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Abstract: In order to promote the tolerance and controllability of the multi-degree-of-freedom (M-DOF) ultrasonic motor, a novel
two-degree-of-freedom (2-DOF) spherical ultrasonic motor using three traveling-wave type annular stators was put forward. Firstly,
the structure and working principle of this motor were introduced, especially a spiral spring as the preload applied component was
designed for adaptive adjustment. Then, the friction drive model of 2-DOF spherical motor was built up from spatial geometric
relation between three annular stators and the spherical rotor which was used to analyze the mechanical characteristics of the motor.
The optimal control strategy for minimum norm solution of three stators’ angular velocity was proposed, using Moore-Penrose
generalized inverse matrix. Finally, a 2-DOF prototype was fabricated and tested, which ran stably and controllably. The maximum
no-load velocity and stall torque are 92 r/min and 90 mN-m, respectively. The 2-DOF spherical ultrasonic motor has compact

structure, easy assembly, good performance and stable operation.
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1 Introduction

Using the converse piezoelectric effect of
piezoelectric ceramics, ultrasonic motor changes the
microscopic transformation of elastic materials into
macroscopic motion of the rotor. Ultrasonic motor has
many special features, such as low speed, high torque,
fast response, high resolution, high power density and no
electromagnetic interference [1]. As a result, ultrasonic
motors can replace some low-power electromagnetic
motors in practice, showing wide application prospects.

The traditional single-DOF motion is difficult to
fulfill the rising of industry’s requirements for
electromechanical equipment. The electromagnetic
multi-degree-of-freedom (M-DOF) motors generally
desire more complex structure, difficult manufacture and
control, high cost, also more complicated gearing [2].
Japanese scholars firstly proposed the use of ultrasonic
motor for driving M-DOF motion.

M-DOF ultrasonic motor has merits of high
mechanical integration and various realization forms of
output motion. In recent years, researchers have
proposed a series of structural forms of M-DOF
ultrasonic motors, which mostly have a spherical rotor.

According to the shape of the stator, the M-DOF
spherical ultrasonic motors can be divided into four
categories: the cylindrical stator, the plate-shaped stator,
the bowl-shaped stator and the annular stator, which are
widely used in the fields of micro-robotics [3], medical
equipment [4], and detecting device [5]. The cylindrical
stator structure was made firstly by AMANO et al [6].
The Langevin transducer is used to sandwich three
groups of piezoelectric ceramics. With a combination of
two orthogonal bending vibration modes and a
longitudinal mode, the spherical rotor generates 3-DOF
motion by friction drive of the stator. Subsequent
scholars adopted similar ideas for structural
improvements and performance optimization [7—9], but
the output torques of these motors are generally small.
AOYAGTI et al [10] invented the motor with a plate-
shaped stator. Thick PZT and electrode were coated on
aluminum plate (as the stator), and a short cylinder was
bonded in the center of the aluminum plate to support
and drive the rotor. The motor operates in the three
torsional modes of the aluminum plate. TING et al [11]
reported a bowl-shaped stator structure of the motor. The
cross-shaped piezoelectric ceramics were bonded to
external surface of the bowl-shaped stator. Two or three
degrees of freedom motion depend on the choice of
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vibration modes. In some extent, the efficiency of such
motor is relatively low, moreover, the fabrication and
control are relatively complex. The concept of annular
stator was proposed by TOYAMA et al [12], and it was
applied for 2-DOF ultrasonic motors with two or four
stators. In the latter motor, two pairs of vertical stators
were used to clamp a spherical rotor, and the axis of
opposite stators should go through the centre of rotor.
Later, a 3-DOF ultrasonic motor with three stators and its
drive model were obtained [13—14]. Three stators were
made an angle to the x-y plane and located at 120°
intervals around the z-axis. Using the travelling-wave
type annular stators, HU et al [15] and FU et al [16] from
Zhejiang university (China) successfully developed
2-DOF and 3-DOF spherical ultrasonic motors. After
some comprehensive comparison, the structure of
annular stators is considered as the main direction of
M-DOF spherical ultrasonic motor, which is also the
research object of this study.

In this work, based upon the ideas from the
structure of 3-DOF spherical ultrasonic motor with three
stators, the axis of three stators were arranged in the
same sphere section, making the motor degenerate into
2-DOF from 3-DOF motion. This novel 2-DOF spherical
ultrasonic motor with three stators had good tolerance
due to adaptive adjustment ability of the spiral spring.
Firstly, the structure and working principle of the motor
were introduced. Secondly, the friction drive model was
derived and characteristics of the motor were analyzed.
Thirdly, an optimal control strategy for minimum norm
solution of three stators’ angular velocity was proposed
to improve the controllability of the motor. Finally, a
2-DOF prototype was fabricated and tested.

