschek [94] investigated 

the influence of the shape of the ceramics on the vibration of the stator by 

using finite element methods. Their model takes into account the 

piezoelectric effect in the actuators as well as the exact geometry of the 

stator used to calculate the transfer function between the electric 

excitation and the mechanical vibrations of the stators. Kadokura et al. 

[95] proposed the simplified equivalent circuit of quartz resonators by 

using finite element methods. The clamped capacitance, the motional 

inductance and the capacitance were also calculated using finite element 

analysis. Kim et al. [96] proposed a hybrid element method using 3D 

elements for the piezoelectric device region to obtain sufficient detail, i.e., 

plate elements for the structure to reduce numerical stiffening, and 

developed transition elements at the interface of 3D piezoelectric 

elements and plate elements. Boucher et al. [97] proposed a 

three-dimensional finite element method for the determination of the 

eigenmodes of vibration in piezoelectric transducers. They promoted the 

computation accuracy by introducing piezoelectricity as perturbation.

Kagawa et al. [98] presented a piezoelectric three-dimensional finite 

element code including transient response calculations to simulate the 

dynamic behavior of ultrasonic motors and actuators. The time response 

was solved by using the Nemark- j3 integration scheme. Fung and Tseng 

[99] proposed a new hybrid Laplace transform/finite element method to 

solve the dynamic problems of bimodal ultrasonic motors excited by 

longitudinal and flexural modes. The new hybrid Laplace transform/finite 

element method can greatly increase the simulation speed for the 

variational principle. Sze and Pan [100] employed hybrid variational 

principles for piezoelectric finite element formulation. They used hybrid 

eight-node hexahedral finite element models in electric displacement, 

stress and coupled displacement- stress formulations. Following up Allik
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and Haghes [65], all of the authors [101]-[108] who later performed 

research in this area presented their finite element models including 

displacement and electric displacement derived from displacement and 

electric potential. However, the number of field variables cannot be 

further reduced, i.e., they are irreducible. The irreducible piezoelectric 

elements are often too stiff and are susceptible to mesh distortion and 

aspect ration. Tzou [109]-[111] made use of bubble/incompatible 

displacement modes to improve the eight-node hexahedral element and 

triangle shell element. Pian and Tony [112] and Yang [113] successfully 

used the bubble/incompatible displacement method of hybrid variational 

principles to enhance the element accuracy and circumvent various 

locking phenomena. Using the research of Allik and Hughes as a guide, 

Ghandi and Hagood [114] proposed a piezoelectric hybrid tetrahedral 

finite element model where electric displacement, electric potential and 

displacement are assumed. Their model is markedly superior to the 

irreducible model.

The authors of [77] used the finite element method to study the 

dynamic characteristics of a piezoceramic disc. In their research, the 

electrical term was considered as an extra mechanical degree of freedom 

for solving the eigenvalue problem. Then a modal analysis using the 

Lanczos method was run to acquire steady-state response functions such 

as vibration modes and natural frequencies in mechanical response and 

electrical impedance function. In this case, r  modes were the majority of 

types considered. However, this research focused on transducer 

application. Meanwhile, an adhesive layer under the piezoceramic disc 

such as a metal back-plate was not included in the finite element analysis. 

In our study, we referred to this analysis model for the piezoelectric 

membrane and considered the adhesive metal plate. The piezoceramic 

itself served as an actuator in our case.
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A finite element analysis of the stator (actuator) is very important for 

the disc-type ultrasonic motor [78] because it will be able to offer us 

some information such as possible driving frequency and rotational 

direction of the motor. To make the analysis clear, before the analysis of 

the stator, we shall review the motor, as shown in Chapter 2, the 

schematic view of the motor. It includes the disc-type piezoelectric 

ultrasonic stator, a rotor, a movable base and a driving function.

The motor characteristics focus on the lateral force motion of the 

stator and a single contact point, which is totally different from all of the 

other proposed ultrasonic motors. To express the operational principle of 

the motor, a simple support condition with three nonequal-triangular 

(120o-90°-150°) [17] fixed points near the edge of the stator was used. 

Tthere exists some common concept: we fixed two points “120°” and 

increase/decrease 30° step by step for the rest point to explain) is 

symmetric, so only exists radial force and no tangential force which will 

rotate the rotor, 120°-180°-60° will cause cancellation effect from two 

fixed point with 180° and the rest fixed point will not be reflected by edge, 

so will not occur a standing wave which forms elliptical motion for 

driving, and other configurations are similar to two fixed points, it shall 

be noted that there are at least three fixed points for a stable plate 

structure. In the past test and trial, we conclude that the motor can not be 

rotate by all other boundary configuration except (120°-90°-150°) [17] 

configuration, the detail about investigation of location has been 

discussed at Chapter 2. When a sinusoidal input is applied to the stator, it 

induces a lateral elliptical motion and generates a torque to rotate the 

rotor. The mechanical design of the stator will enlarge the lateral elliptical 

motion between two fixed points with a 90° included angle. The desired 

vibration modes can be concentrated at 75kHz, 83.13kHz and 98kHz [see 

F igure 3.1], respectively.
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The study aim of this chapter is to establish the dynamic model of 

the new piezoelectric ultrasonic stator by the finite element method: 

modal analysis and harmonic analysis, then evaluates its response 

characteristics, including electrical impedance response, phase response 

and mechanical frequency response. These modal shape patterns are also 

acquired through them. Some experiment measurements were made by 

the dynamic analyzer and the laser vibrometer to check the predicted 

results. These analysis results would be a good reference for future work 

on a more advanced design of a new disc-type piezoelectric ultrasonic 

motor.

3.2 Finite Element Model

The finite element theoretical derivation was carried out by 

commercially available finite element (FEM) ANSYS5.51/ Multiphysics 

software, which provides structure analysis with piezoelectric effect. The 

simulating model consists of eight-nodes SOLID5 structure element to 

model the elastic-metal-back plate and coupling element for a 

piezoelectric membrane. In ANSYS software, the SOLID5 structure 

element with four degree of freedom at each node is solved for the nodal 

displacement in X, Y, and Z axes plus electrical potential (see 

Introduction to ANSYS for Revision 5.51 and Dynamics User’s Guide for 

Revision 5.51). Under fitting mechanical and electrical boundary 

conditions, ANSYS FEM code to get the relative simulation graphs of 

displacement, stress and electrical potential for the elastic-metal-back 

plate and piezoelectric membrane. The detail finite element theoretical 

derivation is described as follows:
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3.2.1 The Formulae

A circular piezoelectric ceramic is bonded to the disc structure with 

an optima boundary condition, which forms the piezoelectric actuator. 

Shear forces are transferred to the disc when voltages are applied to the 

surface of the circular piezoelectric ceramic. Furthermore, except for 

dielectric stiffness it will induce the added stiffness, called piezoelectric 

stiffness, and the modal force. The linear constitutive equation expressing 

the coupling between the elastic field and the electric field for the 

piezoelectric actuator will be given by [79]

r  = C W £ , (3.1)
D = eS + s sE

where T : 6x1 stress-v-ector, D : 3x1 electrical displacement vector, S : 

6x1 strain vector, and E: 3x1 electrical field vector respectively, CE: 6x6 

elasticity matrix, e: 3x6 piezoelectric matrix and eT is its transpose, and 

s s: 3x3 dielectric matrix.

The electric field E is related to the electric potential </> by 

E = -V(j) . The displacement and potential for each element can be 

expressed, respectively, as

u = N it
(3.2)

where u is the displacement vector, Nu and N4 the interpolation 

function for the variables of <j> and u , and A denotes the nodal values.

To put the strain-displacement relation in terms of the nodal 

displacement yields S = Buu . Here, Bu is the product of the

differential-operating matrix relating S to the shape function matrix Nu. 

Similarly, let E = -V</> = -V N ^  = - B ^  [87].

In this chapter, we use the finite element method to study the
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different aspects of behavior in the piezoelectric stator. In this code, a 

multi-field solid element and a standard isotropic solid element are 

involved in modeling the piezoelectric ceramic and disc base, respectively. 

They are both eight-node brick elements and three spatial degree nodal 

displacements for the degrees of freedom. In addition, each node has 

voltage as an extra degree of freedom in the multifield elements.

The governing dynamic equation of the new disc-type piezoelectric 

stator in matrix form for the piezoelectric ceramic phase [65] is as 

follows:

where M p , K pu, K ^ ,  K ^ ,  F p and P  are mass matrix, elastic stiffness

matrix, piezoelectric coupling matrix, dielectric stiffness matrix, 

mechanical force vector and electrical charge vector, respectively. The 

superscript p denotes the piezoelectric ceramic. These relative substitutive 

variables are given, respectively, by:

where f b is the body force, f s is the surface force, f c is the 

concentrated force, qs is the surface charge, qc is the point charge, S r is

M piip + K ^ u p + K UP̂  = F P 

K uP*u + K p„ t  = P
(3.3)

M" = \ PN l N ud V ,

(3.4)



the area where mechanical forces are applied and S2 is the area where 

electrical charges are applied.

For the disc base, the electrical effects are ignored and the finite 

element equation is given by:

M 5us + K suuus = F S, (3.5)

where the superscript s denotes the disc. In general, all structures are 

slightly damped due to structure damping. Thus, equation (3.3) and (3.5) 

can be modified to

M piip + C pup + K y p + K t f  = F p

M sus + C sus + K suuus = F S, (3.7)

where Cp = rjMp + XKpu and Cs = r/Ms + AKsuu [79], where rj and X are 

Rayleigh coefficients. It shall be noted that the damping matrix in 

ANSYS implements, C = p pK puu + p sK suu where (3P and J3S are the

damping coefficients associated with piezoelectric ceramic and disc 

material, cannot model dielectric losses but does not allow the two 

attenuation mechanisms to differ due to being normally insignificant to 

structural damping. To evaluate the influence of damping loss, harmonic 

analysis was run to predict the electrical impedance of the stator as a 

function of frequency. Harmonic analysis (ANSYS code) allows 

incorporation of loss within a medium by use of damping factors for any 

operating frequency. The damping is usually adjusted following the 

experimental test until a reasonable match is found.

The electric field boundary condition requires that the electrode 

surface is an equipotential one and the summation of the nodal electric 

charges on it should be zero as shown in the following:

d>. =<hi+1 = ... = constant or ^ 2 ,  =0. (3.8)
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The adhesive layer between the piezoelectric ceramic and the disc 

base will be ignored in the finite element analysis.

3.2.2 Analysis

To analyze the steady-state response characteristics of the new 

disc-type piezoelectric stator, first modal response analysis has to be 

made to determine the mode shape and the natural frequency of the 

piezoelectric stator. In modal analysis, it should be noted that the extra 

voltage degrees of freedom in the finite element equation have to be 

condensed using Guyan reduction. Then the modal frequencies and 

associated mode shapes can be found using Householder-Bisection 

inverse iteration. Additionally, because the electrical degrees of freedom 

do not have mass associated with them, the mass matrix may not be 

positive definite and the stiffness matrix would be non-positive definite 

due to the negative dielectric.

When the eigenequations are solved using modal analysis, the 

steady-state characteristics can be analyzed using the eigenvalues. First 

the electrical frequency response can be obtained in eigenvector form as 

follows:

P  N H 2
+ ̂  . (3.9)(j> r=l6)r -0)

The substitutive variables H r and H 99 are given by

H ,= K l.K l (3.10)

T  -1= * £ -K ^  K l K%. (3.11)

In this case, ^ is the electrical potential of the electrode on the top 

surface of the piezoelectric ceramic.
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If damping is considered, (3.9) becomes as the following:

P  n

7 = -Z —2 f T F ~ +H"> <3-12)<p G>r -co + lC(Or

where C = CP +CS. Using (3.12) and differentiating the electrical charge, 

the electrical impedance response is obtained as follows:

^<o) = y imp . (3.13)

Meanwhile under voltage excitation, the mechanical frequency 

response can also be obtained as follows:

»i N T-f
<P r=1 0 )r - O )

If the damping term is included, (3.14) becomes the following:

u  N H

T  = - ^ - — 2-~n ’ (3'15)(j> 77\ cor -a> + iCo)r

where subscript r denotes r -th mode of the stator. In this study, the 

lateral elliptical motion is mainly used so the radial direction response is 

mainly considered.

3.3 Results and Discussions

According to these methods developed above, we can analyze the 

vibration characteristics of the piezoelectric ultrasonic stator. Using (3.13) 

and (3.15), we can search the possible types of resonant and antiresonant 

modes of the new disc-type piezoelectric stator in the desired frequency 

range. But we can also predict the possible natural frequencies that may 

be driving frequencies to rotate the rotor. In this study, all steady-state 

response analyses will be added to the structure damping, that is, tj and 

X . We assumed tj = 7.5 and A = 2xio-5 [79], internal damping and
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Poisson’s ratio of the passive metal disc base influence the damping loss 

of the ultrasonic stator considerably. To make reasonable correction 

between theory and experiment, the surface displacement was measured 

using a laser vibrometer system and the damping was maintained constant 

for the stator material during supplementary theoretical analysis. The soft 

metal disc base with almost unimodal behavior usually is predicted quite 

well by the finite element theory. Additionally, we defined the boundary 

condition of the piezoelectric ultrasonic stator as a simple support 

condition with three nonequal-triangular (120°-90°-150°) fixed points 

near the edge. Then we used ANSYS code to run all response analyses.

