|

) <

The University of Osaka
Institutional Knowledge Archive

Tale Study on Multi-DOF Spherical Actuator and
Intelligent Control

Author(s) |, 28k

Citation |KFRKZ, 2017, HEHwX

Version Type|VoR

URL https://doi.org/10.18910/67141

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



B Aam

Study on Multi-DOF Spherical
Actuator

And Intelligent Control

Junghyun Chu

2017 & 1 A

AR KRFEXRZFR TR
¥Ee - HEERIKITFER






Abstract

Spherical actuators have been regarded as a new trend in robotics due to their
superior performances. The spherical actuator is able to perform multi degree of
freedom motions using only one actuator. Therefore, a multi-DOF device using the
spherical actuator can reduce its weight and the structure can be simple.

Adaptive neuro-fuzzy inference systems (ANFIS) has the advantage of expert
knowledge of the fuzzy inference system (FIS) and learning capabilities of the neural
networks (NN) for control of a nonlinear system. The membership function parameters
are tuned using a combination of the least squares estimation and back propagation.
Therefore, a control method using ANFIS will produce more accurate results compared
with other control methods.

In Chapter 1, the comparison of a multi-degree-of-freedom mechanism combining a
spherical actuator and plurality of motors are conducted, and the advantage of the
spherical actuator and the significance of development are shown. Previous research
examples of the spherical actuator are shown. In addition, the purpose of this research,
“Proposal of 3-degree-of-freedom spherical actuator using voice coil motor principle”
and “Feedback control using adaptive neuro-fuzzy inference system (ANFIS) control
method” are shown.

In Chapter 2, in order to achieve a large angle of the tilt motion, high tilt torque,
easy control and good dynamic performance, the design flow chart is considered. A new
structure is described for the spherical actuator. The structure of the proposed
actuator and its operating principle are described.

In Chapter 3, explained the proposed intelligent control method (ANFIS) for

feedback control of spherical actuator.



In Chapter 4, Verification of a 2-DOF spherical actuator and proposed spherical
actuator using ANFIS feedback control method is described. Firstly, in order to verify
the ANFIS, a prototype of 2-DOF spherical actuator is described. After that, each
characteristic of the proposed spherical actuator is computed by FEM simulations.
Finally, the proposed spherical actuator with ANFIS control is described.

In Chapter 5, the contents of Chapters 2 to 4 are summarized and conclusion of

thesis.
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Chapter 1 Introduction

1.1 Research background

Many industrial applications require multi-degree-of-freedom (multi-DOF) rotation
motions to achieve various targets such as robotics, precision manufacturing, and laser
tracking system. Conventionally, multi-DOF rotating motions are achieved using a
separate single axis motor for each axis in series or parallel. Each 1-DOF motor is
connected by gears and links. A typical example is the Puma 3-axis wrist shown in Fig.
1. 1 [1]. While a single axis motor can provide accurate motions on a single axis,
combinations of these single axis motors as multi-DOF mechanisms become bulky and
inefficient. In addition, this mechanism has a slow response and low positioning
precision due to inevitable problems such as a large backlash, non-linear friction, and
kinematic singularities in the operation range. In order to solve these problems,
spherical actuators that are capable of controlled motions in multi-DOF actuators were
proposed as an innovative and novel type of motors. The spherical actuators are
capable of multi-DOF rotational motions within a single joint. For these last few
decades, spherical actuators have been a popular research topic around the world due
to its advantages of compact size, high motion precision, fast response, direct driven,
non-singularity in workspace and high efficiency as shown in Fig. 1. 2 [2]. In particular,
the spherical actuator should be suitable for applications in robotics such as robot
wrists, elbows, eyes, and shoulders [3]; other applications include a satellite attitude
control [4]; and in vehicle devices such as adaptive head lamp and side-view mirrors as

shown in Fig. 1. 3.
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of spherical actuators [5]

Fig. 1.3  Applications



1.1.1 Spherical actuator technology

Spherical actuators take a number of forms including induction motors [6-8],
reluctance motors [9-15], and ultrasonic motors [16-18]. Most spherical actuators are
based on the principle of electromagnetism. The three dimensional nature of the
electromagnetic field distribution in almost all of the foregoing spherical actuators
make their electromagnetic and dynamic behavior difficult to analyze, and this has
been a significant obstacle to their design optimization and servo application.
Closed-loop control systems for nonlinear electromagnetic spherical actuators
especially have difficulties due to a number of uncertainties involving system
identification and force/torque computation. As a result, the potential advantages of
employing spherical actuators have not been realized. Therefore, most developed
spherical actuators remain un-commercialized [15].

The greatest drawback associated with existing spherical actuators is that the
actuating mechanism is very complicated. Most spherical actuators are based on the
principle of electromagnetism. The three-dimensional nature of the electromagnetic
field distribution in nearly all spherical actuators makes their electromagnetic and
dynamic behavior difficult to analyze. This has been a significant obstacle which

prevents the optimization of their design and their use in servo applications.

1.2 Previous researches

Multi degree of freedom spherical actuators offer the potential for much improved
performance and have been the subject of research for several decades. Research into
multi-DOF spherical actuators has been in progress for several decades, and various
types of driving techniques have been proposed in the design of multi-DOF spherical

actuators.



1.2.1 Induction spherical actuator

A spherical induction actuator was first proposed by Williams and Laithwaite et al
[22]. The actuation principle of the induction spherical actuator is that the magnetic
field generated by the stator windings induces a current on the rotor surface, which
causes the rotor to incline. Davey proposed a general analysis of both the fields and
resultant forces generic to the spherical induction actuator [6]. However, the actuator
had a mechanical complexity and inherent poor servo characteristics. Dehez developed
and analyzed a spherical induction actuator with magnetic teeth [8]. The stator
consists of five separate inductors as shown in Fig. 2. 1. In order to minimize the air
gap length and avoid friction, an aerostatic suspension of the rotor was used. The
results and the topology are interesting but still, no mention of control strategies are
provided to solve the low capability for a position control in the induction motor [23].
Traditionally, induction spherical actuators have not attracted commercial interests,
probably due to the relatively complex stator core and winding arrangement and the

inherently poor servo characteristics of induction motors.

