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DESIGN AND FORCE RESPONSE FOR A MESH-TYPE
ROTARY PIEZOELECTRIC MOTOR

Chong LI}, Jichun XING?

A mesh-type rotary piezoelectric motor is designed in which piezoelectric
drive principle is combined with harmonic drive and movable tooth drive principles,
and sliding friction between rotor and stator is changed into rolling meshing. And
the principle of the proposed motor is illustrated. Using planetary transmission for
reference, the dynamic models of movable tooth drive system of the motor are
established. Moreover, the forced response equations of the system are deduced. The
laws of time responses and frequency responses of the motor are revealed. Results
show that torsional vibrations displacements of central elements (wave generator,
rigid cog and rotor) are larger than translational vibration when the system
resonates. These results provide theoretical basis for improving the performance
and avoiding the resonance of the mesh-type rotary piezoelectric motor.

Keywords: piezoelectric motor, force response, movable tooth drive, dynamic
model.

1. Introduction

Over recent years, with higher efficiency mechanical transmission
required, piezoelectric driving has become a top research field [1-3]. Piezoelectric
motors have been utilized in the field such as precision actuating, accurate
positioning, energy harvesting and vibration control [4-7].

Rudy proposed a traveling wave piezoelectric motor with diameter of 3
mm [8]. Ho designed a piezoelectric screw- driven motor operating in shear
vibration modes, and the translational velocity of the motor was 2.137 mm/s when
applying 16 V peak voltage without mechanical load [9]. Besides, a traveling
wave rotary ultrasonic motor was developed by Renteria [10]. In conventional
piezoelectric motors, the driving mechanism mainly is via friction between stator
and rotor, but the contact friction results in shortened lifetimes and higher
temperature.

Hence, a non-contact piezoelectric motor was proposed [11,12]. The non-
contact motors eliminate the friction between the stator and rotor, and increase the
efficiency and lifetime. However, the output torque of it is too small to satisfy the
practical need. Therefore, a new piezoelectric motor is necessary.
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As a result, harmonic piezoelectric motor was designed and fabricated, and
the output torque of which is at approx 0.75 Nm [13]. Besides, a harmonic
piezoelectric motor which is equipped with fixed piezoelectric actuator and
displacement amplifier was developed [14]. Nevertheless, despite the high output
torque and operating life now achieved as a result of such an effort, the harmonic
gear is facing machining difficulty and expensive material, etc.

In view of that, the authors proposed a mesh-type rotary piezoelectric
motor. And the motor integrates piezoelectric drive, the movable tooth drive and
the harmonic drive principles in order to obtain a large output torque as well as a
speed reduction. Besides, the piezoelectric motor can also fill the gaps in low life
expectancy and efficiency. In addition, the rigid cog and other elements of the
motor are easy to machine with the best processing charges.

As a transmission device, vibration characteristics have a great influence
on the performance of the motor. However, few research on force response of
mesh-type rotary piezoelectric motor has been investigated up to now. So the
objective of this research is to reveal the vibration characteristics of the mesh-type
rotary piezoelectric motor.

2. Design for the motor

The mesh-type rotary piezoelectric motor shown in Fig. 1 consists of
driving system and transmission system. The working principle of the motor is
presented in Fig. 2. In Figs. 1 and 2, the driving system includes (1) piezoelectric
actuator, (2) z-shaped rod, (3) swaying rod and (8) adjusting spring. The
transmission system contains (4) movable tooth, (5) rigid cog, (6) rotor and (7)
wave generator. When the motor works, two bar-type piezoelectric actuator that
are placed at 90° to each other are utilized to drive the displacement amplification
mechanism (composed of (2) z-shaped rod and (3) swaying rod) to generate a
continuous harmonic wave at the edge of (7) wave generator. The periodic motion
of wave generator drives the movable teeth to mesh with (5) rigid cog causing (4)
rotor fit to rotation. Hence, a lower speed and a larger output torque can be
obtained.

3. Dynamic models and equations

Dynamic model of drive system of mesh-type rotary piezoelectric motor is
shown in Fig. 3. The Figs. 3(a) and (b) are the relative displacement between
movable teeth and central elements (rotor, rigid cog and wave generator) and
forces of movable tooth system, respectively. In Fig. 2, the coordinate system
OXY is attached to the foundation, oxy to rotor 4, and oixiyi to the i-th movable
tooth. Subscript s, ¢, r, p represent, respectively, wave generator, rigid cog, rotor
and movable tooth. Besides, ¥x;, yj, Uj represent X, y direction and circumferential
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direction linear displacement (j =s, c, I, p1..., P2).

s

(a) Prototype (b) Solid model
Fig. 1. Mesh-type rotary piezoelectric motor
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(a) Relative displacement (b) Forces of movable tooth system

Fig. 3. Dynamic model of drive system of the motor
From Fig. 3(a), the projection of relative displacement from central
elements to movable teeth along meshing line can be written as [15]
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5si = (Xs o Xpi )COS¢1i +(ys B ypi )Sin ¢1i +us Sin¢3i
5ci =(Xc_xpi)cosei+(yc_ypi)5in9i_ucSin¢9i (1)

5ri =(Xpi _Xr)Sin¢i +(yr o ypi)cos¢| —U,

where ¢1i= di+dsi, doi=¢i-6i. 6; is angular displacement of elements, ¢ is the angle
between line 00; and coordinate axis x direction, oon is the line from center of the
n-th movable tooth to rotor center, and ¢si is the angle between line oosi and
coordinate axis x direction, 00si is the line from center of the n-th movable tooth to
vibrator center.