To test the accuracy of the finite element model, we used the 

dynamic analyzer to make the relative experiment measurement within 

the desired frequency range. Then we made a comparison between these 

experimental results regarding electrical impedance response and 

mechanical frequencies with the analysis values from the theoretical 

model. Figure 3.1(a) shows the electrical impedance responses from 

analysis and experimental results, the detail has been discussed at Chapter 

2. Figure 3.1(b) is the phase response of the stator obtained by 

superposing the desired frequency range, phase degree 180° is a reference, 

up 180° is CW and down 180° is CWW, it shall be noted that CW and 

CCW depend on driving frequency, mode rotation and rotor location 

together, not individually. The phase response is measured from z 

(transverse) direction, it has no direct relation with the lateral elliptical 

motion direction phase (radial and tangential displacement, their phase 

can not be measured), however it is defined by real test inspection. For 

discussion the relationship between frequency and CW and CCW rotation 

(Figure 3.1(b)), it has to together with discussion the relationship between 

contact point (rotor location) and CW and CCW rotation (Figure 

3.6(a)-(c)), the detail has been discussed at Chapter 2. Figure 3.2 shows
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the mechanical response (z dir.) from the analysis and experimental 

results, the applied voltage (10V) is fixed for all of the desired frequency 

ranges, and the place of measurement is located around the 

circumferential (90° included angle section) edge. It reveals that 

second-harmonic waves occur between 70-120kHz and wave mixtures 

are concentrated upon this region. The major reason is that the three 

nonequal-triangular (120o-90°-150°) fixed points induce standing waves 

but let traveling waves generated from the input signal be partly reflected 

and mixed near the stator edge.
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Figure 3.1. (a) The electrical impedance response from analysis and 

experimental results (—, experiment; —, analysis), and (b) 

The phase response.
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analysis and experimental results (—, experiment; —, 

analysis).
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To check the 3-D dynamic displacement profile, an experimental 

set-up was arranged. Figure 3.3 is a laser vibrometer set-up schematic. 

The 3-D displace profile, frequency response and phase response can be 

acquired from the measurement. Figure 3.4(a)-(c) contains the 

measurement results under a 20V input signal at 75kHz, 83.13kHz and 

98kHz, respectively. Furthermore, harmonic analyses were run at the 

same frequency and applied voltage. Figure 3.5(a)-(c) is the analysis 

results at the same frequencies and input signals. The displacement 

patterns from Figure 3.4(a)-(c) and Figure 3.5(a)-(c) are obtained from 

the vertical direction (z. dir.). They show very similar displace patterns to 

each other. The finite element model has been approved to be correct 

from the comparisons.

To clarify that the mechanism of the piezoelectric ultrasonic stator is 

adaptive for the best output performance of the ultrasonic motor, we ran 

an analysis of displacement vector flow at its lateral edge for a 75kHz, 

20V input signal. Figure 3.6(a)-(c) shows that lateral elliptical motions 

are induced at the stator edge, and that they confirm the operation 

principle in Chapter 2. The maximal displacement around the edge occurs 

in a 90° included angle section. It is the optimal output location for 

rotating the rotor. The results of the mode shape in Figure 3.7(a)-(c) 

(75kHz, 20V) show that the standing waves are compassed between two 

fixed points. They can be checked using a 3D displacement profile with a 

laser vibrometer [see Figure 3.8]. Here, 75kHz was used just for 

explanation. It shows that maximal and steady energy exists at the stator 

edge. Figure 3.9(a)-(e) shows the z direction displacement profile under 

harmonic excitation. The exciting frequencies are at an audible frequency 

range of lk-20kHz. Compared with Figure 3.5(a)-(c), the results reveal 

that the stator has no significant standing wave that exists, especially at
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the stator edge. As we know, the standing wave transfers most driving 

energy into the rotor. However, obviously there is not much useful 

transformational energy at an audible frequency range. So, the proposed 

motor cannot operate at an audible frequency range. The authors of [119] 

indicate that their motor (axial rotor) can be driven at 3.5kHz. Figure 

3.10(a)-(e) shows the displacement vector flow under audible frequency 

driving at lk-20kHz. The results show that there is no lateral elliptical 

motion that exists. It proves again that audible frequency is not adaptive 

for LEMUM. Figure 3.11 shows the z direction displacement profile 

under lower ultrasonic frequency excitation: 35kHz, 45kHz, 55kHz and 

65kHz. The results show that there are more significant standing waves 

that exist at lower ultrasonic frequency driving. There is a more stable 

and a more dense standing-wave pattern at 65kHz. Figure 3.12 shows the 

displacement vector flow under lower ultrasonic frequency excitation: 

35kHz, 45kHz, 55kHz and 65kHz. Lateral displacement motions have 

become very significant at 55kHz and 65kHz. However, the maximum 

lateral motions are not located in the 90° included angle section. The 

lateral displacement patterns are much more non-uniform at 55kHz and 

65kHz than at 75kHz, 83kHz and 98kHz. In a real test, the proposed 

motor can be driven at 45kHz, 55kHz and 65kHz using the 

isolating-resistant type driving circuit described in Chapter 2. However, 

the vibration patterns at 45kHz, 55khz and 65kHz can be acquired from 

the laser vibrometer due to input voltages being limited using the 

isolating-resistant type driving circuit and in contrast, input signals being 

too weak without the driving circuit. Therefore, we can conclude that the 

stator will be able to drive the rotor, at least, at 75kHz, 83kHz and 98kHz.

By modeling the dynamic formulary of the new disc-type 

piezoelectric stator in the finite element method, the eigenvalue can be 

obtained. The electrical term is treated as an extra mechanical degree of
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freedom. The mechanical responses are exactly acquired under constant 

voltage excitation and the electrical impedance response. An experimental 

measurement was also made to verify the response characteristics of the 

new disc-type piezoelectric stator formulated by the finite element 

analysis.

It has been shown that the theoretical model is very exact in 

examining the piezoelectric influence on a disc-type piezoelectric 

ultrasonic stator. It has great potential to serve as a design guideline for 

possible use in practical stator design, especially in the stator of an 

ultrasonic motor using its lateral elliptical motion. Boundary condition 

design is the successful key because it will induce a standing wave but let 

travelling wave be partly reflected and mixed. It is very helpful in 

rotating the rotor.
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(c)
Figure 3.4. The displacement profiles (z dir.) under harmonic excitation 

(20V input) (a) 75kHz, (b) 83.13kHz and (c) 98kHz by laser 

vibrometer measurement.

ANSYS S . 5 .1  
FEB 3 2001 
1 9 :1 0 :0 9  
NODAL SOLUTION 
STEP=1 
SUB =1 
FRE0=75000 
UZ
RSYS-0
DUX = .324E-0S 
SHN = - . 190E-05 
SHX = .201E—05
  —. 190E-05
L - j  - .  147E-05 

103E-05 
J  - .5 9 7 E -0 6  

- .  162E-06 
[  .27 2 E -0 6
I  .7 0 7 E -0 6
■ . 114E-05
■ . 158E-05

™  . 201E-05

(a)

118



ANSYS 5 .5 .1  
JAN 1 2001 
2 2 :0 4 :3 1  
NODAL SOLUTION 
STEP=1 
SOB “ 1 
FREQ=83000 02
RSYS=0
DHX = .708E-05 

= - .666E-05 
'.4 5 4 E -0 5  
- . 666E-05 
- .5 4 2 E -0 S  
- .4 1 7 E -0 5  
- .2 9 3 E -0 5  
- .1 6 8 E -0 5  
- .4 3 8 E -0 6  
.807E-06 
■205E-05 
.330E-05 
•454E-05

SHN
SHE

□

(b)

ANSYS 5 .5 .1  
JAN 1 2001 
2 2 :3 2 :0 7  
NODAL SOLUTION 
STEP=1 
SUB =1 
ERE0=98000 
UZ
RSYS=0
DUS = .213E -05  
SHN = - .1 2  5E-05 
SHE = . 112E-05 

- . 125E-05 
^  - .9 8 3 E -0 6  

J  - .7 2 1 E -0 6
■  - .4 5 8 E -0 6  
J  - . 196E-06 
J  . 668E-07
■ . 329E-06
■ . 592E-06 

J J |  . 854E-06 
E 3  . 112E-05

(C)

Figure 3.5. The displacement profiles (z dir.) under harmonic excitation 

(20V input) (a) 75kHz, (b) 83.13kHz and (c) 98kHz by finite 

element analysis (-vindicates fixed-point location).
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For discussion the relationship between contact point (rotor location) 

and CW and CCW rotation (Figure 3.6(a)-(c)), it has to together with 

discussion the relationship between frequency and CW and CCW rotation 

(Figure 3.1(b)), the detail has been discussed at Chapter 2.

contact point

rnnt: N/m2

ANSYS 5 . 5 .1  
S IP  7 2000 
2 1 :4 7 :0 0  
VECTOR 
STEP-1 
StfB =1 
FREO-75QOO 
0
NODE-5844HIN=0
HA X -.324E -050
™  .3 6 0 1 -0 6
H *  .7 2 0 1 -0 6  
S I  . 10 8 1 -0 5  
j § | ]  .1 4 4 1 -0 5

. 180E-0S 

.2 1 6 1 -0 5  

.2 5 2 1 -0 5  

.2 8 8 1 -0 5  

.3 2 4 1 -0 5

(a)

120



in tac t

unit; N/m2

1NSYS 5 . 5 .1  
FEB 3 2001 
1 9 :3 8 :0 8  
VECTOR 
STEP-1 
SOB -1  
FREQ-83000 V
NODE-5845
HIN-Q
HAX—. 708E—05 0
Q  . 787E -06  

j  . 157E -05 
J  . 236E-OS 
J  . 3 15E -05 
J  . 3 9 3 E -05  
• . 472E -05  
[  . 551E -05

. 629E-05 

. 708E -05

(b)

contact pointunit: N/m2

ANSYS 5 .5 .1  
FEB 3 2001 
2 0 :3 4 :4 4  
VECTOR 
STEP-1 
SUB -1  
FREQ-98000 
U
NODE-3756
HIN-0
H A X-.213E-05 0

•236E -06  
.4 7 3 E -0 6  
.7 0 9 E -0 6  
.9 4 6 E -0 6  
. 11BE-05 
. 142E-05 
. 165E-05 
. 189E-05 
.2 1 3 E -0 5

(C)

Figure 3.6. The displacement vector flow at the lateral edge under 

harmonic excitation (20V input) (a) 75kHz, (b) 83.13kHz 

and (c) 98kHz by finite element (-> indicates fixed-point 

location).
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Figure 3.7. The mode shape under harmonic excitation (20V input) (a) 

75kHz, (b) 83.13kHz and (c) 98kHz (vindicates fixed-point 

location).
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Figure 3.8. The 3-D displacement profiles for checking standing wave 

existence (it is identical to Figure A.5(a) for convenient 

explanation).
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Figure 3.9. The displacement profiles (z dir. view) under audible 

frequency excitation (a) lk-4kHz, (b) 5k-8kHz, (c) 9k-12kHz, 

(d) 13k-16kHz and (e) 17k-20kHz by finite element 

simulation.
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Figure 3.10. The displacement vector flow under audible frequency 

excitation (a) lk-4kHz, (b) 5k-8kHz, (c) 9k-12kHz, (d) 

13k-16kHz and (e) 17k-20kHz by finite element simulation.
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45kHz

Figure 3.11. The displacement profiles (z dir. view) under lower 

ultrasonic frequency excitation: 35kHz, 45kHz, 55kHz and 

65kHz by finite element simulation.

35kHz 45kHz

55kHz

Figure 3.12. The displacement vector flow under lower ultrasonic 

frequency excitation: 35kHz, 45kHz, 55kHz and 65kHz by 

finite element simulation.
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Chapter 4 Transfer Function of the Ultrasonic 

Motor

4.1 Introduction

In the past two decades, much attention has been paid to the 

application of piezomotors. Although many researchers [115]-[119] 

have obtained impressive results using ultrasonic motors, they have not 

explicitly derived a related mathematical model for the motor. Im and 

Atluri [144] developed several analyses and numerical models to analyze 

the integrated structures. Most of the numerical models were based on 

simplified structures under simple loading conditions. Tomikawa et al. 

[116] were the first to turn a prototype of a traveling-wave-type ultrasonic 

motor into a practical application. Fleischer et al. [117] developed a new 

motor concept that allowed for a bi-directional piezoelectric single 

voltage. However, they presented the basic design concept based on the 

ideal formation of a stator tip trajectory without considering the dynamic 

characteristics of the stator and the contact behavior of the bimodal motor. 

Carotenuto et al. [118] and Lamberti et al. [119] presented a new motor 

with different energy-transfer mechanisms that can transform the 

antisymmetrical rotating strain of the central plate in a processional 

motion of a mechanical axial that acts as a displacement amplifier. The 

analytical model for rotational speed and torque prediction was simplified 

without considering piezoelectro-mechanical interaction. Two-stage 

energy conversion is a common feature in piezomotor applications. First, 

the piezoelectric actuator converts electrical energy into high-frequency 

mechanical vibration. Usually, there are some coupling vibrational modes
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that exist in this stage. Second, the oscillatory energy is transferred into 

the rotary or linear motion of a driven part. The energy transformation is 

based on the contact interface between stator and rotor. Thus, a transfer 

function of the contact interface must be modeled to obtain a true state of 

energy transformation.

