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Analysis of a 3-Degree-of-Freedom Spherical Actuator using VCM Principle

Junghyun Chu', Noboru Niguchi', and Katsuhiro Hirata™

Abstract

The superior performance of the spherical actuator is establishing a new trend in the industry. Spherical

actuators can perform multiple degrees-of-freedom (DOF) motions by using only one actuator. Therefore, a

multi-DOF device using the spherical actuator can reduce weight and simplify the structure. This paper

proposes a new spherical actuator that uses the operational principle of a rotational voice coil motor. The

effectiveness of the actuator is verified through 3-D finite element method.

Key words: Multi-DOF actuator, Spherical actuator, Electric machines, Finite element analysis, Permanent
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1. Introduction

Usually, (multi-DOF)
systems consist of a number of single-DOF actuators,

multi-degree-of-freedom

making the structure of these systems complicated.
Furthermore, they have a slow response and low
positioning accuracy due to their inevitable problems
such as a large backlash, non-linear friction and
kinematic singularities in the operation range, The
number of actuators and the weight of the overall
system can be reduced by using a multi-DOF
actuator. The spherical actuator is particularly suitable
applications such as robot wrists,
shoulders and eyes™. Other

for industrial
elbows, applications
include a satellite attitude control”® and in vehicle
devices such as adaptive head lamps and side-view
mirrors. Due to the numerous possibilities, various

types of spherical actuator were developed®” ™. They
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TABLE I
COMPARISON  CHARACTERISTICS OF PREVIOUS
MOTOR AND PROPOSED MOTOR

Previous Proposed
Operating Synchronous Voice coil motor +
principle motor Synchronous motor
Control Hard Easy
Precision Low High

are commonly designed based on the operational
principle of a synchronous motor. These types of
spherical actuators have a large non-linearity of the
torque constant with respect to the rotational position
of the rotor and low tilt with a large overall size of
the actuators. Furthermore, these spherical actuators
are complicated and are difficult to control due to
magnetic interferences when a high precision are
Table 1
characteristics of previous motor and proposed motor.

required. shows the  comparison

One of the spherical actuators in previous studies is
designed using the principle of voice coil motor
(VCM)!™. However this actuator has 2-DOF motions,
and this actuator cannot move around Z-axis because
of the rotor is composed of coils. Table 2 shows the
comparison structure of previous motor and proposed

motor.
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TABLE I
COMPARISON STRUCTURES OF PREVIOUS MOTOR
AND PROPOSED MOTOR

Previous Proposed
1 rotor, 2 rotor,
Structure
1 stator 2 stator
Size (diameter) 100 [mm] 80 [mm]
Motion Tilt 30 [degree] 40 [degree]
range Rotation 360 [degree] 360 [degree]

Design consideration
® Size
® Motion range
® Torque value
® Operating principle

3

Conceptual design
® Combination of pole and slot
® Shape of rotor and stator

® Position of pole and slot

A

Modeling

® C(Calculate the air gap between pole and slot

A

Design Optimization
® Thickness of permanent magnet, air gap
® Diameter of coil

d

Verification of proposed actuator

Fig. 1. Design flow chart.

We focus on a large working angle, 3-DOF motion,
operating principle of a VCM and high tilt torque
with a compact diameter of 80 mm. A VCM can
high
accuracy and easy control over a limited operation
W The VCM can generate forces that are
proportional to the coil currents.

generate forces with a high acceleration,
range
Based on these
abilities, the proposed spherical actuator has large
tilting The
effectiveness of the actuator is verified through 3-D
FEM.

torques and superior operability.

80 mm

’@

< Innel rotor >

< Whole model >

Y
X < Quter rotor >

Fig. 2. Schematic diagram of whole model.
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Fig. 3. Schematic diagram of outer rotor.

2. Basic Structure

In order to achieve a large angle of the tilt motion,
and good dynamic
the following design flow chart is
considered as shown in Fig. 1.