One-DOF inductor

Rotor
access zone

— Two-DOF inductor

Fig. 1. 4 Induction spherical actuator [8]



1.2.2 Ultrasonic spherical actuator

The ultrasonic spherical actuator is one of the most interesting spherical actuator
systems. Compared with an induction type driven by a mutual action of currents, the
ultrasonic spherical actuator lacks massive windings, and its simple structure makes
it lightweight and compact. The operating principle of the ultrasonic spherical
actuators is a frictional drive from the elliptical motion, in which a stator generates
vibration in the ultrasonic frequency range. The PZT elements are attached to the
stator and can produce expansion or contraction motions after being energized
positively or negatively as shown in Fig. 1. 5. The advantages of the ultrasonic
actuators are its high responsiveness and compactness. Toyama has developed
ultrasonic spherical actuator since 1996 [24]. He developed a novel spherical actuator
which has three annular stators as shown in Fig. 1. 6 [25]. The angular velocity vector
of the spherical rotor was determined by a combination of the angular velocity vector of
the 3 stators. Also, a new holding mechanism using a phosphor bronze plate was
developed. In cases when the output shaft is attached to the spherical rotor, the
movable range is limited to approximately +30 degrees. The ultrasonic actuator has
advantages of a high motion resolution and low power consumption. The ultrasonic
spherical actuators have simple and compact designs compared with other types of
spherical actuators. However, it also possesses disadvantages such as low speed,
complex fabrication and hysteresis. Furthermore, wear on the frictional material for

long term operation may cause instability of the spherical motion.

Rotational direction Rotor

Rotor

\:\’ : Preload

Fig. 1. 5. Elliptical motion on the surface of the stator [25]
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Fig. 1. 6. Novel spherical ultrasonic actuator [25]

1.2.3 Variable reluctance spherical actuator

The variable reluctance (VR) spherical actuators are the most commonly used in
spherical actuator systems. The variable reluctance actuator has a relatively large
movable range, possesses isotropic properties in its motion, and has relatively simple
and compact designs. The operating principle of the variable reluctance spherical
actuators is as follows. A permanent magnet attached along the rotor can produce a
high flux density; the numerous bobbins with coils are attached to the stator. By
varying the input currents of the coils, a multi-DOF rotation motion can be achieved.
The reluctance spherical actuators have a relatively large movable range, high torque,
and high speed. This type has been developed by Lee et al for the first time as shown in
Fig. 1. 7 [9]. Generally, the variable reluctance spherical actuators consist of a
globular shape stator and rotor. The stator poles are wound by coils and each coil is
excited individually as shown in Fig. 1. 7 (c¢). This pole is symmetrically distributed on
the stator surface. The rotor is made of a permanent magnet. Both the stator and rotor
are a circular shape. The torque of the variable reluctance spherical actuator depends
on the current inputs as well as the magnetic reluctance of the air gaps between the
rotor and the stator poles. The variable reluctance spherical actuator also uses an
outside gimbal guide and rotary encoder. Wang developed a novel spherical permanent
magnet actuator using a similar principle [26, 27]. The spherical permanent magnet

_11_



rotor is housed within the spherical stator on a low friction surface coating as shown in
Fig. 1. 8. In this type actuator, due to manufacturing tolerances both the rotor and the
stator housing are not perfect spheres. This results in a significant amount of
non-uniformly distributed stick-slip friction torque. For upgrading the system
performance, the alternative bearing system is needed.

Variable reluctance spherical actuators are the most widely developed in multi-DOF
spherical actuators. However, the control systems of the reluctance spherical actuators
are very difficult to develop due to their non-linear rotor dynamics, intricate magnetic
fields, and challenging measurement problems. In addition the variable reluctance
spherical actuators have a relatively low specific torque capability due to the large air
gap length. In attempts to solve these problems, Georgia Institute of Technology and
Sheffield University have undertaken numerous studies on the torque model and
control algorithm [1, 28-32]; they developed various improved spherical actuators.
However the developed spherical actuators have not attracted significant commercial
interest. Furthermore, the current challenges of the spherical actuators include
obtaining a uniform high torque constant at various tilt angles, a wide working tilt

angle, high precision positioning, sensing and control methods, rotor support methods

and industrial or commercial uses.

(a) Explode assembly view (b) VR spherical actuator (c) Stator pole

Fig. 1. 7 Variable reluctance spherical actuator of Lee [9]
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(a) rotor in stator housing (b) stator coils (c) spherical actuator

Fig. 1. 8 Variable reluctance spherical actuator of Wang [27]

1.3 Objective of research

1.3.1 Requirements of spherical actuator and feedback control

The requirements of spherical actuator are compact size, wide angle and the
feedback control is required for more accuracy about desired value.

In this thesis, the application of proposed spherical actuator is wrist of robot. For
applying the wrist of robot, the size of actuator is smaller is better, because the small
size actuator can help to make compact mechanism and then if the spherical actuator
can move wide angle, the mechanism of used this actuator is able to work easily.
Therefore the large movable range of spherical actuator is better than other actuator.

Conventionally, the feedback control is used for more accuracy about desired value.
The Proportional, Integral, and Differential (PID) control is widely used in feedback
control. But the PID control uses fixed gains for calculating an error value. The fixed
gains have to be obtained through many experiments so perfect gain tuning is very
difficult and the using fixed gain could not adaptive sudden disturbance, but the
adaptive neuro fuzzy inference system (ANFIS) control always can re-fix the gains

using learning algorithm. This is one of the great advantages of ANFIS control is
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automating gain tuning.

1.3.2 Objective

A main objective of this thesis is to control a multi-DOF spherical actuator using
intelligent control method. The used intelligent control method in this thesis is ANFIS.
The multi-DOF spherical actuator is to propose, design a novel type of spherical
actuators in an application with a multi-DOF joint. The proposed spherical actuator is
capable of providing the three-DOF motions required for robotic wrists.