The transfer function analysis [120]-[121] of a stator (actuator) is a 

very important task in modifying a prototype ultrasonic motor because it 

will produce response information and a control rule [122]-[123], 

[128]-[135]. Hagood et al. [120] modeled a type of rotary ultrasonic 

motor for the purpose of predicting motor performance as a function of 

design parameters. The Rayleigh-Ritz method, a mode energy method, 

was used to mode the distributed piezoceramics and the traveling-wave 

dynamics of the stators. The forcing function, including non-linear 

normal and tangential interface forces between stator and rotor, was 

established to acquire the relative dynamic characteristics. Hargerdon and 

Wallaschek [121] have taken into account how the interfaces between the 

stator and rotor affect the amplitude of the traveling-wave within the 

stator. This amplitude determines the torque and speed characteristics of a 

stator. Lin et al. [127] modeled the transfer function of PZT phase 

modulators used in optical fiber sensors. The transfer function included 

the interaction between the vibration mode of a PZT ceramic shell and the 

sensing mechanism of the optical fiber. The frequency response, phase 

delay and output voltage were obtained by deriving the transfer function. 

Yang and Mote [122] proposed an approach for stabilizing flexible 

structures with non-collocated sensor-actuator pairs by introducing a time 

delay element into the transfer function of the controller. Yang and Mote 

[123] used the transfer function to design a controller for active vibration 

control of an axially moving string. They showed that by introducing a 

specific time delay into the transfer function of the controller structure, all



the vibratory modes can be stabilized and spillover instability can be 

avoided. Chung and Tan [128] proposed controlling the transverse 

vibration of an axially moving structure by using transfer function and 

wave cancellation concepts. Datko et al. [129] investigated the effects of 

time delays in boundary feedback stabilization schemes for the transfer 

function of a control system. Wie and Bryson [130] studied the effect of 

actuator and sensor location on the transfer functional zeros using 

uniform bars and beams as generic models of flexible space structures. 

Alii and Singh [131] used information about the poles of the open-loop 

transfer function of the wave equation to design the exact time-optimal 

controller. Pan and Chao £132] proposed a technique for generation of the 

root-loci of a distributed actuator and sensor system. Alii and Singh [133] 

developed a technique for determination of the optimum gain, which 

results in the close-loop poles being located at the extreme left of the root 

locus. This technique was used to select a gain that minimizes a quadratic 

cost. Schulte and Frohleke [134] presented a parameter-identification 

method based on the transfer function of traveling-wave type ultrasonic 

motors for output control. Mass et al. [135] presented a complete 

model-based and cascaded bending-wave control scheme for 

traveling-wave-type ultrasonic motors. The principle of the new control 

scheme serves to control a resonant system related to the amplitude and 

relative temporal phase shift of the fundamental oscillation. In this 

chapter, the dynamic and contact models of [124]-[125] that used in 

development of a bimodal ultrasonic motor are followed, but a disc plate 

was used instead of a beam. We must emphasize the fact that the contact 

model of ultrasonic motors is rather complicated as many parameters 

must be taken into account. Thus, the transfer functions depend on the 

form, frequency and amplitude of the stator vibration, the stiffness and 

damping of the contact layer, the flexibility of the rotor, the normal



pre-load force, the static deflection of the stator and rotor, and frictional 

characteristics of the contact materials as well as the their surface 

topology and microstructure. Furthermore, most material properties 

strongly depend upon temperature and manufacturing tolerances 

concerning the flatness and alignment of the contact surface. Apparently, 

it is very difficult to include all of these aspects in a single, general 

contact model. Therefore, one of the most important questions relating to 

modeling the transfer function is how much force and power can be 

delivered and what form the torque curve will take. So, in deriving the 

transfer function of the proposed motor, our emphasis will focus on the 

estimation of these dynamic characteristics.

This chapter deals with the transfer functions of the ultrasonic motor: 

stator and stator-rotor energy transformation. The objective is to initiate a 

mode that can produce certain relative dynamic responses in the proposed 

motor. The emphasis is still on the asymmetrical simple support 

(120°-90°-150°) [17] boundary condition of the stator, which induces a 

lateral elliptical motion and generates torque [see Figure 4.1] to rotate the 

rotor. The performance will be parameterized by system inputs in an 

attempt to obtain an optimal operation configuration. The transfer 

function model of the piezoelectric ultrasonic stator based on the lateral 

elliptical motion is derived for the control application and certification of 

its load-characteristic parameters and also predicts the motor performance. 

On this basis, we can determine whether the output of the motor will be 

stable. The contact-dynamic behaviors of the stator are also studied. 

These derived formulations in this chapter are based on the general 

concept of the constitutive laws governing piezoelectric materials which 

permit the introduction of kinetic energy, electrical energy, and geometric 

constraints relating to the deformation variables.

The transfer function models of the piezoelectric ultrasonic stator
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are to be derived by using the piezoelectric constitutive laws, with the 

intention of establishing a control scheme and evaluating its relative 

response characteristics. These characteristics include frequency response, 

phase response, transient response, stability diagram, speed-torque and 

torque-voltage. Some experimental measurements were made to check 

these analyses. The transfer function model would be a good reference for 

future prototypes of piezoelectric ultrasonic motors.

4.2 Transfer Function Model

4.2.1 Transfer Function of the Stator

For transfer function derivation, we assume that the electrode 

surface forms an equal potential surface in a thin ceramic disc bonded to 

the disc metal structure. In this condition, E3= E ,  T3 = 0 ,  Tl =crd , T2 = a r . 

In cylindrical coordinates, the piezoelectric linear constitutive equation 

[126] for the radial expansively coupled vibration of the stator is as 

follows:

= c u^i + d 3lE3 ( 4 .1 )

~d->,\Ex + £33E3  ̂ (4.2)

where Sx and Tx are the strain and stress in the circumferential direction,

D3 and E3 the electrical displacement and electrical field in the radial 

direction, cxx the compliance coefficient at a constant electrical field, d3l 

the piezoelectric constant, and sT33 the dielectric constant. Furthermore, 

from the force diagram [see Figure 4.2], we have

Fr =  2  Fp( j d 0 )  = Fgd6 = TfidrdO, ( 4 .3 )
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where Fe is a tangential force acting on the circumferential direction of 

the ceramic, Fr a radial force, h the thickness of the ceramic, dr the 

radial of a piece of the ceramic and dO the circumferential angle of a 

piece of the ceramic. According to Newton’s second law

phrdrdO — y 1 = -T x hdrdO, (4.4)
dt

where p  is the density of the stator, r the mean radius and ur the radial 

displacement. In the tiny angular displacement change situation, the 

circumferential strain is similarly equal to

S, = -  + —̂ - s — . (4.5)
r r dO r

After some manipulation from (4.1), (4.4) and (4.5), the motion equation 

for the radial displacement under an applied electrical field can be 

expressed as follows:

^  + - ^ u r = d ^ E (4.6)
dt pr cu prcn 

If the damping effect is considered, then equation (4.6) becomes

C-7)dt p  dt pr cn prcn

where a  is a damping coefficient of the stator. In equation (4.7), let 

— 0 will be applied to the disc metal structure. We assume that the

driving field is excited harmonically, then ur is time dependence as 

ure~iat where co is angular velocity. Consequently, the steady-state 

solution of (4.7) may be written as

ur = ---------^ 2 --------- . (4.8)
{ml +i —  -a>2)prc°

P

The substitutive variable co0 is the resonant angular frequency,
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given as

0)n =
^ . 2  E *pr cu

(4.9)

We also define the mechanical quality factor as

Q =<»oP
a (4.10)

In the equal potential condition, that is

Ei =V/ h , (4.11)

where V is applied voltage. Then from (4.8), (4.10) and (4.11), we have

’31

/  2 • 2  \  E  i(a>Q + 1------- 6) )prcuh
(4.12)

The delay angle of the stator phase response can be obtained from 

the complex term of (4.12) as follows:

r = -  tan-i COCOc (4.13)
Q(o>l - ® 2)

The transfer function of the stator can be obtained by replacing ico 

with S into (4.12) as follows:

G(S) = ’31

(S'2 +^-+(ol)prcflh
(4.14)

The circumferential displacement ue , can be obtained from the 

lateral elliptical motion equation [63]

ue ~ ( ^ \ | l
u. (4.15)

The substitutive variables, Ur and U0 , are given as
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(4.16)

Figure 4.1. The operational principle explanation ( -* indicates 

flxed-point location, it is identical to Figure 3.6(b) for 

convenient explanation).

dr

Figure 4.2. Force diagram of the stator.
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4.2.2 Model of the Rotor-Stator Energy Transfer

Applying a traveling-wave to the stator, the rotor of the motor will 

be animated in a lateral elliptical motion. Due to the induced motion, the 

region with a 90° included angle will make contact with the rotor. As a 

result, a contact force Fd acts on the rotor edge, as shown in Figure 2.9. 

The contact force is given as

Fd =Ve +»{Vr + VP), (4.17)

where // and VP are the kinetic friction coefficient and pre-force. The 

radial and tangential forces are as follows:

du, du, \
dr dO

+  ( l - v ) 1 8
r 89

1 du. u.
r dO r j

K=Qs LJL
r dO

du, du, \
dr dO

+ ( l - v )
dr

1 du.
(4.18)

U.

r dO r 2j

where the plate stiffness Qs is given as

Qs =
Eh2 (4.19)

12(1- v 2) ’

where E  and v are Young modules of the stator and Poisson ratio, 

respectively. The angular displacement 6 of the rotor is a function of the 

applied torque xd, as follows:

JO = Jd)R = rd = Fdr , (4.20)

where J  = is the rotor moment of inertia with respect to its central

axial, m the rotor mass and r the rotor radius. The torque-angular 

displacement transfer function in terms of S domain can be obtained from

(4.20) as follows:
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where 0  and Td are Fourier transforms of 0  and xd , respectively. 

According to (4.15), (4.17) and (4.18), xd can be further simplified as

rd = K Tur , (4.22)

so that

Td( S ) - K Tur(S), (4.23)

then

Td(S) = K TG(S)V(S), (4.24)

where K T is assumed as force factor. When (4.14), (4.21) and (4.23) are 

involved in the control system of the motor, we can obtain the control 

scheme for the motor, as shown in Figure 4.3, where coR is the revolution 

speed of the rotor. The control system can be input voltage control, input 

current control, and input frequency control.

Figure 4.3. Control scheme of the ultrasonic motor.

4.3 Verification of the Model

Table 2.1 was again used to check the performance response of the 

prototype ultrasonic motor, and Figure 2.1, the configuration of the 

disc-type ultrasonic motor set up. A displacement meter was installed into



the movable base to measure the radial dynamic displacement, ur, and 

the pre-pressure acting on the rotor, as shown in Figure 4.4.

Gaug e m m

Figure 4.4. Configuration of the lateral displacement measurement.
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Figure 4.5. Transient response of the stator at 74kHz.

In the first tests, the transient responses of the stator were simulated 

by applying voltage at a 74 kHz driving frequency and 10V input voltage. 

The result is shown in Figure 4.5, from which the damping ratio of the
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stator was estimated to be about 0.2. For other driving frequencies, it near 

0.18.

Figure 4.6. Voltage response in the whole stator at 74kHz (-> indicates 

fixed-point location).
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Figure 4.7. Response of the transfer function for (a) 74kHz, (b) 84kHz 

and (c) 104kHz (analysis(—); experiment(x)).

For the second tests, the steady-state responses of the stator were 

analyzed. The laser vibrometer was used to realize voltage response of
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the stator, as shown in Figure 4.6. The result reveals that voltage response 

is uniform around the stator. However, the displacement drops are 

significant among its fixed points. Especially, there exist two fixed points 

with a 90° included angle. In this case, only 74kHz was tried. In fact, 

there would be the same voltage response at other driving frequencies. 

Figure 4.7 (a)-(c) shows the results from experimental data and 

theoretically calculated data at 74kHz, 84kHz and 104kHz three different 

resonant frequencies for the transfer function of the stator, equation (4.14). 

The results for 74kHz, 84kHz and 104kHz show a great deal of 

correspondence between experiment and theory. Thus, we confirm that 

the ultrasonic motor can be driven at 74kHz, 84kHz and 104kHz, that is, 

the outputs including revolution speed, output current and efficiency are 

at optimum. Figure 4.8 is the phase response of the stator obtained by 

superposing the desired frequency range, the detail discussions about the 

relationship between frequency and CW and CCW rotation has been done 

at Chapter 2. We also discovered that changing the exciting frequency, 

amplitude and phase will yield better performance.
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Figure 4.8. Phase response of the stator by superposing the desired 

frequency range (y-axial is the z dir. phase response degree 

of the stator, it is identical to Figure 3.1(b) for convenient 

explanation).

Thirdly, the time responses of the stator and rotor by applying a unit 

step input (74kHz) to the transfer functions of the stator and rotor were 

tested and these results are shown in Figure 4.9 and Figure 4.10. The 

results show that the maximum overshoot, peak time, rise time, and 

setting time of the stator are 36%, 55ms, 40ms and 220ms. On the 

contrary, the rotor’s are 2.48%, 3.94ms, 2.198ms and 5ms. Figure 4.9 

reveals that the stator output is stable at specified driving frequencies. 