2 Structure and working principle

Figure 1 shows the structure of the 2-DOF spherical
ultrasonic motor. The motor mainly consists of three
stators, a spherical rotor and a preload loading
mechanism. The axis of three stators is arranged in the
same sphere section, making the motor degenerate into
2-DOF from 3-DOF motion. The rake angle on outer
edge of stator can be adjusted to a desired resonance
frequency, and stator contacts with spherical rotor on
inner edge to improve the efficiency of energy transfer. A
d 40 mm Si3N4 ceramic sphere with lighter mass, better
wear resistance and wear non-oxidizability compared to
the steel sphere is selected as the spherical rotor. Preload
loading mechanism consists of spiral spring, spring
sleeve, spring seat and side cover, and the assembly of
those components is shown in Fig. 2. The annular stator
is fixed to the centre hole of spiral spring, and three pins
of the spiral spring are fixed to the spring sleeve that
could move axially in the spring seat. Spring seat is

Stator 3

Fig. 1 Sketch of structure and working principle of 2-DOF
spherical ultrasonic motor

Side cover

Spring seat

Spring sleeve
Spiral spring

Stator

Fig. 2 Preload loading mechanism and its components
assembly

mounted on the base. By screwing the side cover, the
displacement of the spring sleeve could be adjusted, and
then the spiral spring is compressed, so the preload
between the stator and rotor is controllable.

Due to the fact that the amplitude of vibration is
only few microns when travelling wave type stator is
working, inner edge of stator should be kept in touch
with spherical rotor closely. Limited by the precision of
fabrication and assembly, it is difficult to fully guarantee
that the axis of three stators could stay in the same plane
and go through the globe of rotor simultaneously. The
adaptive adjustment mechanism of spiral spring is
introduced to provide the uniform preload, which not
only ensures the axial preload, but also overcomes the
shortage of micro deflection of the stator’s axis. The
material of the spiral spring is 65Mn steel, the toughness
and fatigue resistance of which are enhanced after
hardening and drawing temper. Each spiral spring has
three Archimedean screws to be stressed uniformly at the
center hole so that it may obtain similar torsional
stiffness. So, the spiral spring could ensure the annular
stator and spherical rotor center automatically to increase
the tolerance during the assembly process of the 2-DOF
spherical ultrasonic motor. The spiral spring that directly
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affects the output performance of the spherical motor is
one of the key components in such design.

When one stator is excited by two sinusoidal signals,
the temporal and spatial phase shift of which are both
90° and the remaining two stators are excited by standing
wave signals, the particle on surface of inner edge of the
first stator could frictionally drive the spherical rotor to
rotate around the stator’s central axis. By changing the
amplitude and phase shift of excitation voltage, the
velocity and direction of the rotor’s motion can be
controlled. This is the basic working principle of the
2-DOF spherical motor with three stators. If three stators
are excited simultaneously according to a certain optimal
control strategy, the spherical rotor can rotate in any
direction of the x-y plane smoothly and efficiently.

3 Friction drive model

The spatial geometric relation between the stator
and rotor of 2-DOF spherical ultrasonic motor is shown
in Fig. 3. The origin O of basic coordinate system
20o(Oxyz) locates at the centre of spherical rotor; R stands
for the radius of spherical rotor; S stands for the contact
circumference between the stator and rotor with its
center Oy; r stands for the effective radius of stator (also
the contact circumference S); the axis of Stator 1 is in the
plane Oxz; A is the crossing point of contact
circumference S and plane Oxz; ¢ is the included angle
of line OA4 and O,4; P is an arbitrary point at the contact
circumference S; 6 is the included angle of line O,P and
O\A.

2(zy)

Rotor

Yo

Fig. 3 Spatial geometric relation of 2-DOF spherical motor

The local coordinate system X'(Oxy,z,) of Stator 1
is established as follows: zj-axis is consistant with the
z-axis, then the basic coordinate system Xy(Oxyz) rotates
around z-axis, and finally x;-axis (the central axis of the
statorl) coincides with the x-axis.