The proposed spherical actuator consists of two
rotors, two stators and motion guide as shown in Fig.
2. The outer rotor and outer stator are used for tilt

high tilt torque, easy control,
performance,

motions around the X- and Y-axes. The outer rotor
consists of 8-pole permanent magnets and 4 coils
embedded into the stator as shown in Fig. 3. The
inner rotor and inner stator are used for a rotation
around the Z-axis, which is an output shaft. The
inner rotor consists of 4-pole permanent magnets and
6 coils around the Z-axis as shown in Fig. 4. By
using the motion guide, each rotor is fixed in the
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Fig. 4. Schematic diagram of inner rotor.
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Support structure (Steel)

Fig. 5. Y-Z cross section.

same axis and each stator is fixed with each other to
maintain the constant air-gap length. The motion
guide 1s consisted of spherical bearing. The ball
plunger is also used for maintaining the constant
air-gap length. This actuator has enough space
between outer rotor permanent magnet (PM) and
inner rotor PM in order to decrease the acting force
of each PM. The material of the stator of the outer
rotor is plastic as shown in Fig. 5. Table 3 shows
the detailed specifications of the proposed actuator.

3. Operating principle
The tilting principle around the X- and Y-axes is

rotational VCM. The number of
permanent magnets of each side in the outer rotor is

similar to a

the minimum for tilting around X- and Y-axes when
using the principle of the VCM.

TABLE III
SPECIFICATIONS OF PROPOSED ACTUATOR
Parameter Value [mm]
Quter rotor 80
: Outer stator 69
Diameter Inner rotor 50
Inner stator 40
Thickness of Outer rotor 3
permanent
magnet Inner rotor 2
Width of Outer rotor 20
permanent
magnet Inner rotor 24.33
Outer rotor 05
<» Quter stator '
Outer stator 65
Thickness of | < Inner rotor )
air gap Inner rotor 1
<» Inner stator
.Teeth of 01
nner rotor

The proposed actuator uses one coil of each side of
the outer stator for tilting around X- and Y-axes.
The outer coils generate tangential directional forces
that cause the tilt torques. Fig. 6 shows the principle
of the generation of the tilt torques. Fig. 6 (a) and
(b) show tilt motion from 0 to 40 degrees and (c)
and (d) show tilt motion from 0 to -40 degrees.

The moving principle around the Z-axis is based on
a conventional 4-pole-6-slot permanent magnet
synchronous motor as shown in Fig. 7. Torques when
the inner rotor rotates around Z-axis are generated
by a three-phase current of the inner coils. Both

rotors are rotated simultaneously.
4. Characteristic analysis

4.1 Analysis method

An electromagnetic field analysis using 3-D finite el
ement method (FEM) is conducted to determine the st
atic torque characteristics and the dynamic operating
characteristics of the proposed actuator. These charact
eristics of the actuator are computed by employing th
e Q-method given in (1) through (3).

diviu (T, + T, —grad Q)} = @
{Jm =rot Tm}
(2)
J,=rotT,
H-(T, +T,)=-gralQ 3)
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(a) Tilting motion around X-axis on O degree

B Permanent magnet flux
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(b) Tilting motion around X-axis on 40 degree

B Pcrmanent magnet flux
000003 Direction of tilt
® @ Eleciric current

(c) Tilting motion around X-axis on 0 degree

b+

X

where u is the permeability, To and 7,, are the
current vector potential derived from the forced
current density Jy and equivalent magnetization current
density J,, , as given in (2), and Q is the magnetic
scalar potential as is given by (3). H is the magnetic

e
1%

B Permanent magnet flux

{DB0E05 Direction of tilt
® @ Electric current

)

X
(d) Tilting motion around X-axis on -40 degree

Fig. 6. Principle of generation of the tilt torque.

B Permanent magnet flux
800008 Direction of rotation

Fig. 7. The rotation motion around Z-axis.

field intensity. Equation (1) is computed by using
Galerkin's method and then the magnetic force is
determined by using Maxwell's stress method. The
dynamic characteristics are computed in each axis
combined with the motion equation is given as
follows.

4’0, do, .
i?-i_DiI_'-Tsi:Tmi (i=xy2 @

1 1

1

where /; is the moment of inertia of the rotor, [ is
the viscous damping coefficient, &; is the rotation
angle of the rotor, 7y and 7, are the friction torque
and the torque acting on the rotor respectively, and 7
is the rotation axis of the rotor.