The aim of these control strategies is to obtain improved performances in terms of
disturbance rejection or parameter variation than obtained using conventional
algorithms. Because of integrate the best features of fuzzy logic and neural network.
Fuzzy logic control introduces a good tool to deal with complicated, non-linear and
ill-defined systems. Neural network has the powerful capability for learning,
adaptation, robustness and rapidity.

The key feature of the proposed spherical actuator is that it uses the same operating
principle with a VCM. Owing to the simple operating principle of the VCM, the
proposed spherical actuator has also a simple driving principle. The structure of VCM
principle is simpler than other synchronous motor principle. Therefore the structure of

proposed spherical actuator is more compact than previous spherical actuator.

1.3.3 Scope

This thesis mainly focuses on the intelligent control and the design of a novel

spherical actuator. The main points to consider in this thesis are as follows.

1. Intelligent control of the proposed spherical actuator
The proposed spherical actuator is controlled by an intelligent control. The final
output motion of the spherical actuator has coupled with 3-DOF rotational motions.
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However, the three torque generation parts of the spherical actuator are totally
decoupled. Therefore, a control algorithm which enables input currents to decouple is
needed. The three degrees-of-freedom control method based on the system modeling is

described.

2. Proposal of a new spherical actuator
A novel spherical actuator is proposed. The operating principle of the new proposed
spherical actuator is based on a physics principle called the Lorentz force. It is easier

to control compared with previously used principles of actuating.

3. Modeling and analysis of the proposed spherical actuator

Firstly, in order to calculate the forces and torques acting on the rotor, the magnetic
flux distribution of the permanent magnet will be calculated at the air gap boundaries.
Secondly, forces and torques will be calculated by the Lorentz force principle. Thirdly,
the model will be verified using FEM tools. The verified analytical model will be used

for an optimal design process.

4. Design optimization of the proposed spherical actuator

Since the performance of the spherical actuator is heavily influenced by the design
parameters, an optimization procedure should be performed to obtain the best design
parameters. The dimensions of the permanent magnets, coils and steel yokes are
determined using design optimization frameworks in order to achieve a higher force

and torque.

1.4 Concept of the proposed spherical actuator

The proposed spherical actuator aims to overcome drawbacks of existing

development spherical actuators. The spherical actuators which were developed in the
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past have complex manufacturing processes and non-linear rotor dynamics. Because of
these drawbacks, most of the developed spherical actuators are useless in industrial
applications. Therefore, my primary plan is to make a spherical actuator which is
useful in industrial application first. In addition, the proposed spherical actuator
should as much as possible have better performance than other spherical actuators. It
is impossible to solve the above problems using conventional actuation principles
(induction, ultrasonic, variable reluctance). Therefore, the actuating method should be
changed. The new actuating method will be able to solve the above problems. The new
concept was created based on the ideas of VCMs (Voice Coil Motor). Originally, a voice
coil is a coil of wires attached to the apex of a loudspeaker cone. It provides the motive
force to the cone by the reaction of a magnetic field to the current passing through it.
The term is also used for similar actuators, commonly used as the positioning actuator
in the disk read-and write head of computer hard disk drives as shown in Fig. 1. 9. The
VCM is a kind of linear DC motors where the carriage reciprocates by the force induced
by the interaction of the coil current and the magnetic flux generated by the
permanent magnets in the air gap. The VCM has a simple driving principle and the
constant torque coefficient characteristics. Therefore, the proposed spherical actuator
uses the VCM principle. Basically, the VCM principle uses the Lorentz force principle.
In physics, the Lorentz force is a force on a point charge due to electromagnetic fields.
Simply, A charged particle ¢ moving with velocity v in the presence of an electric field
E and a magnetic field B. The entire electromagnetic force F on the charged particle is

called the Lorentz force and is given by :

F=¢gE + qgvxB (1. 1)

If the effective coil volume and external magnetic flux density are constant, the
Lorentz force depends on only current. As a result, the torque is increased
proportionally to the DC current input. Using these strengths of the VCM, a novel
spherical actuator would be designed.

_16_
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Chapter 2 Spherical Actuator

2.1 Structure of actuator

2.1.1 Features of the proposed spherical actuator

Spherical actuators that have been developed in the past have complex
manufacturing processes and non-linear rotor dynamics. As a result of these
drawbacks, most of the developed spherical actuators are not useful in industrial
applications. Therefore, the first aim of the proposed spherical actuator is to be useful
in industrial applications. In addition, the proposed spherical actuator is designed to
have better performance than existing spherical actuators. For practical applications,
there is one significant design feature of the proposed spherical actuator: the moving
principle. The moving principle of the proposed spherical actuator was created based
on the ideas of the Voice Coil Motor (VCM). The VCM has a simple moving principle
and a constant torque coefficient characteristic. Using these strengths of the VCM, the
proposed spherical actuator can obtain uniform high torque, high resolution, and high

accuracy.
2.1.2 Design flow chart

In order to achieve a large angle of the tilt motion, high tilt torque, easy control and

good dynamic performance, the design flow chart is considered as shown in Fig. 2. 1.

_18_
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Fig. 2. 1. Design flow chart of proposed actuator

2.1.3 Design considerations

As mentioned previously, the spherical actuators have many advantages and
potential applications in robotics manipulator and positioning devices. Unfortunately,
most of the developed spherical actuators are useless in industrial applications.
Therefore, I plan to make a new spherical actuator for uses in a real life. Several

considerations for designing a new spherical actuator are summarized.

* Large working ranges
The spherical actuator will be used for applications as diverse as robotic
manipulators and automated manufacturing. From the previous literature, the
working range of the spherical actuators is from +5 degrees to +30 degrees. The
working range 1s different depending on the application. The proposed spherical
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actuator will be applied to a wrist of a robot arm. Because the wrist of the robot arm
has an inherent angle of grapping, the working range of the proposed spherical
actuator is designed to be +40 degrees. Considering that the existing spherical
actuator which has a +40 working range did not have a constant torque constant at
whole tilt ranges. This working range specification is of the highest levels in the

development of the spherical actuators.