There would be similar results for the other two driving frequencies. Thus, 

we are sure that the ultrasonic motor will have good performance at 

74kHz, 84kHz and 104kHz. Figure 4.11 shows the time responses of the 

transfer function combining the stator with the rotor, that is the motor. 

The results show that the stator dominates the ultrasonic motor. The
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reason is that the rotor is fixed except for its rotation, and it interacts with 

the stator at a contact point only. Figure 4.12 is the bode diagram of the 

transfer function for the motor. The result shows that its gain margin and 

phase margin are 25dB and 30°, respectively, and that a PI controller will 

be required to compensate for the revolution-speed error of the ultrasonic 

motor. It shall be emphasized that because tangential displacement w^and

force Fe of the stator can not be measured, they must be acquired from 

theoretical formulae when these radial displacement ur and force Fr 

are measured and put into it. So, these responses of Figure 4.9-4.12 are 

these results of experiment(measurement) with theoretical 

model(prediction). These measurement data were put into model and fed 

into “Matlab tool box” to get the response result.
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Figure 4.9. Step response of the stator at 74kHz(the result is 

measurement combining with theoretical model fed into 

Matlab).

145



x 1 0 '

(

V  0.5

Time (ms)

Figure 4.10. Step response of the rotor at 74kHz(the result is measurement 

combining with theoretical model fed into Matlab).
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Figure 4.11. Step response of the ultrasonic motor(revolution speed 

response) at 74kHz(the result is measurement combining 

with theoretical model fed into Matlab).
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Figure 4.12. Bode diagram of the transfer function for the ultrasonic 

motor(the result is measurement combining with theoretical 

model fed into Matlab).

Finally, in order to check the operation performance, the same 

driving condition as was used in the preview was created to study the 

contact dynamic behaviors between the stator and rotor. The ultrasonic 

motor used only one power amplifier to drive the rotor. Figure 4.13(a)-(c) 

shows the radial amplitude of the steady-state response. The maximum 

amplitude is about 1 iim . The rotor is placed at a position where the 

stator has a 1mm static deflection. Figure 4.14 shows the contact point 

trajectory of the stator using laser-vibrometer measurement for 74kHz.
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Initially, we marked the contact point in a static condition. It was shown 

that there exists a clearance between the stator and rotor during a motion 

period. The normal contact force in Figure 4.15 shows that the stator does 

not make contact with the rotor in each oscillating period.
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Figure 4.13.Radial amplitude of the steady state response at (a) 74kHz, (b) 

84kHz and (c) 104kHz.
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Figure 4.14. Trajectory of the contact point at the stator for 74kHz.
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Figure 4.15. The radial contact force.
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The rotor velocity performance derived through contact-ffiction 

force is shown in Figure 4.16(a)-(c). The average speed of the rotor 

decreases with time; there exist speed fluctuations within a very wide 

range, for example about lOrpm at 74kHz, 12rpm at 84kHz and 8rpm at 

104kHz in each periodic cycle. The driving conditions and structure of 

the stator cause the fluctuations. In general, the ultrasonic motor has 

non-linear speed characteristics; moreover, they vary with driving 

condition like temperature rise and pre-load change. Figure 4.17(a)-(c) 

shows the comparisons between theoretical calculation, equation (4.20), 

and experimental data. These results were measured at a constant 

interval(about 2s) by fast sweeping input power, in fact the photometer 

just picked up five speed data, other five speed data can be approached 

interpolatively. The reason for setting 2s test interval is the speed fast 

fluctuation and decay after the interval, if the test interval took longer, the 

real data would far escape to follow the theoretical model. In fact, if we 

cool the operation temperature of the stator by using air condition, they 

would have the appealing characteristics—nearly linear speed-torque 

characteristics at resonant mode operation. Figure 4.18 shows the linear 

relationship between output torque and input voltage below 10V 

operation at 74kHz. It is saturated at 10V and above. There are similar 

voltage-torque relations at 84 kHz and 104kHz.
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Figure 4.16. The rotor velocity at (a) 74kHz, (b) 84kHz and (c) 104kHz.
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Figure 4.17. Comparisons of theoretical calculation and experimental data 

for speed-torque characteristic at (a) 74kHz, (b) 84kHz and 

(c) 104kHz (analysis(—); experiment(x), the initial test 

interval is 2s).
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Chapter 5 Equivalent Circuit Estimation of the 

Ultrasonic Motor

5.1 Introduction

In Chapter 2, a new disc-type ultrasonic motor with a 

non-equal-triangular (120°-90°-150°) [17] boundary condition was 

described. The contacted point between the stator and the rotor is located 

at the middle of the circumferential edge of the 90° angle section. The 

operating mode relies on the use of non-equal-triangular boundary 

mechanism to produce a lateral elliptic motion at the contact point that 

drives the rotor by friction force. This motor has better stability than other 

surface surfing type ultrasonic motors introduced in Chapter 1 because 

the contact problem has been simplified from a large area to a single 

point.

In order to systematically analyze the behaviour of the proposed 

motor, an equivalent circuit model for the motor should be first derived. 

Because there are sufficiently applicable equivalent circuit models 

[136]-[141] to represent the practical operation of ultrasonic motors, it 

will be very useful for the prototype and the evaluation of motor 

characteristics. It is also more convenient to use the equivalent electrical 

circuit approach where both electrical and mechanical portions of the 

ultrasonic stator are represented by electrically equivalent impedances. 

This approach has distinct advantages over the direct equation of motion 

approach by virtue of the powerful methods of network theory. This 

approach is based on the analogy that exists between the electrical and the 

mechanical systems. In this method, the ultrasonic stator is no longer
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described by the complex differential equation and boundary conditions, 

but by a lumped electrical circuit. The equivalent circuit offers an 

explanatory and quick way of gaining a deeper insight into the dynamic 

behavior of the ultrasonic stator, and makes it easier to visualize 

interactions of the ultrasonic stator with external systems, such as 

electrical driving devices and wave propagation medium. The equivalent 

circuits are particularly useful for the analysis of systems consisting of 

complex structural members and coupling subsystems with several 

electrical and mechanical ports. Berlincourt et al. [142] showed the 

equivalent circuits of simple piezoelectric bars. Shuyu [143] presented an 

equivalent circuit of the vibrator consisting of a slender piezoelectric rod 

and a thin circular plate. The equivalent circuits of the rod and the plate 

were separately constructed and they were combined to build the 

equivalent circuits of the entire vibrator, which had a single electric port. 

Ebenezer [144] presented a three-port equivalent circuit of a piezoelectric 

cylinder. Chubachi and Kim [145] showed a transmission line model of a 

thickness mode ultrasonic transducer using a simplified equivalent circuit. 

Impedance and admittance matrices, which represent the three-port 

parameters, were derived and the equivalent circuit was constructed from 

these matrices. This circuit was applied to a multistack transducer and 

finally a single electric port equivalent circuit of the multistack was 

obtained. Koike et al. [146] presented a single electrical port equivalent 

circuit of the Langevin flexural transducer. Only the symmetrical 

vibration mode of the unloaded transducer was considered and the 

rotational angular velocity of one face of the transducer was considered as 

the mechanical output. Sherrit et al. [147] presented an equivalent circuit 

of an unloaded ultrasonic vibrator in longitudinal mode. Mechanical, 

dielectric and piezoelectric losses were accounted for by the imaginary 

components of the circuit parameters instead of the resistance elements.



Chen et al. [148] presented an equivalent circuit of a stacked and 

segmented ultrasonic actuator and performed the analysis of the circuit 

with PSPICE. Wang et al. [149] derived the dynamic models of ultrasonic 

actuators bonded on a beam. The axial deflection was taken into account 

and then static and dynamic capacitances were calculated. Tanaka and 

Aoyagi [150] and Aoyagi and Tanaka [151] derived a 4x4 transmission 

matrix together with one electromechanical equation and presented a 

block equivalent circuit. By using the circuit, the multilayered ultrasonic 

stator was analyzed for these different type of geometric and boundary 

conditions. A piezoelectric bending accelerometer was also analyzed 

using of the equivalent circuit [152]. The accelerometer was divided into 

several subsections and each subsection was analyzed with the equivalent 

circuit model. Cho et al. [153] presented the electromechanical behavior 

of a three-layered piezoelectric bimorph beam by using an electrically 

equivalent circuit with impedance elements. Tilmans [154] analyzed an 

electromechanical system by using the equivalent circuit. The 

electromechanical system was simplified as a lumped-parameter system 

and then calculated using the electric network theory.

This chapter deals with the development of an equivalent circuit of 

the ultrasonic motor and its application to the evaluation of its frequency 

characteristics. The equivalent circuit analysis is based on the principle of 

ultrasonic motor operations and is conducted from the viewpoint of the 

mechanic vibration of the piezoelectric ceramic disk. When an external 

electric field is applied on a piezoelectric ceramic disk, two equivalent 

vibrations will, one in the thickness direction [see Figure 5.1(b)] [155] 

and the other in the radial direction [see Figure 5.1(a)], be observed. 

However, when the thickness-to-radius ratio is very small, the extensional 

vibration in the thickness can be ignored. On the other hand, the 

tangential vibration and coupled vibration are induced due to the
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non-equal-triangular boundary condition of the stator. The 

two-dimensional equivalent circuit model for the new disc-type ultrasonic 

motor is derived based on the above considerations. The rotor is assumed 

as a rigid body, and its effect will be separately added into the equivalent 

circuit model. In this chapter, the equivalent circuits are admittance-type 

expression of a piezoelectric stator and focused on the contacted point 

between the stator and the rotor with the most significant lateral elliptic 

motion effect [156]. However, they can also be impedance-type 

expressions. The impedance-type equivalent circuits can clearly show the 

motor operation point of frequency, because its good load characteristics 

are obtained by operation at anti-resonance points. Therefore, the aim of 

this chapter is to derive an equivalent circuit model based on real 

conditions and to predict those equivalent circuit parameters. We assume 

that its rotor is rigid in order to simplify the equivalent circuit model. The 

analysis models are mainly focused on radial vibration, tangential 

vibration and coupling vibration modes due to the non-equal-triangular 

boundary condition of its stator. However, the equivalent circuits are 

better available for the contacted point between the stator and the rotor 

with the most significant lateral elliptic motion effect.

In this chapter, the equivalent circuit analysis is separated into three 

parts: firstly, the frequency switch of the piezoelectric membrane induced 

by the non-equal-triangular boundary condition of the stator; secondly, 

the elliptical motion of the metal back plate at the contacted point 

between the stator and the rotor; and, thirdly, the equivalent circuit of the 

rotor induced by friction force. The analysis models are verified and 

estimated by experimental measurements including resonance frequency, 

anti-resonance frequency, input and output currents, input and output 

voltages and resolution speed.
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Thickness Mode

( b )

Figure 5.1. Resonance modes of the disc-type stator (a) radial mode (b) 

thickness mode.

5.2 Equivalent Circuit Models

5.2.1 Frequency Switch of Piezoelectric Membrane

When an external electric field is applied to the stator which 

includes a piezoelectric membrane and a metal back plate, the resonance 

modes observed are the planar mode, the thickness mode, and a number 

of lateral modes [155] related to the regular periodicity of the 

piezoelectric disk coating on the stator. For the case that we propose, the 

thickness resonance mode will be ignored due to the negligibly small 

thickness-to-diameter ratio. In our case, however, there exist tangential 

vibration mode and coupling vibration mode due to the 

non-equal-triangular boundary condition of the stator. Thus, tangential 

strains at edge need to be considered. For the equivalent circuit model of
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the piezoelectric membrane, we assume, based on the experimental 

observations, which it is like a multi-frequency switch [see Figure 5.2]. 

These are driving frequencies, and resonance frequencies as well. The 

model is only available for the motor is running at these frequencies.

Frequency
— 1

[M ffiH h vv—
! o hit n̂r ^

phase
shifter

L
stator l :/i rotor

Figure 5.2. Equivalent circuit of the motor.

From the frequency response, we find that the resonance frequencies 

for 74kHz, 84kHz and 103kHz are caused by these standing waves 

induced from the included angels, i.e., 90°-103kHz, 120°-84kHz and 

150°-74kHz. However, the analyses for these vibration modes are 

complex. The reason is that the modal interaction must be considered. In 

Figure 5.2, Le, Cq and Rq (0=90°, 120°, 150°) represent equivalent 

inductor, capacitor and resistor for the pairs of 90°-103kHz, 120°-84kHz 

and 150°-74kHz, respectively, which are induced by wave reflecting from 

the edge of the metal back plate. These resonance and anti-resonance
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frequency between 80kHz and 90kHz are these reflecting waves from the 

three fixed points and the three included angle sections, due to their 

heavy coupling effect and nonlinear behaviour, we will not include these 

frequencies into the linear equivalent circuit models. The Le and Cq must 

satisfy the following relation,

V .  - 5 ^ .  (5.1)

where f r is the resonance frequency obtained from experimental 

measurements.

5.2.2 Equivalent Circuit of the Metal Back Plate

The equivalent circuit of the metal back plate is also shown in Figure 

5.2. It shall be noticed that the linear time-invariant model is valid under 

10V applied voltage. Lmn Cmr, and Rmr represent the equivalent inductor, 

capacitor and resistor of radial vibration at the contact point, respectively, 

and LmQ, Cmo, and Rme represent, respectively, the equivalent inductor, 

capacitor and resistor of tangential vibration at the contact point. 