The dynamic characteristics are computed in each
axis combined with the voltage and mechanical
(torque) equation is given as follows.
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TABLE IV
ANALYSIS CONDITION OF STATIC TORQUE
CHARACTERISTICS
Parameter Value [Unit]
Analyzed angle -40 to 40 [degree]
Excitation current 2 DC [A]
Element type Regular tetrahedron
Number of element 738,768
Number of excited coils 4
) Tilt 14 [hour]
Total CPU time -
Rotation 16 [hour]
) outer coil 600
Number of coil turns - -
inner coil 300
Vto :};'nlin +pﬂ’in + Eot + ]otRot ©

where r;, is the armature resistance of inner rotor,
I, 1s the armature current of inner rotor, pA; is the
back-emf of inner rotor £y is the back-emf of outer
rotor, /,; is the armature current of outer rotor, and
R, is the armature resistance of outer rotor.

E’R,
];o: 2S n— 2 X 3 +kot¢lat
Rin +(SXin) 27Z.Nin (6)
T — P -7
Zin = Rii-’_(s‘}(in)2 > kot :M
2r-A,

where s is the slip of inner rotor, Ej is the
back-emf of
resistance of inner rotor, Z; is total impedance of

nner rotor, f; is the armature
inner rotor, /V; is the speed in revolution per minute
(rpm) of inner rotor, P, is no. of poles of outer rotor,
Zot 18 no. of conductors of outer rotor, A, is no. of
parallel paths of outer rotor, /7, is armature current of

outer rotor, and ¢ is flux per pole of outer rotor.

4.2 Static Torque Characteristic Analysis
Static
conducted under the following four conditions. In

torque characteristics  analyses  were
addition to uniaxial motions, the characteristics of
luti-axial motions were analyzed to see how a motion
around one axis affects a motion around another.

The 3-D finite element mesh model used in these
analyses in shown in Fig. 8 and Table 4 shows the
analysis conditions to compute the static torque

characteristics.
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Fig. 8. 3-D mesh model.

(b) Simultaneous rotation and tilt motion

Fig. 9. Biaxial tilt motion and simultaneous rotation and tilt
motion.

The analyzed angular ranges of these analyses are
from -40 to 40 degrees for a tilt motion and from 0
to 90 degrees for a rotation motion. Each coil is
excited by 2-A DC during tilt motion, and the inner
coils are excited by 2-A 3-phase AC during rotation
motion. In addition to the output torque
characteristics, the cogging torque characteristics are
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also computed in each analysis (dashed lines in each
figure). The results of the analyses are shown in
Figs. 10-15.

4.2.1. Uniaxial tilt motion

From the result of the uniaxial tilt motion shown in
Fig. 10,
easily—controlled during tilt motion. Furthermore the

it can be seen that the actuator is

cogging torque of this actuator is relatively small and
the equilibrium point is at the center since the
cogging torque value is 0, and its gradient is negative
at 0 degrees. The average output torque is 0.2 Nm.

4.2.2. Uniaxial rotation motion

Fig. 11 shows the torque characteristics of the
uniaxial rotation motion. The fundamental order of the
cogging torque is 13, which is the least common
multiple of the The
fundamental order of the excited torque is also 12 as
shown in Fig. 12. This means that the cogging torque

pole and slot numbers.

is dominant in the excited torque ripple.

4.2.3. Biaxial tilt motion

The analyzed results shown in Fig. 13 are the
cogging and output torque characteristics of the
biaxial tilt motion. In this analysis, the rotor tilts
toward the 45 degrees angle due to the resultant
force of the X- and Y-axes motions as shown in Fig.
9 (a). Since all four coils on the stator are excited,
the output torque is higher than that of uniaxial
motion. Furthermore the cogging torque characteristics
during biaxial tilt motion are about the same gradient
as that during uniaxial tilt motion. Therefore we can
deduce that the cogging torque characteristics will be
the same during tilt motion in any arbitrary direction.

4.2.4. Simultaneous rotation and tilt motion

Fig. 14 and 15 are the analyzed results of the
simultaneous rotation and tilt motion. Fig. 9 (b)
shows that the rotor was rotated around the Z'-axis
which is the 7Z axis that has been rotated 20 degrees
around the X-axis. From the analyzed result of the
cogging torque, it can be seen that little cogging
torque is generated around the Y-axis since the rotor
is tilted. This is the force that is trying to rotate the
rotor back to its equilibrium position. As for the
output torque, the Z'-axis torque is about 0.15 Nm,
which i1s lower than that during uniaxial rotation
motion. This is attributed to the decreased area of the

coils in the inner stator that is facing the permanent
magnets of the inner rotor.