+ Compact size
The size of the actuator is one of the main design considerations. In my case,
the outside diameter is 80 mm. In general, a bigger actuator has a higher torque. The

proposed spherical actuator has a small size compared to the other spherical actuators.

* High torque density
As mentioned earlier, the maximum torque does not mean anything. It is
natural that the bigger actuator has a higher torque. The torque density is more
important than the maximum torque. If the small actuator generates high torques, it is
the best one. The torque density of the proposed spherical actuator is 0.2 Nm/A. These
values were determined considering performances of literatures. Also it is large

enough for my applications.

* Constant torque in whole working range
Theoretically, the proposed spherical actuator has a constant torque in whole
working ranges. The most of the existing developed spherical actuators use a
variable-reluctance type. The wvariable-reluctance actuator makes only attraction
forces by inductions. The variable reluctance (VR) type actuator has nonlinear forces
to current and air gap length. However, the proposed spherical actuator uses a VCM
principle. The Lorentz force is independent of the rotor position if the magnetic flux

density is uniform.
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* Manufacturing cost
The manufacturing cost is also an important design consideration. Considering
the manufacturing sizes of permanent magnets, coils and yokes, some components are
designed as discrete bodies. That should not affect the performance of the actuator. I

have tried to reduce the cost with an efficient design.

2.1.4 Conceptual design

The proposed spherical actuator consists of inner rotor, outer rotor and motion guide
as shown in Fig. 2. 2. The outer rotor and outer stator are used for tilt motions around

the X- and Y-axes.

< motion gulde >

< inner rotor >

> o
—
~

< Outer rotor >

Fig. 2. 2. Schematic diagram of whole model



The outer rotor consists of 8-pole permanent magnets and 4 coils embedded into the
stator as shown in Fig. 2. 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. 2. 4.

< outer rotor >

< stator >

Fig. 2. 3. Schematic diagram of outer rotor
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X Y

< stator >

Fig. 2. 4. Schematic diagram of inner rotor

By using the motion guide, each rotor is fixed in the same axis and each stator is
fixed with each other to maintain the constant air-gap length. The motion guide
consists of a spherical bearing. A ball plunger is also used for maintaining the constant

air-gap length. Fig. 2. 5 shows the spherical bearing and ball plunger.

(a) spherical bearing (b) ball plunger
Fig. 2. 5. Spherical bearing and ball plunger of motion guide.
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This actuator has enough space between the 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. 2. 6.

Outer rotor (Steel) Support structure (Steel)

Permanent Inner rotor (Steel)

magnet (S
g (S) Permanent

magnet (N)

Motion guide

Spherical bearing (Steel)
(Steel) Inner stator
(Steel)

- Outer stator
X(g—;, (Plastic)

Fig. 2. 6. Y-Z cross section

Support structure (Steel)

2.1.5 Modeling

The analysis of the magnetic field distribution at the air gap is a prerequisite for
force and torque calculations of the VCM spherical actuator. The air-gap magnetic field
is a determinant quantity to predict VCM spherical actuator performances. In order to
optimize the actuator performance, an analytical model of the magnetic field in the air
gap must be established. Naturally, the magnetic field distribution and optimization
can be calculated accurately using the 3-D FEM simulation program.

In order to optimize the proposed spherical actuator, an FEM model must be
established as seen in Fig. 2. 7. The proposed spherical actuator uses a permanent
magnet. The bias magnets are used to provide a prescribed field distribution over a
given region. The proposed spherical actuator uses four spherical shaped permanent
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magnets of the outer rotor and four spherical shaped permanent magnets of the inner

rotor as seen in Fig. 2. 6.

N AVAVAYAVA VAV vy
SIERPAAARNK
e

X
AVaS
":"AV’»V

S irgd

KA
I5TAVAV:

v

AV

S
L
SOTAYS

X
25

Fig. 2. 7. FEM model of proposed spherical actuator

2.1.6 Design optimization

Before the design optimization, the performance of the proposed spherical actuator
should be defined. There have been numerous spherical actuators developed that have
a variety of specifications. Considering the specifications of the existing spherical
actuators, the performance requirements of the proposed spherical actuator are listed
in Table 2. 1. The proposed spherical actuator is designed to improve the torque

efficiency and precision performance compared with the existing spherical actuators.

Table 2. 1. Design specification of the proposed spherical actuator

Target specification Quantity
Outermost diameter 80 mm
Tilt angle + 40 degree
Torque coefficient over 0.2 Nm/A

There are many parameters which affect the performance of the actuator. If it is



taking all these parameters into consideration, the optimal design process would be
very complicated and ineffective. Therefore, some parameters are fixed as constant
values.

Fig. 2. 8 shows the fixed parameters of the rotor. The yokes have enough thickness
not to affect the yoke saturation. In other words, even though the design magnet has a
maximum dimension value, the outer yoke does not reach a magnetic saturation state.
The outermost diameter is shown in Table 2. 1. The parameters that are related to the
size and working range are defined as fixed parameters. The angle between ro and r1 of
the permanent magnet is decided by tilt angles of the rotor. Fig. 2. 9 shows the fixed
parameters of the coil. The angle of the outer stator is also decided by tilt angles of the

outer rotor. The air gap length between the rotor and stator is fixed at 0.5 mm.

Fig. 2. 8. Fixed parameter of outer rotor magnet

Fig. 2. 9. Fixed parameters of outer stator coil
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2.1.7 Final design

Using the optimal design results, a final proposed spherical actuator is designed.
The motion guide mechanism is also designed based on the system size. The actuator is
fixed by a motion guide. Fig. 2. 10 presents the proposed spherical actuator. The rotor
is covered with the back yoke. The final actuator’s diameter is 80 mm. Table 2. 2

summarizes the final designed dimensions.

Fig. 2. 10. Final proposed spherical actuator

Table 2. 2. Final designed dimensions

Parameter Value [mm]
Outer rotor 80
Outer stator 69
Diameter

Inner rotor 50

Inner stator 40

Thickness of Outer rotor 3
permanent magnet Inner rotor 2
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Width of permanent Outer rotor 20

magnet Inner rotor 24.33
Outer rotor 4™ Outer stator 0.5
Outer stator 4™ Inner rotor 6.5
Thickness of air-gap
Inner rotor ™ Inner stator 1
Teeth of inner stator 0.1

2.2 Operating principle of actuator

The tilting principle around the X- and Y-axes is similar to a rotational VCM. The
number of permanent magnets of each side in the outer rotor is the minimum for tilting
around X- and Y-axes when using the principle of the VCM.