Three stators are symmetrical in the spatial position,

so it is typical to analyze drive model of the Stator 1. In
the local coordinate system 2'|(Ox,y,z,), the position of P
can be expressed as

P, =R[singp —cos@sinf cos@cos H]T (D)

Assume that stator and rotor only rigidly contact at
the crest of travelling wave, the angular velocity of
contact point on Stator 1 is @s;. In the local coordinate
system 2(Ox1yiz;), the velocity of Stator 1 can be
expressed as

Vg1 = 0 X Py, (2)

Let w.=[w, @, 0]T denote the angular velocity
of the spherical rotor in the basic coordinate system
2o(Oxyz). Since Xo(Oxyz) coincides with X(Oxy z),
the velocity of the spherical rotor in the local coordinate
system 2';(Ox,y,z;) can be expressed as

v. =, x Py, 3)

In Ref. [17], the torque was transferred with a
relative slip between the stator and the rotor, and the
theory of friction drive was applied for the model. The
friction force F between the stator and rotor can be
generally expressed as

F = g(vs _vr)Fn (4)

where & is the friction coefficient, F, is the normal
positive pressure of contact point, v; is the velocity of the
stator, and v, is the velocity of the rotor.

v, can be decomposed into two parts: v,; is with the
same direction of the Stator 1 velocity vy, and v, is
perpendicular to the direction of the stator velocity. The
Stator 1 generates a driving force Fy; to the rotor:

Fy =e(vg —v,)E, (5)

where F; is the normal positive pressure of contact point
between Stator 1 and rotor.

Therefore, the driving torque generated by Stator 1
can be expressed as

2ey —y)cos’ g
—w, sin®
0

n 2n nanle
T, _ZJ‘O Py x Fdf = ———

(6)
where n represents the order of the stator’s vibration
mode.

The spherical rotor and Stator 1 have the velocity
difference at the contact point P, along the v, direction.
So Stator 1 generates resistance force Fy, to the spherical
rotor:

Fpy =e(0—-v,)F, @)

Accordingly, the resistance torque 7Ty can be
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expressed as
0

2
nekF, | R"w, |

n p2n
I}IZEJO Py x Fy,d0 =~ ®)

0

Stator 1 generates total torque 7 to the spherical
rotor, which can be expressed as

2wy —@;)cos” g
-, sin? ¢ — @, 9
0

From Egs. (6), (8) and (9), it can be seen that the
torque 7 has the component in the x;-axis and y;-axis
directions, while there is none in the z;-axis direction.
Thus, the following derivation is represented by two-
dimension, which is in accordance with the concept of
2-DOF motor. So, T can be redefined as follows:

7 - ek’ |:2(a)sl — ) cos’ @]
- nefuR”

5 (10)

—w, sin’ p—w,

The transformation matrix A4y, transforms the basic
coordinate system Xy(Oxyz) into the local coordinate
system 2'1(Oxy1z1):

A=y 1] (an

In the local coordinate system 2'(Oxy,z;), Stator 1
generates the total torque 7§, to the spherical rotor, which
can be expressed as

2y, coszga -2, coszgo
Ty =y T =2eFuR|  —oysin’p—o; (12)
0

The local coordinate system 2»(Ox;),z,) of Stator 2

is established as follows: the basic coordinate system

2o(Oxyz) rotates 120° counter-clockwise (CCW) around

z-axis, and x,-axis (the central axis of the Stator 2)

coincides with the x-axis. The transformation matrix A,
can be expressed as

~1/2 —«5/2}

13
B2 —1/2 (13)

Ay ={

The basic coordinate system 2o(Oxyz) rotates 240°
CCW around z-axis, and the local coordinate system
23(Ox3y3z3) of Stator 3 is obtained. The transformation
matrix Ay; can be expressed as

-1/2 3/2
32 -1/2
The analysis method of Stator 2 and Stator 3 is

consistent with that of Stator 1, and the results would be
given directly. The driving torque 7y, the resistance

Ay :{ (14)

torque Tp, and the total torque Ty, of the Stator 2 are

respectively expressed as

—, coszgo—la) +£a) -
52 yAT
1., W3 .,
—sin” pa, ———sin” pw,

B 4 4

Ty =—7T— (15)

, 33
VBa, cos A

33

227 in? %) +§sin2 0]
4 4 2

3

1., ="k 0T (16)
13—
2 3 +1a)
4 ATy
Ty, =Ty, + Ty
1. ]
- Szcoszgo—zsngaa)l—
—3\/§sin2 a)—E +£a)
neF,,R> 4 P, 4a)1 4
=T (17)

\/gwszcoszw—¥sin2gowl+

ésinza)+—3 —za)
1 P, 40’1 4“2

Also, the driving torque Ty, the resistance torque
Ts, and the total torque Ty; of the Stator 3 are
respectively expressed as

—Q, COS2 »——a —ﬁa) -
s3 2 2 2

1, W3,

—sin’ pw; + ——sin” po,

~ 4 4

Ty =—7— (18)
, 33

3w cos P ooyt

33 .

