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Non-linear Dynamic Analysis of Travelling-Wave-Type Ultrasonic Motors

Yosuke NAKAGAWA, Akira SAITO, Takashi MAENO

First, transient response of a bar-type ultrasonic motor is measured using laser-doppler-velocimeter in
order to show the relationship between input parameters and the non-linear dynamic characteristics. Next,
dynamical model of ultrasonic motor is constructed. The piezoelectric ceramics and stator’s vibration are
modeled as a second order system considering non-linear terms at piezoelectric ceramics and elastics of
metal part of the stator. At the interface between the rotor and stator, three-dimensional discrete model
using springs and dampers at the contact surface is introduced in order to calculate the friction force
between them. Coulomb’s friction model was introduced considering stick-slip at contact area. , As a result,
the validity of the mathematical model was confirmed by showing that simulation results are in good

agreement with those obtained by measurement.
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Table 1 Researches on modeling of ultrasonic motors

Piezoelectric Nonlinear ~ Consideration Model of .
conversion Vibration of stick-slip contact area Dynamics State
Maeno 92 X X O Multi point X Steady
Hagood 95 O X X Multi point O Steady
Tsai 03 O X X Multi point O Non-steady
Gutschmidt 04 X X O Single point O Steady
Proposed model O O O Multi point O Non-steady

(a) Overall view

(b) Cross section
Fig. 1 Structure of a bar-type ultrasonic motor
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Fig. 2 Vibration-mode of a bar-type ultrasonic motor
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Fig. 3 Transient response of the rotor/stator
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Fig. 4 Measured dynamic characteristics
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Fig. 5 Mathematical model of ultrasonic motor
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Fig. 6 Frequency characteristics of stator
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Table 2 Parameter used in the calculation

Parameter Description Value (unit)

R, Radius of stator 446x10%m)

Re Radius of rotor 5x10%(m)

I ly Inertia (xy) of stator 26x10° (kgn)

I, Inertia () of stator 1.05x10° (kgn)
Iy Inertia of rotor 2.26x10% (kgn)
m Mass of rotor 21x10° (kg)
kok, ~ stifffiess(x,y) of stator 137x10° (Nm/rad)
k, Stiffness (z) of stator 34x10°(Nmvrad)
GGy Damping (X, y) of stator 0.1422(Nm-s/rad)
o8 Damping (z) of stator 04513(Nm-sfrad)
d 3rd order stiffness of stator -75x10° (N-mirad)
k, Vertical stifffiess of rotor sprong 49 x10" (Nim)
ke Radial stiffness of rotor spring 4.3x10" (N/m)
k, Rotor rotational stiffness 38x10° (N/m)
€+G,C,  NonHinear damping coefficient 10%(N-gi)

Hs Static coefficient of friction 05()

Hd Dynamic coefficient of friction 05()

Ok — 252x10° (VIN/m)
Bor — 119%x10° (VI
G Damping of rotor 10% (N-m-grad)
M Constant of frictional torque 1x10* (Nm)
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transient response of the rotor

L7z, [0 T A—421T, [FEFORREB LD
HENSHE L. IELE ST A—ZDflEE 2
(R

5. ETILORGE

WE LTV EANT, WS E O HR A
7oz, BYATIE, FHUIEEE FERICAIRE 23—
A MRICHUINL, T4 O, « (=1L 518
WEIEZFHE Uiz, 7oks, B O2EEL n X 256
L7 n OfflE, ZhU A RE < LTHEN
FEAEB LR K D R RE REAIERAT
AT » 7 At 12 05ps & L7z, At Offix, Tk
HEE NS L THIENEEAER L LN H 72
Foy NS 7 A TRATE.

FHERERO—BIZK 1@, X 7T@1E, FN
BEORIEZ 15Vpp, (fHAE% 90deg & L CJEHK
B2 S W55 OElE - OREOEIETH 5.
o712, X 70) [CEHIEE R AR, X7 &
v, EH) - AFIERAC I 2 Rl - Ol R L O
FRERIT, FHARSRE LB LR 2 LT
D ENDND. KRS, [RHEEOEF RS LY
ATNEIERED G [lE 2 (R &£ CORBREOFH AL

— 713 —



TE AT I R 3 IR — Z O FE R T B A ML AR AT

Steady rotational speed

365 367 369 371 373 3
Frequency (kHz)
(a) Steady rotational speed
1.2

15V

13V 11V

12V

Overshoot
=
(=2}

04 17v
0.2
0
36.5 36.7 36.9 37.1 37.3 3

Frequency (kHz)
(c¢) Overshoot

i

0.006
0.005
0.004
0.003
0.002
0.001

3

0
36.5

Delay time (s)

367 369 37.1 373

Frequency (kHz)
(b) Delay time

0.006
0.005
0.004
0.003
0.002
0.001 |

0
36.5

Stopping time (s)

36.7  36.9 37.1
Frequency (kHz)

(d) Stopping time

37.5

Fig. 8 Calculated dynamic characteristics
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