From Fig. 3(b), the dynamic equations of drive system for the mesh-type
piezoelectric motor can be expressed by

m X, +st . Cosd, +k,x, =0
+st 3|sm¢1i+kszys:0
(1,707)d, —st 5, sing, +k,u, =T, /r,

mCX‘C+Zk5 cos 6, +k,x, =0

cci

Z
mcy'c+Zk 5,sing +k_y, =0

cci

(1./07), ch 5, sing, +k,u, =0

m X —Zkr S;sing +k x =0
+Zkr 5.cos¢ +k_y =0

(1, 707)u, Zkré'”—i-k u,
m, X, —K. 0, €os 6, +k 5, sing —K.5; cosg; =0
m, Y, —k.0,sin6, -k 6, cosg —k.5;sing, =0

cci

(1, /r2) (4, +;)=0
where m;, | are mass and relative mass of each element, k;, kj; and kj: represent the

mesh stiffness, radial and tangent supporting stiffness between the movable teeth
and central elements, riis theoretical radius of elements, and Ts is output torque of

()




Design and force response for a mesh-type rotary piezoelectric motor 31

wave generator.

Eq. (2) can be written in matrix form as

MG+Cq+Kag=F, ©)

where q is the generalized coordinate vector of transmission system;, M is the
mass matrix of the system; K and C is the stiffness and damping matrix,
respectively; F; is incentive force, F,=[0 0 Tssin(wst)/rs000...000]".

Assuming the modal shape matrix is Ap, then the primary mass matrix can
be expressed as m - arm, A , regular modal matrix as Aw, here, K) =0 [N From

regular matrix, the regular mass matrix, regular stiffness matrix, regular damping
matrix and regular incentive force matrix can be calculated in the forms as
MN:ALMAN’ KN:A\ITKA\I’ CN:ANTCAN’ FN:ALF'

Hence, the regular differential equation of movable tooth system can be
written as

I\/INq.N +CNqN +KNqN :FN (4)

According to Eq. (4), the i-th order regular differential equation can be

expressed by

G + 27,00y + @ Ay = Fy, ®)
where yi is relative damping coefficient, and 5, =C,, /(2¢,).

From Duhamel's integral, letting initial displacement and vector are zero,
the regular displacement response can be written as

AT
Qi = — )
Yoo [(a)z w? )2 +yl e} (;/iza)i2 +20) + 207 )}

cos a),it] (6)

+a, [(}/iza)ia)ri + ] —a)f)sin ot - 2y,0.0,0, COS a)stJ}

1771 "s

17ri

{e—yaw.ta)s [(]/iza)iz + a)rzl + a)s2 )sin ot +2y,00,

In Eq. (6), displacement response of the system contains transient response
and steady response. However, transient response decays with time quickly,
steady response exists throughout. Therefore, the steady response of the system
can be expressed by

] AT [(;/iza)ia)ri +) —a)f)sin ot —2y,0.0,0, cos a)stJ
Ni ™

r, [(a)rz. -o! )2 +yiwf (7i2wi2 + 2007 + 209, ):| )

AR B
rS

cos(at-a)

A 2 2 2
where a = arctan(——j , A= 27i W0y + O — s ,
B (a)rzI - a)sz) +77 0! (7i2wi2 +20] + 2(052)
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2y,0,0,,0, COS ot

(a)f, - a? )2 +yiw? (7iza)i2 +200 + 20)52) .
So displacement response of original coordinate can be written as
q= A0, . Applying Laplace transform to Eq. (4), the system's transfer function

can be obtained. Furthermore, frequency response of movable tooth system can be
achieved.

4. Results and discussion

In order to explore the vibration characteristics of movable tooth drive
system of the motor, the parameters of Table 1 are employed as numerical
example. Here, it should be noted that the damping of each element cg is defined
as a constant value.

Table 1
The system parameters

Symbol Rotor Rigid cog Wave generator Movable tooth

m; (kg) 1.31x10 5.64x107 2.59x1072 3.30x10°

Ij (kg) 9.34x103 8.41x107 1.30%x1072 1.32x10°

rj (mm) 15.8 16.6 145 1
kiz (N/m) 5x108 5x108 5x108 0
kit (N/m) 0 1x10° 0 0
ki (N/m) 1x108 2x108 1x108 0

4.1. Time Response of the System

When the outer exciting force Ts/rs=6.33N and exciting frequency
ws=1000rad/s are applied to Eq.(7), the steady time response of movable tooth
system can be obtained (see Fig. 4). Here, only two movable teeth are selected as
research target. From Fig. 4, it is known that:

(1) As the system is excited by harmonic signal come from piezoelectric
actuator, so response curves are sinusoid. Period of each response is the same, but
phase varies.