Meanwhile they must satisfy the following relations,

L C =mr mr 2 r l  54
(5.2)

LmoCme ~ 4 * 2/ , 2
(5.3)

In addition, u r and ue are the radial and tangential velocities at the 

contacted point between the stator and the rotor, and the following lateral 

elliptic motion equation holds for their displacements:

ur
2

ue
L f c ) J + M =  1

(5.4)
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where Ur and U0 represent normalized quantities, and Ur ^ U d . It is

noted that r = a is the metal back plate radius. However, u r =  0,u e =0

are at the three fixed points (120°-90°-150°) [17] locations. The lateral 

elliptic motion effect is most significant at the middle of the 

circumferential edge of 90° angle section, that is, the section with the 

contacted point. The effect reduces towards, and disappears at, those three 

fixed points. Thus the equivalent circuits of the radial and tangential 

vibrations are based on the contact point with the most significant lateral 

elliptic motion effect. In Figure 5.2, the phase shifter A0 has to be equal

to That is because when ur and u0 have a phase difference of

the elliptic motion of particle displacement can be formed. We use SCR 

equivalent circuit to simulate the phase shifter AO for its phase lag 

control.

5.2.3 Equivalent Circuit of the Stator

According to above assumptions, the complete equivalent circuit of 

the stator can thus be obtained as

£ ,= £ .+  - r ^ T - >  <5-5)
mr mO

c  — ^0  + Cm6)

<5-7)
mr +  mO

where Leq , Ceq and Req are the equivalent inductor, capacitor and 

resistor of the stator, respectively. Furthermore, the equivalent admittance
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of the stator is given by

sC
Y = - ---- ----- 2---------- , (5.8)
^  s2LeqCeq+sCeqReq+\ '  }

where Yseq is the equivalent dynamic admittance under resonance 

frequency driving. So 5 can be replaced by j l r f r , where f r is the 

resonance frequency or driving frequency.

The mechanic force outputs of the stator can be obtained by

(5-9)
mr

Fe = ~ ~ ,  (5-10)
^md

where Fr and Fe are the radial and tangential force of the stator at the 

contact point. It is noted that the vibration velocity and force have a phase 

difference of ^  when Req = 0 . The summary force is equal to

4 F r  +  P i  ■

5.2.4 Equivalent Circuit of the Rotor

The complete equivalent circuit of the rotor is included in Figure 5.2. 

Lr is the equivalent inductor of the rotor. Under consideration of the rotor 

transient response, it is as the following

Lr = ArJ , (5.11)

where Ar is the transfer factor, which is assumed as 1, and J  = the
2

rotor moment of inertia with respect to its central axial, m the rotor mass 

and r the rotor radius. The equivalent capacitor of the rotor is neglected 

when the rotor is considered as a rigid body. Rr represents the equivalent
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resistor of the rotor. Dr represents the direction restriction. Rr and Dr 

are used because the torsion vibration has the role of generating rotational 

force on rotor, and its energy is dissipated by rotor rotation.

The transfer ration between the stator and rotor is given by

n = K F  +Fc) + Fg ' ^  ^

P r  +F]

where n  is the friction coefficient, which is assumed as 0.01, which is a 

typical value. It is noted that Fc , the pre-pressing force, must be included. 

The output torque of rotor induced by friction force can be obtained by

Td =[M(Fr +Fc) + F0]R. (5.13)

Finally, the equivalent admittance of the rotor is given by

Y,„=-------^ --------, (5.14)
? r tF r +Fc) + Fe ’

where coR is the revolution speed of rotor. These equivalent admittance 

responses of the motor for both transient and stationary cases will be 

detail described by PSPICE equivalent circuit simulation at the following 

sections.

5.3 Motor Characteristics Estimation

The equivalent circuits are very useful to estimate the motor 

characteristics in coupling vibrations. To test whether the previously 

derived models are good mathematical descriptions of the actual motor, it 

is necessary to conduct numerical analysis and experiments for the 

proposed motor. A dynamic analyzer, power meter and photometer as 

shown in Figure 2.1 are used to measure these responses and parameters. 

The material of the piezoelectric ultrasonic stator is PZT-5H membrane
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with metal back plate. In order to measure the admittance response, the 

input sinusoidal electric signal applied to the stator must be small and 

non-linear effect is to be avoided as much as possible. In our design, only 

driving frequencies are considered. The reason is that they have high 

electro-mechanical coupling efficiency, high sensitivity and low loss even 

they are not fundamental modes. Figure 5.3 shows the electrical 

admittance response from the dynamic analyzer results.

a>o
c .

8.47 .4
x 10Frequency (Hz)

Figure 5.3. The electrical admittance response from dynamic analyzer 

measurement (x axial is algorithm scale).

First, the equivalent capacitance of stator from equivalent circuit 

analysis can be checked by the resonance frequency and anti-resonance 

frequency in Figure 5.3. The relationships are given by

Ce,=Cd£ ^ f i - ,  (5.15)
J o

where f Q and Cd are the anti-resonance frequency from measurement
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and piezoceramic clamp capacitance, respectively. Furthermore, the 

equivalent admittance of stator is given by

Ym = T->  (5‘16)
out

where iout is the measured output current, and Vout the measured output 

voltage. Equation (5.16) is equivalent to (5.8). Thus Req can be acquired 

from equation (5.8), (5.15) and (5.16). However R0 , Rmr and Rme are 

the coupling effect of Req, and they cannot be obtained separately. 

Secondly, iout has the following relation

=4("r+"«)» (5-17)

where At is transfer factor, which is assumed as 1 so the vibration speed

can be equivalent as a output current. iout is known, and u r can be 

obtained from the experimental measurement [see Figure 5.4]. Therefore,

ue can be also obtained from Equation (5.17). In addition, Vout also has 

the following relation

r -  , (5-18)

where Av is transfer factor, which is assumed as 1. Vout is known, and 

Fr can be acquired from the experimental measurement [see Figure 5.4]. 

Therefore, F0 can be obtained from Equation (5.18). According to the 

above derivations, together with Equations (5.9) and (5.10), Cmr and 

can be calculated, then Lmr and Lm0 can be obtained from Equations (5.2)

and (5.3). Furthermore, substituting these parameters into Equations (5.5) 

and (5.6), L0 and C0 can be obtained. Substituting L0 and C0 into

Equation (5.1), the resonance frequency can be calculated and verified. 

The computed and measured results are listed in Table 5.1. It shows that
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the measured frequencies are in good agreement with the computed 

results.

Table 5.1. Driving frequency comparison between calculation and
measurement.

Driving frequency 

Is'(kHz) 2nd (kHz) 3rd (kHz)

Calculate 73.52 83.41 102.31

Measure 74 84 103

Error(%) 0.65 0.70 0.67

Finally, the motor output power is given by

(5-19)

and its efficiency is calculated from the following

7= ^% -, (5.20)
/. V-in in

where iin is the measured input current, and Vin the measured input 

voltage. Table 5.2 shows the motor efficiency value under its driving 

frequencies. The efficiency is very low due to it being one single contact 

point and just using one of all standing-wave-energy envelopes inside the 

stator, meanwhile the stator is a commercial buzzer device, in fact, itself 

has lots acoustic energy loss but it is cheap. It is noticed that possible 

errors exist in the parameter derivations in the above equivalent circuits. 

That may be due to the following reasons: (1) The standard material 

parameters are different from the actual values in the experiment; (2) The 

existence of the scattering effect comes from the non-equal-triangular
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boundary locations. Table 5.3 lists the simulation parameter value for the 

equivalent circuit model of the stator. The parameter value for the 

equivalent circuit model of the rotor between calculation and 

measurement is shown in Table 5.4.

Table 5.2. Motor efficiency measurement value under driving frequency
condition.

Driving Frequency
Input 

Power(m VA)

Output 

Power(m W)

Efficieny

*l(%)

l- (74kHz) 10 1.2 12

2nd (84kHz) 10 1.3 13

3rd (103kHz) 10 1 10

To show these results of the time evolutions of simulated responses 

for both transient and stationary cases, we use PSPICE circuit simulation 

to check the equivalent circuit of the motor for its transient and stationary 

response, Figure 5.5 shows the simulation result under 1 ms delay 

switch-on time for transient and stationary response of motor for 74kHz 

driving. The simulation results for 84kHz and 103kHz are similar to 

74kHz. The simulation results show that the frequency switch on time 

would have only a effect of delay output, the stationary outputs still are 

sine output due to resonant driving.
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Table 5.3. Simulation parameter value for the equivalent circuit model of
the stator.

Simulation
parameter
Q 77nF
L9Q0 2.2mH
A 200 1.9mH
A  50° 1.6mH
c 90° 2.124nF
r 120° 1.8666nF
c 150° 1.5172nF
RgQO 675.0482 Q
R\20° 676.7037 Q
A s o ° 678.965 Q
-̂ W90° 770.95pH
Awrl20° 717.98pH
A w l  50° 511.63pH
c mr 90° 6mF
c mr 120° 5mF
r mrl50° 4.7mF
Rmr90° 238.97uQ
R-mrl20° 252.63uQ
Rmrl50° 220.74uQ
Lm90° 101.54pH
c m90° 45.6mF
Rm90° 31.475uQ
Rr90 0 23.897uQ
A l 2 0 ° 122.68pH
c ml 20° 29.3mF
Rml20° 43.167uQ
A l 2 0 ° 30.315uQ
Ai150° 78.039pH
r ml 50° 30.6mF
A i150° 33.67uQ
A l 5 0 ° 28.696uQ
A 5.6349uH
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Table 5.4. Parameter values for the equivalent circuit model of the rotor 
between calculation and measurement.

Calculation Measurement
p 0.01

Fe{N)(90°) 3.5xl0~3
F.(N)(120°) 3.4xl0~3
Fe{N)(150°) 2 .6xl03
Fr(N)(90°) 0.05
Fr(N)(120°) _ ______^ ---- ^ 0.04
Fr{N)(150°) 0.03

Fc{N) 0.1

(A) citcuit-74It-ims

lOV t

-107
°  V(V1:+)

10V

- 10?
7 (01:2)

107

u s j a j a a s j a l

\  \  i  \ !  \  1 \  i

-107

107

-107

1.060ms 1.080ms 1 .100ms1.040ms

Time

Figure 5.4. PSPICE circuit simulation of the motor for its transient and 

stationary response for 74kHz under 1ms delay switch-on 

time (VI: input voltage; U l: switch-on input voltage).
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Chapter 6 Speed Control of the Ultrasonic 

Motor by Using a Current 
Controller

6.1 Introduction

Ultrasonic motors usually are required to drive at low input power 

yet to produce maximum efficiency. However, ultrasonic motors inherit 

nonlinear speed characteristics that vary with driving conditions such as 

rising temperature and changing pre-load. Also the structure of the stator 

would cause speed fluctuation. Thus, it is necessary to exhibit the 

efficiency characteristic of an ultrasonic motor and to drive the motor at 

its maximum efficiency point with a control scheme. Use of adjustable 

speed drive system to raise the efficiency of an ultrasonic motor has been 

considered for a long time [157]. Reference [158] presented a speed 

control method for ultrasonic motors by using pulse width modulated 

(PWM) control scheme of dc voltage source combined with drive 

frequency control, in order to realize the speed control at maximum 

efficiency. [42] proposed some frequency tracking control plans for 

ultrasonic motors, which can keep revolving speed constant using 

relationship between the generated voltage and actual motor speed.

For rotors used in a high-speed, rotational experiment, the 

controllability and efficiency have to be taken into account. So a specific 

drive circuit control technique is required. [159] and [160] propose to 

design PI controllers with the features of simple structure, stability and 

reliability, which can be well tuned. However, those controllers may not 

maintain the performance results when the plant characteristics vary.
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Several other driving circuits, using a two-phase half-bridge 

series-resonant inverter with an approximated unity switching frequency 

to resonant frequency ratio, have been reported in [35], [161]-[163]. 

However, good dynamic performance of the motor is difficult to obtain 

due to the unbalanced and peak value varying two-phase voltages. In 

recent years, some applications of fuzzy neural network systems in 

ultrasonic motor speed/position control have been reported [161]-[163]. 

For example, a hybrid adaptive-intelligent control system combining the 

adaptive control theories with fuzzy control techniques [163]-[164] or 

neural-network control approaches [165]-[166] can be used to deal with 

nonlinearities and uncertainties of the ultrasonic motor control systems. 

[167]-[168] proposed an adaptive fuzzy-neural-network control (AFNN) 

system using two inductances and two capacitances (LLCC) resonant 

techniques to control a rotary traveling wave-type ultrasonic motor. Their 

motor drive system is realized by a fuzzy-neural-network identifier 

(FNNI) to provide the sensitivity information for the drive system to their 

adaptive controller. The objective is to make the tracking error converge 

to zero to achieve a favorable control performance. However, these 

fuzzy-neural-network control models require more auxiliary circuits for 

signal processing and the algorithms will demand much DSP computing 

time. They may not be, therefore, suitable for real time industry 

applications.