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. 2. 11 shows the principle of the generation of the tilt torques. Fig. 2. 11 (a)
and (b) show tilt motions from 0 to 40 degrees and (c¢) and (d) show tilt motions 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. 2. 12. 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.

_28-



- | Permanent magnet flux
B Direction of tilt

® ® Electric current

(a) Tilting motion around X-axis on 0 degree
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(b) Tilting motion around X-axis on 40 degree
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(¢) Tilting motion around X-axis on 0 degree
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(d) Tilting motion around X-axis on -40 degree

Fig. 2. 11. Principle of generation of the tilt torque
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Fig. 2. 12. Rotation motion around Z-axis
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Chapter 3 Intelligent Control Method

Many feedback control algorithms such as PID (Proportional, Integral, and
Differential) control, fuzzy control and neural network control for actuator control
have been proposed. A PID controller is a control loop feedback mechanism controller
widely used in industrial control systems [33]. The PID controller calculates an error
value as the difference between a measured process variable and a desired value using
fixed gains which have to be obtained through many experiments, which is a
disadvantage. The adaptive neuro-fuzzy inference system (ANFIS), which was
developed in the early 1990s by Jang [34], combines the concepts of the fuzzy logic [35]
and neural networks [36, 37, 38] to form a hybrid intelligent system that enhances the
ability to automatically learn and adapt. The adaptive network is a network of nodes
and directional links. These networks learn the relationship between inputs and
outputs using learning rules such as a back propagation [39]. Therefore, a control
method 1s expected to produce more accurate results compared to other control

methods.

3.1 Adaptive Neuro-Fuzzy Inference System (ANFIS)

The fuzzy logic systems implement fuzzy sets to model uncertainty and approximate
knowledge reasoning, but the fuzzy logic architecture lacks learning rules. The neural
network systems strengthen adaptive learning rules for numerical sets to fit nonlinear
data, but the neural network feature lacks knowledge representation.

The neuro-fuzzy systems include intelligent systems which combine the main
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features of both the fuzzy logic and the neural network systems to solve problems that
cannot be solved with desired performance by using either the fuzzy logic or the neural
network methodology alone [40]. The ANFIS is a fuzzy inference system embedded in
the framework of adaptive networks which provides the best optimization algorithm
for finding parameters to fit the given data. Based on human reasoning in the form of
fuzzy “IF-THEN” rules, the ANFIS develops the mapping of input and output data
pairs using a hybrid learning procedure. The hybrid learning procedure of the ANFIS
uses the backpropagation gradient descent algorithm in backward pass to tune the
premise parameters of membership functions and least squared error (LSE, also known
as Widrow-Hoff learning rule) [41] method in forward pass to adjust the consequent
parameters of output functions.

Jang presented three types of the ANFIS [34] and I use type-3 ANFIS, which uses
Takagi-Sugeno’s fuzzy “IF-THEN” rules whose outputs are a linear combination of

input variables and a constant.

Min or
Product
H Ay M B,
/C__\ ________________ Wy ﬂ=p1x+Q1y+r1
X Y
H A, M B,
ﬂ /\ Wh f2=p2x+q2y+f”2
N VA A
X Y weighted average
X y w,z,+w, z,

w,+ w,
w fi+w, f,

Fig. 3. 1. Two-input first-order Sugeno fuzzy model with two rules
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Fig. 3. 2. ANFIS architecture

To simply summarize the type-3 ANFIS architecture, I assume that x and y are two
input variables and f(x, y) is one output variable. As shown in Fig. 3. 1, for a first order
Sugeno fuzzy model [42], a typical rule set with two fuzzy IF-THEN rules can be

expressed as

Rule 1: IF (x is A7) and (y is By, THEN (f; = pix + quy + r1),

Rule 2: IF (x is A2) and (y is B2), THEN (f2 = pox + qay + ).

where A;and Bi(i=1, 2) are the linguistic label (like small, medium, large, etc.) and p;i,
gi and r; (7 =1, 2) are the linear consequent parameters.

Fig. 3. 2 depicts the corresponding equivalent of the ANFIS architecture with five
layers which is composed of a fuzzification layer, product layer, normalization layer,

defuzzification layer and aggregation layer.

Layer 1: fuzzification layer

I define that O;jis the output of the jth node in the ith layer and square nodes (i = 1,
4) are adaptive nodes with parameters, while circle nodes (i = 2, 3, 5) are fixed nodes
without parameters. Nodes j (= 1, 2) in this layer i (= 1) are square (adaptive) nodes
with node functions
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0, =1, (9 G. 1
0, = Hg, (y)

where the two crisp input X and y to nodes j are fuzzified through membership functions
(1) of the linguistic labels correlated to the node functions O;;. The commonly used
membership functions are triangular, trapezoid, Gaussian-shaped and bell-shaped
membership functions.

The bell-shaped membership function can be given by

Ha, (X) = ————5~ (3. 2)

where f{aj, b, ¢} is a parameter set. Parameters in this layer are referred to as

premise/antecedent parameters.