(2) The largest displacement (0.035mm) of the drive system for the motor
occurs in us direction of wave generator. It is because the exciting force is applied
on wave generator.

(3) Displacement of torsional vibration of wave generator is much larger
than that of translational vibration. However, the translational displacement of
rigid cog is larger than that of torsional vibration. The vibration form of rotor is
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similar with wave generator. However, the displacement between torsional and
translational vibration is smaller.

(4) When building the dynamic model of movable teeth, only two-
dimensional motion is considered, so the torsional vibrations of movable teeth are
zero. The x and y directional vibrations of 1st and 2nd movable teeth are large, but
the gap of the phase difference between x and y directional vibrations of 1st
movable tooth is 7, and 2nd one is zero.
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Fig. 4. Time response of the drive system under outer incentive
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4.2. Frequency Response of the System

The Frequency response of the system is also investigated, and its results
are shown in Fig. 5. Here, Frequency range from 0 to 1.5x10° rad/s is selected to
observe the resonance of drive system for the proposed piezoelectric motor. From
Fig. 5, it shows:

(1) When the exciting frequency is close to lowest natural frequency (2093
rad/s), elements of the drive system resonate. Moreover, amplitudes of us, Ur, Yp1
and yp2 are largest for corresponding elements. When the exciting frequency is
close to 60582 rad/s or 106758 rad/s, elements of movable tooth system resonate
as well.

(2) The largest resonance amplitude of the drive system occurs in us
direction of wave generator. In addition, for the same order resonance frequency,
the resonance amplitudes of uc and ur are larger than x; and yi. Thus it shows that
the displacement of torsional vibration is larger than that of translational vibration.

(3) For movable teeth, the resonance amplitudes of translational vibration
are larger than that of central elements (wave generator, rigid cog and rotor).
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Fig. 5. Frequency response of the drive system

4.3. Comparison and Analysis of Parameters Influence

Table 2 gives comparison of force vibration of each element, and Table 3
gives changes of resonance amplitude with parameters. They show:

Table 2
Comparison of force vibration for each element
Wave generator Rigid cog Rotor Movable tooth
M; Dir. M Dir. M Dir. Mp Dir.
2093rad/s Us 106758rad/s Uc 2093rad/s Uy 2093rad/s Yp1
Here, M; and Dir. represent vibration frequency for maximum amplitude and its vibration direction.
Table 3
Changes of response amplitude with parameters
Element fp (M) A(%)
0.5 1 15
Wave generator 0.0351 0.0352 0.0348 1.14
Rigid cog 0.0794 0.0797 0.0788 1.13
Rotor 0.2534 0.2543 0.2513 1.18
Element a (mm) A(%)
0.04 0.07 0.1
Wave generator 0.027 0.0269 0.027 0.0269
Rigid cog 0.0615 0.0614 0.0615 0.0614
Rotor 0.1951 0.1952 0.1951 0.1952

(1) For central elements, the largest amplitudes occur in tangential
direction. At 2093 rad/s, most elements except rigid cog behave primary
resonance.

(2) As radius of movable tooth rp and offset of wave generator a increase,
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the resonance displacement changes. However, the changing rate of rp is larger
than a for each element.

(3) The displacement resonance of rotor is largest whether the parameters
change or not.

Fig. 6 gives changes of torsional frequency responses with exciting forces
for central element of the drive system, it is known:

As the exciting forces grow, the amplitudes of frequency responses
increase. However, the natural frequency of the system is unchanged. It is because
the exciting forces do not change the natural characteristics. The effects of
exciting force on each element are similar.
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Fig. 6. Changes of torsional frequency responses with exciting forces

Fig. 7 gives changes of frequency responses with meshing stiffness of the
rotor. It shows:

(1) As meshing stiffness of the rotor grows, the resonance frequency
increases. The increment of frequency is larger when the meshing stiffness is
smaller.

(2) The resonance amplitude of elements is smallest at ke = 1x10° N/m.

(3) The meshing stiffness affects the resonance frequency and amplitude at
the same time. The reason is that the meshing forces increase with the changes of
the meshing stiffness. And then the natural frequency increases with stiffness
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proportionately. As the natural frequency increases, the modal shapes of movable
tooth drive system change. These are the reasons for the change of resonance

amplitude.
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Fig. 7. Changes of frequency responses with meshing stiffness of rotor

6. Conclusions

In this paper, a mesh-type rotary piezoelectric motor is proposed, and the
working principle of the motor is illustrated. Besides, the dynamic models and
equations of drive system for the proposed motor are established, and the force
responses are investigated. Through theoretical research and numerical analysis,
the laws of time responses and frequency responses were studied deeply. Results
show:

(1) The displacements of torsional vibrations of central elements are larger
than that of translational vibration when the system resonates.

(2) The largest amplitudes of elements occur in tangential direction.

(3) The displacement resonance of rotor is largest whether the parameters
change or not.

The study of vibration characteristics of the motor can provide theoretical
basis for parameters optimization of the mesh-type rotary piezoelectric motor.
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