2 sin? gy +§sin2 10%0)
4 4 2

o neF R*| 497 4
f3 =" 5
2 NG

4 4

(19)

Ty =Ty + T
1.
- S3cos2(o—zsm2q)a}1+

3\/gsinzgpa) Sa)l \/ga)
F R — T O W,
_nekys 4 4 4 (20)

3V3 .
—\/gws3cos2go+T\/7sm2¢)a)1+
5. 7

2
—Sin a)——a)l——a)
i I i
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The output torque T of 2-DOF spherical ultrasonic
motor can be expressed as

T =Ty + Ty, + Ty 2y

Each stator of the motor is force balanced in the
axial direction as

[ (FyPy—Fy~Fp)-xd0=F, (F1,2,3) (22)
2w 0

where x; is the unit vector from centre of sphere O to the
centre of stator i, F; is the preload applied for the stator i.
Generally speaking, F.;=F,=F, so the spherical rotor
is force balanced (excluding the gravity of the rotor). The
normal positive pressure Fy; can be solved by Eq. (22),
and it is easy to get Fi =Fp=Fy;.

Combining Egs. (12), (17), (20), (21) and (22), the
output torque of motor 7 can be expressed as

3 9
2 L,
_neFyR? c0s" (200~ @, a)s3)+(2 sin“p 2)a)1

2

T
3. 9
NE) cosz(p(wsz—wss)+<5sm2¢—5>w2

(23)

4 Analysis of characteristics
In order to verify the validity and effectiveness of
the friction drive model, a set of structure parameters are
taken into account to analyze the characteristics of the

motor, as listed in Table 1.

Table 1 Model parameters for simulation

Parameter Value
R/mm 20
r/mm 11

€ 0.15
n 5
FJN 30

4.1 No-load velocity of motor

When the motor is running without any load (7=0),
the no-load velocity @y of the spherical motor can be
obtained by

W5y
) 2k -k —k s
= = [0} 24
10 (wzoJ [0 \/gk —\/gk s2 ( )
D3
where k& =cos’@/(9/2-3sin’p/2).
The value of the no-load velocity of the spherical

motor depends on the angular velocity of three stators.
The no-load velocity could be controlled by adjusting the

angular velocity of three stators.

4.2 Stall torque of motor

When the motor is stalled, the angular velocity of
the spherical rotor is zero (w,=0). The stall torque 7T, of
the spherical motor also can be obtained by

T (Tloj 2% k' k)| 24)
= = 1)
" \B) Lo B B
W3
where k'=ngF, R* cos’p/2.
Once the values of the motor structure parameters
and the preload are determined, the stall torque of the

spherical motor also depends on the angular velocity of
three stators.

4.3 Direction of angular velocity @,

Assume that |@|<1, |@g|<1, |og|<1, and v is
the angle of no-load velocity @yand x-axis (tany=w,,/
w19). The relation between the maximum of no-load
velocity @, and the angle y is shown in Fig. 4.

90 04

150/

180

wmax/(rad's_])

210

270
yiC)

Fig. 4 Relation between maximum of @y and angle

The maxima of no-load velocity uniformly
distribute at the angles of 0°, 60°, 120°, 180°, 240° and
300°. When the motor is running at the max velocity
shown in Fig. 4, the angular velocities of three stators a;
are shown in Fig. 5. The right figures are enlarged parts
of angle w €[0°, 30°].

5 Redundancy and control strategy

This spherical ultrasonic motor realizes the 2-DOF
motion using three annular stators, so that one of stators
is redundant. According to different optimal goals, there
are corresponding solutions to satisfy Eq. (24). Aiming at
the maximum of no-load velocity @, in the previous
section, the result is one group of solutions. However,
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under the above optimal framework, it is somehow
difficult to control the result, because the values of three
stators’ angular velocity mutate in different directions,
especially in 0° and 180°.