In order to achieve high level of efficiency, ultrasonic motors should 

be driven at near resonant frequencies. Driving ultrasonic motors at the 

resonant and anti-resonant frequencies may reduce the load on the 

piezoceramic as well as on the power supply [12]. The parameters of an 

ultrasonic motor are all dependent on the operating temperature, running 

time, and mechanical quality factors. In addition, because an ultrasonic 

motor with two-phase construction is coupled mechanically and the
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reaction from the electrical to the mechanical part is unbalanced for the 

two phases, the equivalent two-phase loads of the rotor are unbalanced 

and the equivalent resistor values vary for different rotating directions, 

rotor speeds, load torque, applied voltages, and static pressure force 

between the stator and the rotor. Due to the above reasons, the quality 

factors of the resonant inverter in the A and B phases are not equal. 

Moreover, they are time varying and load-condition dependent. [169] 

proposed that although the quality factors of two RLC tanks vary for 

different rotating speed and are not equal, the output voltage in phase A 

and B can be maintained at the same peak voltage when the inverter is 

operated closely to the geometric frequency. In that case, the rotor speed 

is smooth and constant. However, as a result, more complex circuits are 

needed for stabilizing the variation at the output.

The ultrasonic motor proposed in this thesis deals with the 

load-unbalanced problem well, but there still exist some other variations 

such as frequency deviation and temperature rise that will directly affect 

the motor speed and output efficiency. However, these drifts have a 

common origin, i.e. related to thermal factor. The temperature rise due to 

the internal losses and friction at rotor-stator interface causes an increase 

in the compliance as well as in the blocking capacitance, which generates 

a decrease of the resonance frequency. As a result, the motor speed 

decreases if the motor is driven at a fixed frequency. So a speed controller 

is necessary to avoid the fluctuation. The development of such a 

controller is the theme of this chapter. There are usually three approaches 

to adjust the motor speed: by setting the vibration amplitude of stator, by 

tracking the driving frequency or by tracking the phase. In this research, a 

controller consisting of a voltage-controlled oscillator (VCO), a 

compensated capacitor Cs, and a differential amplifier is used to maintain
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the operation current so that the vibration amplitude of the stator can be 

maintained. Further, adjustment of the motor speed is implemented by a 

PI type speed controller which stabilizes the closed-loop system. It is 

shown that the degradation of tracking performance is significantly 

reduced by this error-driven mechanism.

6.2 Speed Characteristics of the Motor

6.2.1 Vibration Characteristics of the Stator

The driving principle of the motor is based on high frequency 

mechanical vibration, and the vibration force is generated by the 

piezoelectric ceramic located in the stator. A single-phase equivalent 

circuit model of the stator is shown in Figure 6.1. In Figure 6.1, Rt is the 

mechanical loss, Q  is the equivalent capacitance, Li is the equivalent 

inductance, Q  is the damped capacitance, and i the so-called motional 

current. To achieve high efficiency, the stator should be driven at an 

approximate frequency, which will create resonance between Q  and Lt in 

the equivalent circuit. In a complex notation, the damped admittance Yd 

and the motional admittance Yeq are given by equations (6.1) and (6.2)

Yd =jcoCd, (6.1)

\  , (6-2)
jcoL.+  + R.

jcoC,

in the resonant state, these admittance change as Yd = jco0Cd and 

— ^  , where coQ is the resonance frequency.
eq

The transfer function of the stator can be obtained [156] from

piezoelectric constitutive equation derivation as follows:



where K  is the transfer coefficient, d31 is the piezoelectric constant, coa 

the anti-resonance frequency, ur the radial vibration displacement, and 

V the applied voltage. In addition, ur has to satisfy the lateral elliptic 

motion equation [126]:

where u0 is the circumferential displacement, and Ur and U0 are to 

normalize those two vectors. Notice that in general Ur * U0 . Equations

(6.3) is linked to the transfer function model of the motor, equation (4.14), 

derived in Chapter 4. This is a second-order S domain function, in 

physical mean, it represents impendence response. So, equation (4.14) 

has to have two conjugative complex values, that is it can be separated as 

two first-order conjugative functions and their solutions must be 

resonance and anti-resonance frequency, co0 and coa, they are pair and

conjugation. Driving ultrasonic motors at the resonant and anti-resonant 

frequencies may reduce the load on the piezoceramic as well as on the 

power supply. The detail has been described at Chapter 1.

2
U_ Ua

W )_  + j f e .
“ r , U

=  1
(6.4)

v W
io o

Figure 6.1. Equivalent circuit model of the stator.



6.2.2 Revolution Speed of the Rotor

Due to the induced motion, the region in Figure 1 with a 90° 

included angle will make contact with the rotor. As a result, a contact 

force Fd acts on the rotor edge. The contact force is given as

Fd =Fe + t,{Fr +Fc), (6.5)

where Fr and Fe are the radial and tangential forces of the stator at the 

contact point, and jn and Fc are the kinetic friction coefficient and 

pre-pressing force. The angular displacement 0 of the rotor is a function 

of the applied torque rd, as follows:

JO = Jc»r = rd =Fdr , (6.6)

mf2Where J  = —y  is the rotor moment of inertia with respect to its central

axial, m is the rotor mass and r is the rotor radius, and coR is the 

revolution speed of the rotor. The torque-angular displacement transfer 

function in S- domain can be obtained from equation (6.6) as follows:

— =A -»  (6-7)Td JS 2

where 0  and Td are the Laplace transforms of 6 and rd, respectively. 

Furthermore, rd can be further simplified as

Td = K Tur , (6 .8)

where K T is assumed as force factor. Equations (6.5)-(6.8) are linked to 

the transfer function model of the motor derived in Chapter 4.
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6.3 The Control Method

6.3.1 Current Controller

For the motor under consideration, the relation between revolution 

velocity and operation current is not linear, contrary to the case of 

vibration velocity. This non-linear character is due to the presence of the 

parallel resonance phenomenon in the operation range. To obtain a good 

correlation between motor speed and operation current, a compensation 

capacitor can be added. The block diagram of the current controller of the 

motor is implemented as shown in Figure 6.2. This controller is 

composed of a voltage-controlled oscillator (VCO), a compensation 

capacitor Cs, and a differential amplifier. The voltage drop in the stator is 

divided into three parts: the voltage drop caused by the equivalent 

resistance, by the equivalent inductance and by the equivalent capacitance. 

A VCO is included here so as to maintain the output voltage at a constant 

peak value under the fluctuated-output frequency and current control. 

Because the main effect of the stator is a piezo capacitor effect, which 

always varies with frequency deviation and temperature rise that will 

affect the stator vibration velocity and cause the revolution speed 

fluctuation of the motor, the Cs and differential amplifier are added to 

maintain an operation current. With the compensation effect, the total 

equivalent impedance is equal to

* = * , - - 777-  <6-9)jaCs

Due to inclusion of the compensation capacitor Cs, the variation of 

the total equivalent impedance caused by the total equivalent capacitor 

should be zero, that is,
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I <U=*D5C1 ( 6 .1 0 )

so that Cs = Ci . In addition, C, , the equivalent capacitance of the stator,

can be measured from the experimental resonance and anti-resonance 

frequency as follows

As a result, the dynamic compensation capacitor Cs can be obtained 

from Equation (6.11) and Cd value is provided by manufacturer (see 

Table 2.1). In real condition, Cs can be realize by attaching another

same stator back-to-back the original stator and feedback signal from the 

original stator through a charge amplifier, which can change polarity, to 

the attached stator. After using the current controller, the variation of the 

displacement-voltage transfer function of the stator at a fixed driving 

frequency can be eliminated, due to its resonance and anti-resonance 

frequency being fixed. In that case, G(S)| s=j0) is approximated to a

constant gain K c , where co is a driving frequency, i.e., G(S)\ s=j0} = K C. In

addition, to avoid sudden high operational current and/or overheat which 

could damage the stator, an over-current protection circuit system is 

implemented in the feedback-control drive circuit system as shown in 

Figure 6.3.
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Figure 6.2. Block diagram of the current controller.

6.3.2 Speed Controller

Due to the fact that the speed fluctuation is time-varying and also 

depends on temperature condition, in order to effectively control the rotor 

speed of the motor, a controller is proposed in this section. Since the 

lumped dynamic model of the motor is unavailable, the gains of the speed 

controller are obtained by experimental observation and measurement. 

The configuration of the proposed speed controller for the motor is shown 

in Figure 6.3. For reliability and cost considerations in industry, a PI 

type control scheme is chosen. The parameters of the controller are tuned 

to meet the design performance specifications and stability requirement. 

Hence, when the plant parameter variations occur, the degradation of the 

tracking performance is significantly reduced by this error-driven 

mechanism set in the feedback loop. With the feedback compensation as 

shown in Figure 6.3, the forward-loop transfer function of the motor
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control system can be obtained as

( 6 .1 2 )

where K p is the proportional gain and K t is the integral gain. 

Meanwhile, the speed error transfer function is obtained by

ess =0 , i.e., the steady-state response of the error function is zero

corresponding to a step input. In the present design, the constants 

(parameters) of the controller are determined by experiences and via 

trial-and-error. For example, kp is always set as 1 due to that the main 

effect is the piezo capacitance, and &/ and kG have been tried around 

about ten times of kT as the motor power efficiency is at most 10-15%.

E(S)~ ^
1 + G'(S) JS2 + K tKpKgS + K pK jK g ’

(6.13)

ess = lim  e{t) = lim  sE(S) , (6.14)
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Figure 6.3. Block diagram of the speed-feedback control of the motor 

system.

6.4 Experimental Results and Discussions

Table 2.1 lists the parameters used in the verification of the 

performance response of the ultrasonic motor. Figure 6.4 shows the block 

diagram of the DSP-based computer control system for the motor drive. A 

TMS320C31 DSP is used to implement the closed-loop control system. A 

servo control card is installed in the control computer, which has 

multi-channels of D/A, PIO and detector interface circuits. The control 

signal processing is performed by the interrupt service routines (ISR) in 

the DSP. The interrupt intervals for the ISR’S are set at 2s. The ISR first 

reads the rotor speed from the photo detector, then obtains the Jacobian of 

the plant from the dual port RAM (DPRAM), sets the control signal and 

desirable rotor speed in the DPRAM, synchronizes the execution of the
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DSP, and performs the closed-loop compensation. In Figure 6.4, the 

inverter is a single-phase AC-DC conversion driving circuit which is 

referenced to Chapter 2. The DSP hardware and software is a commercial 

build-in function PC-based digital servo control system and is developed 

by VisSim Technology Corporation, Taiwan. It is a lab instrument of 

Associate Professor Dr. Guo-Shing Huang at Department of Electronic 

Engineering National Chin-Yi Institute of Technology Taiping, Taichung, 

Taiwan. The control strategies of the current controller and the PI type 

speed controller are both tested. In the first batch of tests, the 

compensation capacitor is experimented for 74kHz, 84kHz and 104kHz 

driving frequencies and its values are calculated according to Equation 

(6.11). The results are shown in Table 6.1 and the capacitor parameters 

are of negative values that may be due to the need to balance the parasitic 

capacitance effect.

Single-Phase Driving 
AC-DC Inverter GND

Control Computer Photo Detector
Servo Control Card

D/A
Converter

VCO
&

Driving CircuitPentium

PIOMemory

Detector
Interface

and
Timer

TMS
320C31

Rotor Speed

Figure 6.4. DSP-based computer control system.
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In the second batch of tests, the current controller is experimented. 

The aim of the current controller is to remove these undesirable effects 

and minimize any steady state error for the stator. It shall be noted that 

the vibration velocity of the stator in the contact area with the rotor 

cannot be measured because the transverse direction measurement is not 

available. Figure 6.5 show the Nyquist plots of the stator with a current 

controller is in place. Using the Nyquist stability criterion, the system is 

shown to be stable driven at 74kHz, 84kHz and 104kHz 

driving-frequencies. So the idea of implementing an indirect current 

control by means of simple compensation capacitor principle has been 

found to be effective for the stability control of the stator.

Thirdly, the revolution-speed stability is tested. We set K T = 10, 

K g =100, K P = 1 and Kj  =100. The rotor-velocity performance derived 

through contact-ffiction force with and without the PI control is shown in 

Figure 6.6(a)-(c). These experiments are conducted with the current 

controller in the loop. The average speed of the rotor without 

speed-feedback control decreases with time; there exist speed fluctuations 

within a very wide range, for example about lOrpm at 74kHz, 12rpm at 

84kHz and 8rpm at 104kHz in each periodic cycle. The rotor speed 

changes in step-like manner due to the intermit contact and detachment 

between the rotor and the stator. It should be pointed out that the rotor 

speed changes are not due to bad sampling effect. With the 

speed-feedback control scheme, the speed fluctuations have almost been 

eliminated. We thus can confirm that with a current control process 

already in place, a PI type speed controller will be powerful enough yet 

simple and thus suitable in industry to achieve transient performance 

requirements normally considered in practice. The input-output 

linearity of the total system, that is the minimal resolution of revolution 

speed, is near 0.1 rpm.
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Finally, unit step transient responses are found to check the 

performance of the system. The ability of the controllers to attenuate a 

disturbance at the input and/or to a step change in the load is examined. 

Figure 6.7 shows the test results in the cases of with the current and PI 

controllers, with the PI control but without current control, and the case 

neither the PI control nor current control is used. The results show that 

the control schemes are efficient in reducing the overshoots up to a large

percentage in comparison to the “open-loop” response, i.e. without using

the control schemes.