Layer 2: product (T-norm operation) layer

Each node (j = 1, 2) in this layer (i = 2) is circle (fixed) node labeled product (or T-norm)
operator [[ with node functions O, ;. The nodes in this layer multiply all incoming signals
and send the product outputs to next layer (layer 3), which represent the firing strength of
fuzzy antecedent rules (“IF” part). The outputs in this layer acts as weight functions w;

and can be expressed as

O, =W, = 1, () ® g (Y) (3. 3)

Layer 3: normalization layer
Each node (j = 1, 2) in this layer (i = 3) is circle node labeled N with node functions Os.
The jth node in this layer calculates the ratio of the jth rule’s firing strength to the sum of
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all rules’ firing strengths. The outputs in this layer normalize the weight functions that
are transmitted from the previous product layer and the normalized weight functions

(firing strengths) W; can be written as

(3. 4)

Layer 4: defuzzification (consequent) layer

Each node (j = 1, 2) in this layer (i = 4) is square nodes with node functions O,;. The jth
node in this layer defuzzifies the fuzzy consequent rule (“THEN” part). The defuzzified
outputs in this layer are multiplied by normalized firing strengths based on the

formulation
O4,j=Vijj=Wj(ij+qjy+rj) (3. 5)

where VT] is the normalized firing strength from the previous layer (third layer) and {p;,
gj, Iy is a parameter set. The parameters in this layer will be referred to as consequent

parameters.

Layer 5: aggregation (summation) layer
The single node in this layer (i = 5) is a fixed node labeled ¥ with a node function Os 1,
which computes the overall output as a summation of all incoming signals and can be

expressed as
O, =Y wf 2 (3. 6)
517 NTTTN .
] ijj

In the ANFIS architecture, there are adaptive nodes in the first layer and fourth layer.
To optimize this parameter needs learning algorithm. There are two learning algorithms
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developed by Jang et al. [43], namely hybrid learning algorithm and backpropagation. The
hybrid learning algorithm is an algorithm that combines of two methods which is
least-squares and gradient descent. There are two steps in this method, forward and the
backward movements. In the forward movement, the network input will propagate forward
until the fourth layer, where the consequent parameters will be identified by using a
least-square method. In the backwards movement step, after calculating the error, the
error signal will propagate backward and the premise parameters will be fixed by using a
gradient-descent method. In this thesis, hybrid learning algorithm is selected for training
the ANFIS model.

In the determining network topology of ANFIS, refer to the problem to be solved, the
number of input membership function and the number of rule is determined principal
component analysis with initial data. In order to determine the optimal numbers of
membership function and the numbers of rule, several numbers of clustering around 2 to 3
are evaluated. After several numbers of clustering are evaluated, each model adopts an

appropriate number of rules.
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Chapter 4 Verification

In this chapter, the manufactured 2-DOF spherical actuator will be controlled using
ANFIS and 3-DOF spherical actuator will be analyzed using ANFIS. The 3-DOF
spherical actuator modeling results with the optimal design process in chapter 2 are

analytically verified.

4.1 Experiments of 2-DOF spherical actuator with
intelligent control

4.1.1 Basic structure of 2-DOF spherical actuator

The 2-DOF spherical actuator is composed of a stator and rotor as shown in Fig. 4. 1
and 4. 2. In the rotor, six rows of identically polarized N and S pole shell-shaped
permanent magnets are arranged around the Z-axis. On the other hand, the stator has
24 teeth with 310 turn concentrated windings on each pole. They are also arrayed
around the Z-axis at even intervals as shown in Fig. 4. 3. This structure makes it

similar to controlling a 16-pole-12-slot synchronous motor the X- and Y-axes.
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Fig. 4. 1. Rotor of the 2-DOF spherical actuator
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(a) Magnetic pole of stator
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Magnetic pole

(b) Structure of magnetic poles

Fig. 4. 2. Stator of the 2-DOF spherical actuator

Rotor

Coil of 310 turn

—— Stator

@97 mm

Fig.4. 3. 2-DOF spherical actuator

4.1.2 Proposed controller scheme and prototype

A schematic diagram of the experimental system using the ANFIS controller is
shown in Fig. 4. 4. In this system, feedback control is conducted by ANFIS which adds
a modification signal into the desired trajectory before it is input the current

generator.
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Fig. 4. 4. Block diagram of the proposed controller scheme

Current patterns of the current generator are decided by using the block diagram
shown in Fig. 4. 5. When a desired signal is given as a trajectory, this system produces
current patterns for all coils to track the given trajectory. The block diagram is
explained below.

When a desired trajectory is given, the system calculates a current pattern for all

coils as follows:

I, =—sin(8e,;) (4. 1)

where the subscript 7 expresses the 7-th pole, /i and A; are the current and amplitude,
respectively, and a; is the mechanical angle between the 7-th EM pole and unknown

parameters A; and a; are derived from the following equations:

1 n 14
A —m(k X pi )x” (4 2)
o, =tan™ % (4. 3)
P + Py
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where k" and Pi'=[pix" piy" pi-"]T are unit vectors of the axis Z” axis and position

vector observed in the rotor coordinate, respectively. To calculate those two parameters,
the position vector P;"” should be known and it is calculated by using the following
equations:

_WORLD

pi - TAXIS

e Trotor PV (4. 4)

where P is a position vector of the 7-th vector observed in the world coordinate,
WORLD Ty x1s and 4AXISTroror are the transformation matrixes from the world coordinate
(X Y 2) to the axis coordinate (X' Y’ Z) and from the axis coordinate to the rotor

coordinate(X” Y” Z", respectively.

;Posiﬁon vector of poles

I‘(I) Coord l - - Current f y(t)
_iy| Coor ]Ildte'tl anc Topology >l unction —> X 5] Actuator >
e formation Eq. 4.3 Eq. 4.1 :
Eq. 4.4 a4 1 :
Amplitude
Lq. 4.2

Current Generator

Fig. 4. 5. Block diagram of the open loop controller

A schematic of the control system using a prototype of the actuator is shown Fig. 4. 6.
The prototype of the actuator used in this research is shown Fig. 4. 7. The rotor is
supported by a two-DOF gimbal structure. Rotary encoders are installed in both axes

of the gimbal structure, and the dynamic characteristics are measured.
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model data parameter

dSPACE
current feedback
sensing data
input current
Prototype

Fig. 4. 6. Schematic of the control system

Gimbal structure Rotary encoder

Actuator

Fig. 4. 7. Prototype of the actuator

4.1.3 Experimental results

The rotation angle on the X and Y axes is +30 degrees, as shown in Fig. 4. 8.
Basically, the rotor is designed to have a +35 degree working range. However, to
prevent bumping the coil cover and the end of the yoke, the proposed spherical
actuator should be tested in the safe region.