An optimal control strategy for minimum norm
solution of three stators’ angular velocity is proposed,
using Moore-Penrose generalized inverse matrix. 4 is a
full row rank matrix, thus its Moore-Penrose generalized
inverse matrix A" can be expressed as

2 0

A =A"4-4")" =é -1 3 (26)

-1 3

oo g [ Kk
where = .
0 3k -3k

When the no-load velocity of the spherical rotor is
limited within the unit circle, @,0=[@10 @] = 1Ly .
The expression of the wg, @wg, g could be given,
according to Eq. (27). The relations of angular velocity
ws;and angle y are shown in Fig. 6.

2 0

1 cosy
e el N B
@2 [a)zoJ 6k 3 (sinwj

12X} -1 —\/3
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1 . 2
ZE cos(y—120") 27 Stator 2 Stator 3
cos(iy—240°) 2
£ 1r Stator 1
Substituting Eq. (27) into Eq. (23), the total torque E/
of the motor is obtained. %
g of
4 4
G
~ L
2r N ~__
_2 1 1 1

_ | I 1 I I
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yi(%)

Fig. 6 Relation between angular velocity a,;and angle y

1, 3., 9
" ECOS (pcosy/+(55m ¢—5)a)1
T ==sF,R* (28)
2 lcoszgosinl,z/+(§sin2(o——)a)
k 2 277

By this control strategy, the value of the motor’s
stall torque is constant and independent of the direction
of the no-load velocity.

T, =§coszgp~an1R24(//=3.73Zl// (29)

The trajectories of Tyy, Ty, Tay3, T, T and Tp
changing with angle w are shown in Figs. 7 and 8,
respectively. The direction of the arrow indicates the
direction of the trajectory movement.

1:5
g
Z 0.5
3
g
8
e
§ -0.5
BN
Stator 2 &v
w=90°
5 L L

1 1
-1.0 -0.6 -02 0.2 0.6 1.0
x-axis torque/(N-m)

Fig. 7 Trajectories of resistance torque of three stators

x-axis torque/(N-m)
Fig. 8 Trajectories of driving torque of three stators

6 Prototype testing

The motor prototype is fabricated, as shown in
Fig. 9, the dimensions of which are 5.2 cmx8.5 cmx
8.1 c¢cm, wherein stator diameter is 30 mm (effective
diameter of the contact circumference is 22 mm), rotor
diameter is 40 mm, and mass is 544 g. The performance
of the spherical motor is demonstrated by a specialized
experimental setup which measures the mechanical
characteristics. The method for testing the torque is
based on pressure sensors, and rotary encoders are used
to measure the rotary velocity and position. The motor
driving circuit applies an AC sinusoidal voltage (V=
350 V) at resonance frequency (=49 kHz) to three
stators. The circuit equips a phase difference shifter
which can change the rotational direction and magnitude
of the spherical rotor’s rotary velocity. The mechanical
characteristics of the motor are tested when the spherical
rotor rotates around x-axis and y-axis respectively,
according to the control strategy. Figure 10 shows the
mechanical characteristics of the motor under different
preloads F.. As the preload increases, the no-load
velocity reduces but the stall torque increases
significantly. The maximum no-load velocity of the

Fig. 9 Prototype of 2-DOF spherical ultrasonic motor
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Fig. 10 Mechanical characteristics of motor under different
preloads: (a) x-axis; (b) y-axis

motor is 92 r/min and stall torque is 90 mN-m. The
spherical motor has compact structure, easy assembly,
good performance and stable operation.

7 Conclusions

1) A novel 2-DOF spherical ultrasonic motor using
three travelling wave type annular stators is present to
improve the tolerance and controllability of M-DOF
motor. According to the spatial relation and coordinate
transformation, the motor friction drive mathematical
model is established and simulation of the motor
characteristics is analyzed.

2) The proposed structure of the spiral spring has
the adaptive capacity, which guarantees that the inner
edge of the stator closely fits the spherical rotor to
provide the uniform preload between the stator and rotor.
The spiral spring could ensure that the annular stator and
spherical rotor center could automatically increase the
tolerance during the assembly process of the 2-DOF
spherical ultrasonic motor.

3) The optimal control strategy for minimum norm
solution of three stators’ angular velocity is proposed

based on the friction drive model. This control strategy
makes motor have better controllability.

4) This motor omits a stator compared to the
traditional 2-DOF motor which has four stators, so the
structure is more simple and compact with high
reliability. Its no-load velocity and stall torque are
basically the same with traditional four-stator motors, so
this motor has good performance and controllability. In
addition, this motor runs smoothly with reasonable
stability. Therefore, the motor has broad application
prospects in the fields of micro-robot and CCD control.
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