Table 6.1. The compensated capacitor value for driving frequency.
compensated 
capacitor Cs

_________________________(103pF)
Driving Frequency:

(kHz)
74 -4.1
84 -4.7
104 -3.6

Figure 6.5. Nyquist plot of the stator with current controller at 74kHz.
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Chapter 7 Conclusions

7.1 Summary of the Work

The research work of the dissertation follows up a novel disc-type 

stator which was proposed by a published patent [17] for prototyping the 

ultrasonic motor. Its driving frequencies and driving force can be 

predicted by using some analyses and test method. Some theoretic models 

including finite element, transfer function, equivalent circuit model have 

been derived to estimate the characteristics of the motor. Experimental 

measurement was conducted to check the correctness and fidelity of the 

theoretic models. Finally, based on the theoretic models and the 

compensated capacitance technique and commercial DSP control method, 

the rotor speed fluctuation can be minimized.

The achievement of this research work can be summarized as 

follows:

1 .Proof:

(1). According to the patent’s modal analysis and test, and we used the 

precise laser vibrometer measurement of mode motion instead of 

using carbon powder and wave propagation concept, the 

asymmetrical simple-support boundary configuration 

(120°-90°-150°) for an adaptive mechanism was proven.

(2). The relationship between contact point (rotor location) and CW and 

CCW rotation, and the relationship between frequency and CW and 

CCW rotation were proven by finite element mode interaction 

together with real inspection.

2.Theory:

(1). By modelling the dynamic formulae of the new disc-type
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piezoelectric stator in the finite element method, especially when the 

electrical term is treated as an extra mechanical degree of freedom, 

the related eigenvalue problem can be solved. The mechanical 

response under constant voltage excitation and the electrical 

impedance response and phase response are obtained. The 

experimental measurement has also been used to verify the response 

characteristics of the disc-type piezoelectric stator formulated by 

finite element analysis. It has been shown that the theoretical model 

can exactly examine the piezoelectric influence on a disc-type 

piezoelectric ultrasonic stator. It has great potential to serve as a 

design guideline for possible use in practical stator design, 

especially in the stator of an ultrasonic motor using its lateral motion. 

Boundary condition design is the successful key because it induces a 

standing wave but lets a traveling wave be partly reflected and 

mixed. It is useful in rotating the rotor.

(2). The transfer function models presented in this thesis incorporate 

these contact forces and predict the motor performance. Relative 

response measurements have been made to check the analysis results. 

From these results, the following conclusions can be drawn:

(a) The lateral displacement is determined according to the amplitude 

of the sinusoidal voltage applied to the piezoceramic.

(b) Fine-turning of input voltage amplitude, phase angle, and exciting 

frequency would yield better performance.

(c) The rotational orientation is determined by the frequency of the 

sinusoidal voltage

(d) Periodic interaction between the stator and the rotor will have 

significant influence on the trajectory of the contact point. Thus, 

to let the disc-type ultrasonic motor has better performance, the 

contact behaviour should be examined by experimental
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measurements.

(3). In the equivalent circuit analysis, the radial vibration, tangential 

vibration and coupling vibration behaviour of a piezoelectric 

ceramic stator due to the non-equal-triangular boundary condition 

has been studied. An approximate analytic method has been 

developed to analyze the complex coupled vibration and the 

equivalent circuit models for the stator using have also been 

established. The resonance frequencies can be found from the 

characteristic equation of the equivalent circuit model. The PSPICE 

is used to build up the equivalent circuit models and simulate the 

equivalent circuit components. From the above analysis, the 

following conclusions can be drawn:

(a) The frequency switch is used to restrict the equivalent circuit 

model under driving frequency condition.

(b) The lateral vibration of the stator can be divided into two 

equivalent vibrations (axial vibration is not used at the lateral 

motion): one is the tangential vibration, and the other is the plane 

radial vibration. However, these two vibrations are 

interactive/ coupled.

(c) The resonance frequencies for piezoelectric membrane, metal 

back plate and for the stator itself in the analytical method must 

be same.

(d) The present method shown in this thesis is an approximation 

method. The longitudinal vibration mode is not considered.

(e) The equivalent circuit models are based on the contact point 

between the stator and the rotor with the most significant lateral 

elliptic motion effect.

(f) The non-equal-triangular boundary condition of the stator induces 

more complicated mode-interactive behaviour and the
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complication increases with the increase of driving frequency .

(4). The rotational speed of an ultrasonic motor is related to the vibration 

speed of its stator. Because drift of the piezostator characteristics 

will cause variation of the motor speed, a controller is thus necessary 

in order to produce a constant output speed. Variations of the motor 

output characteristics will also make it very difficult to obtain the 

efficiency of the motor. The analysis points out the origins of 

possible drifts in the new piezoelectric ultrasonic motor. The speed 

control scheme is implemented by using current modulation, so the 

revolutionary speed will be kept constant.

3. Experiment:

(1). The laser vibrometer system was set up to measure the stator 

vibration characteristic parameter. From it, three-dimensional 

displacement profile, frequency response and phase response (single 

frequency) can be acquired.

(2). In Appendix A, vibration displacement and velocity efficiency were 

measured in axial vibration measurement. The results showed that 

the vibration patterns were non-uniform with Bragg scattering. From 

axial vibration measurement, the sensitivity values were also 

obtained.

(3). In Appendix A, axial vibration measurement was made to investigate 

levitation motion on the stator surface. An axial vibration levitation 

motion can be applied to linear, surfing and shaft types of 

bearingless ultrasonic motor.

(4). Dynamic response was investigated and compared with several 

analytical results mentioned above.

(5). The revolution speed was measured. During the experiment, the 

average speed of the rotor showed a decrease in the time interval.

(6). The torque acting on the rotor was measured. Furthermore, the



measurements showed that torque appeared saturated above 10V.

(7). To drive the new disc-type piezoelectric ultrasonic motor effectively 

a current controller was used to provide a constant operation current 

with a constant amplitude voltage source by using a 

voltage-controlled oscillator for the motor. In the current controller, 

a compensated capacitor is added to enhance the transient response 

and to increase the robustness of the motor drive system. 

Furthermore, a commercial Pi-type speed controller was 

implemented in the motor control loop to control the speed of the 

motor. In the closed-loop system for tracking, the error between the 

desired speed and the rotor actual speed can be asymptotically 

eliminated. The effectiveness of the controller has been 

demonstrated by experimental results.

Although the disc-type ultrasonic stator has some disadvantages 

such as the thrust force may not be steady due to friction and enclosed 

high heat from the mechanical standing waves, it may has a potential for 

application in small ultrasonic motor. It has a simple structure, simple 

driving electrical circuit and broadband operation frequency with good 

response and clockwise rotation and counter-clockwise rotation change 

by driving frequency modulation.

7.2 Future Research Direction

In the future, we plan to use thin-film PZT-on-silicon technology and 

incorporate the proposed motor into complete micro electromechanical 

systems, which will be able to upgrade ultrasonic motor speed for 

micro-robotic control application such as hard disk drive (HDD) and 

digital video drive (DVD) servo systems. The platters usually are driven
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by a spindle motor. In addition to the control for the track seeking and 

following , the HDD or DVD needs to contain a spindle velocity control 

loop. The purpose of this loop is to control the airflow over the disk in 

order to guarantee the appropriate flying height of the read/write head. 

Further expansion of the closed-loop bandwidth of the HDD or DVD 

control system may be achieved by using the so-called dual stage servos 

which consist of a low bandwidth coarse actuator and a high bandwidth 

fine actuator. The fine actuator is with a small stroke and will be able to 

be implemented by using micro electromechanical ultrasonic motor.
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Appendix A Explore Axial Vibration Levitation 

of the Ultrasonic Stator

A.1 Introduction

Piezoelectric ultrasonic stators have been routinely used as driving 

sources of ultrasonic motors. Their driving characteristics result from the 

frictional contact force between the stator and rotor. However, in addition 

to rotating a stator by contact friction, piezoelectric ultrasonic stators can 

also levitate and transport objects [170]-[174] by non-contact ultrasonic 

radiation. Hashimota and co-workerss [175]-[177] have proven that a 

10kg planar object can be levitated without a reflector. Hatano et al. [178] 

have reported that small objects of a few grams were levitated on the 

nodal points by the excitation of a standing acoustic field. Moroney et al.

[179] have proposed levitating and transporting small objects using 

4MHz ultrasonic driving frequency.

As known, the use of a contact bearing will reduce the performance 

of the ultrasonic motor due to friction loss. Through ultrasonic levitation, 

a stator can be made into a non-contact bearing-less structure with linear 

or planar motion [180]-[186]. So, the efficiency of the ultrasonic motor 

can also be raised . Since the linear ultrasonic motor has few moving 

parts and is lightweight and bearing-less, it is ideal for space applications 

where problems of bearing seizure, reliability and weight are key 

concerns [188]. Newton et al [188] have developed a type of linear hybrid 

transducer piezoelectric motor. The motor consists of a longitudinal 

actuator, which provides output displacement and force, and two 

alternating clamping actuators, which provide the holding force. This
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motor has the advantages of being lightweight, and having macro- and 

micro-positioning, large force/velocity output and less contact.

This new variation of the linear motor has numerous other 

applications. The Kurosawa linear motors [180], [182] that incorporate 

piezoelectric stacks can be driven with sinusoidal voltages at high 

frequencies to achieve a reported maximum speed of 50mm/sec and a 

maximum force output of 0.5kgf. The force outputs of both these designs 

are limited by the inability of a piezoceramic to withstand shears forces 

due to less contact. The Burleigh linear motor has been proposed [187], 

which can operates well as a micro-positioner with a maximum speed of 

2mm/sec and a maximum force output of 1.5kgf. Speed improvements 

are realized by the ability to drive lower voltage at higher frequencies. 

Helin et al [189] have presented theory, simulation results and 

experimental study of a slider displacement at a nanometer scale in a 

linear ultrasonic motor using Lamb and Rayleigh waves. They made the 

first attempt to describe the energy transfer from the acoustic wave to a 

slider. Their analysis model has shown that the mechanism is sequential 

with alternative phases of levitation and contact with step-like behavior of 

the slider velocity. Kurosawa et al [190] have demonstrated the first 

success of a linear ultrasonic motor with 10MHz Rayleigh waves. The 

slider moved in the opposite direction of the propagation through a 

frictional drive. Helin et al [191] fabricated several linear ultrasonic 

motors using Lamb and Rayleigh waves with the highest frequencies. The 

positioning of a levitated object can be accurate by means of 

time-controlled electrical excitation. A detailed description can be found 

in [192] of an interdigital transducer for Rayleigh wave excitation and 

Lamb waves. The propagation of these surface acoustic waves generates a 

retrograde elliptic motion of surface particles (see [191], [192]). By 

contacting a slider onto the substrate surface, it is pulled by the surface
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particles through friction force in the opposite direction of the wave 

propagation. Kurosawa et al [192] have proposed an X-Y linear motor 

that operates at 10MHz in two dimensions and uses a LiNb03 wafer of 

three inches in diameter. Kurosawa et al [193]-[185] have demonstrated 

the operation of an HF band (3-30MHz) ultrasonic motor at 20MHz, 

which was made possible by operating the Rayleigh wave; a type of 

surface acoustic wave was applied to the linear ultrasonic motors. 

Takahashi et al [196]-[197] have experimentally investigated the 

operation conditions and basic performance of linear ultrasonic motors 

under high-frequency operation. The most significant result of this 

research was the discovery of the high output force density of the friction 

drive. The output force density is 50N/mm . However, the actual output 

force was 1 mN because the tested slider was one steel ball. The 

maximum speed and maximum acceleration were 0.8m/s and 900m/s . 

Kurosawa and Ueha [198] and Kuribayashi and Ueha [199] have 

succeeded in the circulation of the power flow in a vibration system of a 

travelling wave type linear motor having two longitudinal vibrators and a 

flexural vibrating bar for a wave guider using an electric circuit.

In this appendix, the simple-support-structure disc-type stator (see 

Figure A .l) with three non-equal-triangular (120°-90°-150°) [17] fixed 

points at the near edge (the lateral effect of 120°-90°-150° has been 

discussed at Chapter 2) is to be studied for axial vibration levitation 

motion. An axial vibration levitation motion can be applied to linear, 

surfing and shaft types of bearingless ultrasonic motor. As shown in 

Figure A.2 [177], when a movable object is put on the stator subject to a 

travelling wave (see Figure A.3), the ultrasonic radiation between them 

can induce a levitation motion between the two. The travelling wave for 

levitation motion is obtained in a circular plate using a combination of 

several standing waves. These standing waves correspond to a degenerate
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vibration due to asymmetrical boundary reflection. Figure A.4 shows the 

displacement flow vector of the stator under 75kHz excitation from finite 

element analysis. As shown in Figure A.4, due to the circular symmetry 

being disturbed, a degenerate mode is split into several vibration modes.

Here, the appendix is to acquire the axial vibration characteristics of 

the stator by experimental measurement, and then explore the effect of 

120°-90°-150° [17] boundary configuration on the axial vibration 

characteristics, the detail about the lateral effect (radial and tangential) of 

120o-90°-150° [17] has been discussed at Chapter 2. It is noted that the 

levitation phenomena are caused from acoustic or ultrasonic radiation by 

driving the stator at acoustic or ultrasonic frequency range but the 

levitated objects are not fixed. In this research, we focus on the axial 

vibration characteristics of the stator, so no levitated object has been used. 