All actual rotation angles of the actuator are shown with solid lines obtained from
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the two rotary encoders of the gimbal structure.

The result of the experimentation under open loop control is shown in Fig. 4. 8 and
Fig. 4. 9 where both rotation angles obtained from the rotary encoder are far from the
desired values. These results indicate that a control method without sensor feedback
systems makes it impossible to obtain the desired values. When the actuator changes
the direction, the shape of the solid line is rough because the open loop control system

does not use the feedback values.

The result of the experimentation under PID control is shown in Fig. 4. 10 and 4. 11
where the position feedback system performs rather well, although small errors can be
observed. The actual rotation angle of the PID control has more smooth line like the

shape of the desired angle. But, the actual angles are not accurate values.

The result of the experimentation under ANFIS control is shown in Fig. 4. 12 and 4.
13 where the ANFIS control method is much more accurate and the error value
between the desired and actual angles are smaller than that of an open loop control

and PID control.

The average errors when open loop, PID and ANFIS controls are used are shown in
Table 4. 1. The average errors of open loop, PID and ANFIS controls are about 5

degrees, about 2 degrees and about 1 degree, respectively.

As mentioned above, the ANFIS control is superior in terms of an accuracy.
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Fig.4. 8. Result of the open loop control, around X-axis
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Fig.4. 9. Result of the open loop control, around Y-axis
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Fig.4. 10. Result of the PID control, around X-axis
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Fig.4. 11. Result of the PID control, around Y-axis
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Fig.4. 12. Result of the ANFIS control, around X-axis
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Fig.4. 13. Result of the ANFIS control, around Y-axis
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Table 4. 1. Average error of each control method

Control method

Average error

around X axis (degree)

Average error

around Y axis (degree)

Open loop control

4.377 5.515
PID control 2.000 2.032
ANFIS control 0.740 1.036
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4.2 Analyzed results of 3-DOF spherical actuator with
intelligent control

4.2.1 Characteristic analysis

4.2.1.1 Analysis method

An electromagnetic field analysis using 3-D finite element method (FEM) is
conducted to determine the static torque characteristics and the dynamic operating
characteristics of the proposed actuator. These characteristics of the actuator are

computed by employing the Q-method given in (4. 5) through (4. 7).

div{y (T, +T, —grad Q)}=0

(4. 5)

{Jm = rot Tm}
Jo =rotT, (4. 6)
H—(T, +T,)=—grad Q (4

where u is the permeability, 7o and 7% are the current vector potential derived fr
om the forced current density Jo and equivalent magnetization current density eom ,
respectively, as given in (4. 6), and &£ is the magnetic scalar potential as is given b
y (4. 7). His the magnetic field intensity. Equation (4. 5) is computed by using Gale
rkin’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.

d2, _ do |
i dt2 + Di dt +TSi :Tmi (1: X, V, Z) (4 8)




where /; is the moment of inertia of the rotor, D; is the viscous damping coefficie
nt, O; is the rotation angle of the rotor, 7% and 7m; are the friction torque and the

torque acting on the rotor, respectively, and 7 is the rotation axis of the rotor.

4.2.1.2 Static torque characteristic analysis

Static torque characteristics analyses were conducted under the following four
conditions. In addition to uniaxial motions, the characteristics of multi-axial motions
were analyzed to see how a motion around one axis affects a motion around another.
Fig. 4. 14 shows the position and the input current of the outer coils for tilting motions
around the X- and Y-axes. Fig. 4. 15 shows the input current to the inner coils to rotate
around the Z-axis. The 3-D finite element mesh model used in these analyses is shown
in Fig. 2. 7, and Table 4. 2 shows the analysis conditions to compute the static torque
characteristics.

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 a 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 also computed in each analysis (dashed lines in each figure). The

results of the analyses are shown in Figs. 4. 17-22.
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Table 4. 2. Analysis condition of static torque characteristics

Analyzed angle [degree] —-40 to 40
Excitation current [A] 2 (DC)
Number of excited coils 4
Tilt 14
Total CPU time [hour]
Rotation 16

600 (outer coils)
Number of coil turns

300 (inner coils)

(a) Position of outer coils

—Coill ---Coil 3

—
= - e =
-

Current[A]
[==]
A

-40 -30 -20 -10 0 10 20 30 40
Rotation angle [deg]

(b) Input current for tilting around X-axis
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(c¢) Input current for tilting around Y-axis

Fig. 4.14. Input current to outer coils
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Fig. 4.15. Input current to inner coils for rotation around Z-axis
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(a) Biaxial tilt motion

Z2’-axis .

\
\
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(b) Simultaneous rotation and tilt motion

Fig. 4. 16. Biaxial tilt motion and simultaneous rotation and tilt motion

4.2.1.2.1 Uniaxial tilt motion

From the result of the uniaxial tilt motion shown in Fig. 4. 17, it can be seen that the
actuator is easily-controlled during tilt motion. Furthermore the cogging torque of this
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actuator is relatively small and the equilibrium point is at the center since the cogging
torque value is 0, and its gradient is negative when the actuator is tilted because the

current density is decreased. The average output torque is 0.2 Nm.

4.2.1.2.2 Uniaxial rotation motion

Fig. 4. 18 shows the torque characteristics of the uniaxial rotation motion. The
fundamental order of the cogging torque is 12, which is the least common multiple of
the pole and slot numbers. The fundamental order of the excited torque is also 12 as
shown in Fig. 4. 19. This means that the cogging torque is dominant in the excited

torque ripple.

4.2.1.2.3 Biaxial tilt motion

The analyzed results shown in Fig. 4. 20 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. 4.
16 (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
the cogging torque characteristics will be the same during tilt motion in any arbitrary

direction.