The important information obtained from these
results is that the output torque is always positive in
all of the analyses. This shows that the actuator can
rotate in the analyzed range. In addition to this, a
notable characteristic is that the output torque around

---Cogging —Excited

Torque [Nm]

-0.1
-40  -30 =20 -10 0 10 20 30 40
Angle [deg]

Fig. 10. Torque characteristic of uniaxial tilt motion.
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Fig. 11. Torque characteristic of uniaxial rotation motion.
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(b) FFT result of excited torque waveform

Fig. 12. FFT results of uniaxial rotation motion.
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Fig. 13. Torque characteristic of biaxial tilt motion.
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Fig. 14. Cogging torque characteristic of simultaneous

rotation and tilt motion.
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Fig. 15. Excited torque characteristic of simultaneous
rotation and tilt motion.

the X-axis during simultaneous rotation and tilt
motion (solid line in Fig. 15) is relatively flat and has
little ripple. If there is a noticeable ripple, the current
for a tilt motion must be adjusted constantly to
maintain the tilt angle. Therefore, it can be deduced
that simultaneous three degree of freedom control can
be easily accomplished and the tilt motion and
rotation motion can be controlled independently.

4.3 Dynamic Operating Characteristic Analysis
Dynamic operating characteristics analyses were
conducted to confirm how the rotor behaves during

each motion. The characteristics were computed under
the following three conditions.

The 3-D finite element mesh model is the same as
that used during the static torque analyses and Table
5 shows the analysis conditions to compute the
dynamic operating characteristics.

The proposed actuator uses the direct control
system. A schematic diagram of the direct control
system is shown in Fig. 16. In this system, The
common function sends the desired degrees, the
coordinate formation function defines rotation axis and
how many degrees the rotor rotates around axis and
calculates position vectors of poles observed in rotor
coordinates, the current function produces the current
patterns, and the generator produces amplitude for
each current patterns.

The outer coils are excited by a 2-A amplitude, DC
current for tilt motions, and the inner coils are excited
by a 2-A amplitude, 2-Hz frequency three-phase AC
for rotation motions. The results of each characteristics
analysis are shown in Fig. 17 and 19.

4.3.1. Uniaxial tilt motion

From the result of the uniaxial tilt motion shown in
Fig. 17, it can be seen that the rotor moves in a
reciprocating motion. Though we can see large initial
transient amplitude, the rotor stabilizes subsequently.

4.3.2. Uniaxial rotation motion

In the rotation motion, the rotor should theoretically
rotate 180 degrees per second because the frequency
of the electrical angle is 2 Hz. As shown in Fig. 18
the analyzed result shows a good agreement with this
theoretical value and the rotor(mover) synchronizes
with the rotating magnetic field, though small ripples
which resulted mainly from the cogging torque can be
seen.

4.3.3. Triaxial motion

Fig. 19 shows the analyzed result of triaxial
simultaneous motion combining the circular motion
and the tilted rotation. This is the motion that we
wanted to realize when we first proposed this
actuator. From the analyzed result,
confirmed that the rotor
7 -axis, and at the same time the Z'-axis is rotating
that
simultaneous triaxial motion is possible by just simply

it can Dbe
is rotating around the

along a circular path. This result shows

combing the current control for each uniaxial motion.
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Fig. 16. Block diagram of the direct control system.

TABLE V
ANALYSIS CONDITION OF DYNAMIC
CHARACTERISTICS
Parameter Value [Unit]
Number of element 738,768
Unia).dal 0
Rotation
Number of time steps o
ther
160
Analyses
gn;aflal 14 [hour]
Total CPU time SLLE
Other 20 [hour]
Analyses
4
Tilt 1'[?{235 1%
Moment of inertia L -
Rotation 1.25¢10
[kg*m?’]
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Fig. 18. Operating characteristic of uniaxial rotation motion.
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Fig. 19. Operating characteristic of triaxial motion.
5. Conclusion

In this paper, a new multi-degree-of-freedom

electromagnetic spherical actuator was proposed to

overcome the complex 3-D motion shortcomings of

traditional structure  and
operating principle of the proposed actuator were

actuators. The basic
presented, and its characteristics were investigated
through electromagnetic field analysis using 3-D finite
element method. The analysis method was also
shown.

The static torque characteristic analyses and the
dynamic operating characteristics analyses show that
the proposed actuator can rotate around three axes
with independent motion. The static torque analyses
confirmed that wide angle tilt (40 to 40 degrees) is
possible.

In the future, we are planning to make a prototype
and to experiment using a prototype.
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