But it can be attempted by one finger touching. The axial vibration 

displacement and velocity patterns are acquired using the laser 

heterodyne technique. The sensitivity is also obtained from the measured 

data. Finally, we state whether it is possible to produce a levitation 

motion on the stator.
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Figure A. 1. Configuration of the stator.
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Figure A.2. Schematic diagram of ultrasonic levitation [177].
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Figure A.3. Explanation of travelling wave motion on a stator [177].
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Figure A.4. Explanation of degenerate modes on the stator where

indicates the fixed-point location (FEM result at 75kHz, it is 

identical to Figure 3.6(a) for convenient explanation).

A.2 Axial V ibration C haracteristics

The laser vibrometer was used to explore the surface vibration 

characteristics of the stator, as shown in Figure 2.12. The heterodyne
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technique was employed in the measurement system to detect the 

variations of spatial movement and phase. The stator has two ports: one 

connected to its piezoelectric membrance, and the other connected to its 

metal back plate. It is driven by using a function generator with a signal 

amplifier and is excited at three major driving frequencies, 75kHz, 

83.81kHz and 98kHz.

A.2.1 Axial Displacement Pattern

The vibration displacement of the stator surface is induced by 

flexural vibration caused from shear force and bending interaction 

between the piezoelectric membrane and the metal back plate, as shown 

in Figure A.I. Figure A.5(a)-(c) show the instantaneous vibration 

amplitude distribution of the stator in the spatial Fourier spectrum at 

75kHz, 83.81kHz and 98kHz. These z-directional displacement patterns 

are the result of standing waves combining with travelling waves. The 

travelling wave is obtained from the driving frequency. The standing 

waves result from the circumferential distance between two fixed points 

being the integer time of the wavelength of the travelling wave. The 

results also reveal that the displacement patterns are non-uniform due to 

the asymmetrical boundary condition. The effect becomes more 

significant with the increase in driving frequency. The instant maximal 

vibration amplitudes of 75kHz, 83.81kHz and 98kHz are 500nm, 400nm 

and 80nm, respectively. All of the input voltages are 20 V.
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Figure A.5. Vibration amplitude distribution of the stator for (a) 75kHz,

(b) 83.81kHz and (c) 98kHz.

Figure A.6 shows the variation of displacement with frequency 

increase (z dir.) from the analysis (Chapter 3) and experimental results, 

the applied voltage (10V) is fixed for all of the desired frequency ranges, 

and the place of measurement is located around the circumferential (90° 

included angle section) edge fro getting maximal instant displacement. 

The result shows that there will be maximal dynamic displacement near 

driving frequency. The z direction dynamic displacement of 90° included 

angle section is larger than that of other included angle sections due to 

traveling waves generated from the input signal being partly reflected and 

mixed near the stator edge.
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Figure A.6. The variation of displacement with frequency increase (z dir.)

(—, experiment; —, analysis, it is identical to Figure 3.2 for 

convenient explanation).

A.2.2 Axial Vibration Velocity

The z-direction and intensity of the particle speed at the maximum 

instantaneous amplitude of each point of the surface is shown in Figure 

A.6(a)-(c) for 75kHz, 83.81kHz and 98kHz. These velocity patterns also 

tend towards non-uniformity. The velocity variations of 83.81kHz and 

98kHz are small due to attenuation with the increase of driving frequency. 

The results also reveal that the vibration velocity has radial and tangential 

velocity components because the trajectory of the velocity at each point 

of the surface is not circular. From Figure A.6(b), 83.81kHz, the Bragg 

scattering effect seems to have occurred due to a tendency of random 

velocity distribution. The instant maximum velocities of 75kHz, 

83.81kHz and 98kHz are 250mm/s, 140mm/s and 50mm/s, respectively.
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Furthermore, Figure A.7(a)-(c) show the variations of vibration velocity 

at 75kHz, 83.81kHz and 98kHz along three different circumferential 

curves (120°-90°-150°). They have different tendencies due to 

asymmetrical boundary conditions. The results also reveal that the 

vibration velocities for the three included angle sections always oscillate 

rapidly and forcefully at the three driving frequencies. This matches the 

displacement vector flow of Figure A.4, which is caused by the vibration 

mode being degenerated and coupled. The direction and intensity of the 

particle speed on the stator surface are key factors for levitating 

capability.
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Figure A.7. Vibration velocity distribution of the stator for (a) 75kHz, (b) 

83.81kHz and (c) 98kHz.
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Figure A.8. Variation of the vibration velocity at (a) 75kHz, (b) 83.81kHz 

and (c) 98kHz corresponding to three different 

circumferential locations(here a.u., a=around, u=unit, means 

taking circumference as normal unit).

A.3 R em ark

The measurement provides us with some information, which may 

help in future work, including the following:

(a) The sensitivity values 500nm/10V, 400nm/10V and 80nm/10V for 

75kHz, 83.81kHz and 98kHz, respectively, are useful for analysing 

the transfer function of the stator.

(b) The vibration information reveals that the stator seems to be 

ill-suited for application on the linear and surfing types of 

bearingless ultrasonic motor due to the axial vibration patterns are 

non-uniform.

(c) The axial vibration velocity is high for a single particle speed. Thus, 

if the contact between the stator and rotor occurs on one point of 

the stator surface, that is a shaft-driving type, the revolution speed



of the ultrasonic motor will be high («500-1200rpm).

(d)In the asymmetric boundary configuration, due to the circular 

symmetry being disturbed, a degenerate mode is split into several 

vibration modes (radial, tangential and coupled), meanwhile there 

exist many significant standing waves on the stator surface that 

carry more kinetic energy.

(e) A same stator but with free boundary configuration, it will have a 

fundamental resonance frequency(about 7kHz) much below 

ultrasonic frequency, however, by a specific boundary constraint on 

the stator surface, the resonance frequency will be switched to 

much high ultrasonic frequency. It means that the asymmetric 

boundary configuration will affect its resonance frequency.

(f) Due to its higher mechanical resonance frequencies, the stator 

surface will have higher acoustic radiation although it is 

non-uniform.
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Appendix B Principle of Piezoelectric Material 

Properties

B.l Piezoelectric Effect

Piezoelectric materials possess the ability of producing mechanical 

work when they are electrically excited or generating energy if they are 

mechanically stressed. Elements such as tourmaline and quartz are 

inherently piezoelectric. Other ceramic elements that are not naturally 

piezoelectric, such as barium titanate, can be transformed to 

quasi-piezoelectric by poling. An ultrasonic actuator utilizes this unique 

property of piezoelectric materials and converts the ultrasonic mechanical 

energy to the mechanical thrust motion by a friction force.

J. Curie and P. Curie discovered the piezoelectric effect in 1880. 

There are certain types of crystals, when subjected to tensile or 

compressive force (or stresses) results in the crystal. Conversely, if the 

crystal is being polarized by an electric field, strains along with resulting 

stresses are created. Together, these two effects are known as the 

piezoelectric effect. In crystals which show piezoelectric properties, 

mechanical quantities, such as stress (7) or strain (S), and electrical 

quantities such as electric field (E), electric displacement (flux density) or 

polarization (P), are interrelated. This phenomenon is called 

electromechanical coupling.

B.1.1 Longitudinal and Transverse Effects

Longitudinal and transverse effects in the piezoelectric phenomena
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are particularly important. In the longitudinal effect, deformations take 

parallel to the electric axis as shown in Figure B.l(a). Figure B.l(b) 

illustrates the transverse effect deformations occurring at right angles to 

the electric axis. In practice, these two types of effect take place at the 

same time.
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Figure B.l. The piezoelectric effect: (a) Longitudinal; (b) Transverse [3].

B.1.2 Piezoelectricity

When a crystal is placed in an electric field, two types of strain can 

be observed, one is proportional to the field strength and the other is 

proportional to the square of the field strength. Strictly speaking, the 

former represents the piezoelectric effect while the latter is sometimes 

distinguished as the electrostrictive phenomenon. Practical piezoelectric 

ceramics have a complex multi-domain structure under the microscope 

and exhibit quite complex behavior. Figure B.2 is a plot of strain in the
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direction of the applied electric field (longitudinal effect) for a PLZT 

materials (the material main composites are (Pb, La)(Zr, Ti)03 [3], This 

property is referred as hysteresis as the material state is determined by its 

previous history, S  is the strain and Ec is the coercive electric field.

(3)

<i>
2

r-

<2 >

-2

Figure B.2. The dielectric strain characteristics for a PLZT piezoelectric 

ceramic [3].

B.1.2 Terminology

Polarization (P): Related to the electric displacement (electric flux 

density) D through the linear expression

Di =Pi + s0En  (B.l)

Where the subscript i represents any of the three coordinates x, y, and z, 

£0 is the permittivity of free space, equal to 8.854xl012F/m and E i is

electric field.

Permittivity (s ): Defined as the incremental change in the electric
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displacement per unit electric field when the magnitude of the measuring 

is very small compared with the coercive electric field denoted by Ec in 

Figure B.2.

Remanent polarization: The value of the polarization that remains 

after an applied electric field is removed.

Poling and switching: Poling is process by which a D.C. electric 

field exceeding the coercive field is applied to a specimen of 

multi-domain ceramic to produce a net remanent polarization. To 

understand this process in more detail, let us examine a few grains of 

crystal as shown in Figure B.3. The crystal has been initially polarized in 

the negative direction and each domain is polarized in the downward 

direction. If an electric field in the positive direction is gradually applied, 

the block will contract initially since the field opposes the polarized 

direction. As strength of the electric field increases, some of the poles in 

the grains will begin to reverse their direction. At strength of the electric 

field increases, some of the poles in the grains will begin to reverse their 

direction. At a certain voltage, the block will no longer be able to contract 

further. This electric field is known as the coercive field Ec as indicated 

in Figure B.3(2). If the field continues to increase, the ceramic block will 

start to expand. When all the poles have been reversed and the block can 

expand no further, this field is known as the £max as shown in Figure

B.3(3). If the electric field is reduced, the strain will keep decreasing until 

the electric field reaches zero. In the final state, the poles in all grains are 

reversed from the initial state and now the block has been polarized in the 

positive direction.
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Figure B.3. Diagrammatic representation of strain induced by pole

B.2 Parameters of Piezoelectric Effect 

B.2.1 Piezoelectric Strain Constant

Strain and applied voltage are proportional in a polarized crystal. 

Ignoring hysteresis effect, their relationship can expressed as 

For positive polarized state

The proportionality constant d  is known as the piezoelectric strain 

constant.

reversals in ceramic materials [3].

(B.2)

For negative polarized state

(B.3)

232



B.2.2 Poisson Ratio

Piezoelectric strain are generally small. Strain constant (d) ranges 

typically from 1(T10 to 10'12 m/V. Taking d= 10~9 for example, a voltage 

of 10,000V applied on a ceramic specimen 1cm thick creates a mere 

elongation of 0.1 /zm. Poisson’s ration is a parameter which indicates 

relative deformations in the longitudinal and transverse direction. 

Specifically, it is the ration of transverse elongation to longitudinal 

contract when a pressure is applied to a solid at a constant voltage.

The superscript denotes a non-varying parameter during state changes, 

vE is Poisson’s ration when the applied voltage is kept constant. 

Subscripts indicate axis directions for cause and effect. The numbers 1, 2, 

and 3 correspond to axes x, y, and z respectively shown in Figure B.4. S33

represents a pressure in the z direction creating a strain — in the z
*0

direction, and S3l is the strain in the x direction caused by a pressure in 

the z direction.

P ressu re

Figure B.4. Coordinate axes and corresponding subscript numbers [3].
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B.2.3 Directionality of Piezoelectric Strain Constant

If deformations are caused by an electric field, Poisson’s ration can 

not be used for determining the relative deformations. In this cause, the 

piezoelectric strain constant in the z direction is usually represented by

3̂3 ?

—  = d„E,. (B.5)
Z0

The elongation in the x direction is given by d31

B.2.4 Voltage Output Coefficients

The reverse piezoelectric effect is formulated as

E .= -g aT ,= -gnTv . (B.7)

Where T is stress and g  is called the voltage output constant (V/mN) and 

is related to d  constant with the following relationship:

f t , = V r .  (B.8)€33

&. = s
/  °3 1

Where s is the permittivity of the ceramics.

(B.9)
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B.2.5 The e-form Piezoelectric Equations

These equations express the characteristics of piezoelectric ceramics

AD = eS + sAE r m? C .D .10)
AT = cS -eA E

Where A represents variation, D  is electrical displacement, S is strain, 

r i s  stress, E  is electrical field, c is Young’s Modulus, and e is 

piezoelectric constant.

B.2.6 Coupling Coefficients k

Electromechanical coupling describes the conversion of energy from 

mechanical form to electrical form or vice versa. It is the square root of 

the ratio between the input and output energy.

B.2.7 Voltage and Stress Limits

If the applied voltage exceeds a certain level, the voltage-strain 

relationship will lose its linearity. In general, the limitation on field 

strength is typically between 500V/mm and lOOOV/mm depending on the 

poling process, the operating temperature and the duration. Shown in 

Figure B.5 is the stress-strain relation at the positive and negative voltage 

limits respectively. The parallelograms show the limits for voltage and 

force. The theoretical maximum output is obtained when the stress or 

strain follows the parallelogram’s perimeter in the plot.
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Figure B.5. Piezoelectric stress vs strain characteristics (a) without 

prestressing (b) stress limit is increased with prestressing

[3].
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