4.2.1.2.4 Simultaneous rotation and tilt motion

Figs. 4. 21 and 4. 22 are the analyzed results of the simultaneous rotation and tilt
motion. Fig. 4. 16 (b) shows that the rotor was rotated around the Z’-axis which is the Z
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
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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 is 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 the X-axis during simultaneous rotation and tilt motion (solid line in Fig. 4. 22)
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.
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Fig. 4. 17. Torque characteristic of uniaxial tilt motion
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Fig. 4. 18. Torque characteristic of uniaxial rotation motion
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Fig. 4. 19. FFT results of uniaxial rotation motion
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Fig. 4. 20. Torque characteristic of biaxial tilt motion
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Fig. 4. 21. Cogging torque characteristic of simultaneous rotation and tilt motion
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Fig. 4. 22. Excited torque characteristic of simultaneous rotation and tilt motion

4.2.1.3 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 4. 3 shows the analysis conditions to compute the dynamic torque

characteristics.

The outer 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 Figs. 4. 23

and 4. 25.

4.2.1.3.1 Uniaxial tilt motion

From the result of the uniaxial tilt motion shown in Fig. 4. 23, it can be seen that the
rotor moves in a reciprocating motion. Though large initial transient amplitude, the

rotor stabilizes subsequently.
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4.2.1.3.2 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. 4. 24, 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.

4.2.1.3.3 Triaxial motion

Fig. 4. 25 shows the analyzed result of a triaxial simultaneous motion combining the
circular motion and the tilted rotation. From the analyzed result, it can be confirmed
that the rotor is rotating around the Z’-axis and at the same time the Z’-axis is rotating
along a circular path. This result shows that a simultaneous triaxial motion is possible

by just simply combing the current control for each uniaxial motion.

Table 4. 3. Analysis condition of dynamic characteristics

Number of element 738,768
Uniaxial rotation 80
Number of time steps
Other analyses 160
Uniaxial rotation 14
Total CPU time [hour]
Other analyses 20
Tilt 1.62 x 104
Moment of inertia [kg*m2]
Rotation 1.25 x 104
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Fig. 4. 25. Operating characteristic of triaxial motion
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4.2.2 Proposed controller scheme

The proposed ANFIS controller incorporates a fuzzy logic algorithm with a
five-layer neural network structure. The output of the ANFIS controller is readjusted
to reduce the error. A schematic diagram of the proposed ANFIS control of the system
1s shown in Fig. 4. 26. In this system, a modification signal is added into the input

position before it is input into the position controller.

Input
Current for P
— + ANFIS X tilt x
Position X =N \: Controller - p
Current for 3-D FEM -
_ + ANFIS Y tilt
Position Y — > > %
sho A | Controller |
Current for
Position Z —3(0) ANFrs |Zrowion ol v wf
osition 2 | Controller q Inverse

e - dg transformation
)
| }—, 0.

Fig. 4. 26. Block diagram of the proposed controller scheme

4.2.3 Analyzed results under feedback control

The analyzed result of the operating characteristics during tilt motion around the X-,
Y- and Z-axes under PID control (P gain: 0.8, I gain: 0.04, D gain: 0.04) is shown in Fig.
4. 27, 29 and 31 where the position feedback system performs rather well, although
small errors can be observed. The actual rotation angle under PID control has more
smooth line like the shape of the desired angle. However, the actual angles are not
accurate values.

The analyzed result of the operating characteristics during tilt motion around the X-,
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Y- and Z-axes under ANFIS control is shown in Fig. 4. 28, 30 and 32 where the ANFIS
control method is much more accurate and the error values between the desired and
actual angles are smaller than that of the PID control.

These results also show that the position feedback control was successful around all
axes, and that the proposed actuator can simultaneously rotate around 3 axes
accurately with the control method.

The average errors when the PID and ANFIS control are used are shown in Table. 4.
4. The average errors under the PID and ANFIS control are about 1.4 degrees and
about 0.6 degrees around X- and Y-axes. The average error around Z-axis is about 1.8

degrees (PID) and about 0.6 degrees (ANFIS).

Actual X Actual Y Actual Z

-50

Time [ms]

Fig. 4. 27. Result of the PID control, around X-axis
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----- Desired X -----Desired Y -----Desired Z

Actual X Actual Y Actual Z

Angle [deg]

-50 !
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Fig. 4. 28. Result of the ANFIS control, around X-axis
----- Desired X  -----Desired Y -----Desired Z Actual X Actual Y Actual Z
50

Angle [deg]

-50

Time‘ [ms]

Fig. 4. 29. Result of the PID control, around Y-axis
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Fig. 4. 30. Result of the ANFIS control, around Y-axis
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Result of the PID control, around Z-axis
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Fig. 4. 32.

Time [ms]

Result of the ANFIS control, around Z-axis

Table 4. 4.

1.42

1.42

Average error of each control method

1.8

ANFIS control

0.59

0.59

0.6
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Chapter 5 Summary

This thesis extensively studied multi-degree-of-freedom spherical actuators and
intelligent control.

Chapter 1 started off with the comparison of the conventional multi degree of
freedom mechanism combining a spherical actuator and plurality of motors and
clarified the advantage of the spherical actuator and the significance of a development.
The previous research examples of a spherical actuator are showed. In addition, the
purpose of this research, “Proposal of 3-degree-of-freedom spherical actuator using
voice coil motor principle” and “Feedback control using adaptive neuro-fuzzy inference
system (ANFIS) control method” are shown and the objective of the research is
described.

Chapter 2 moved on to the topic of a new spherical actuator. In order to achieve a
large angle of the tilt motion, high tilt torque, easy control and good dynamic
performance, a design flow chart is considered. A proposed spherical actuator with a
new structure is described. The structure of the proposed actuator and its operating
principle are explained.

Chapter 3 explained the adaptive neuro fuzzy inference system (ANFIS) for
feedback control of a spherical actuator.

In Chapter 4, the verification of a 2-DOF spherical actuator and proposed spherical
actuator using ANFIS feedback control method are described. Firstly, in order to verify
the ANFIS using a prototype of the 2-DOF spherical actuator. By the results of
experiments, it became clear that the drive around each axis can be controlled without
complicated inputs to each coil, which was required for the conventional spherical

actuator. Secondly, the analyzed results of proposed spherical actuator with ANFIS
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control. The analyzed results showed the feedback control method using ANFIS more
accuracy than other control method.

The spherical actuator is capable of multi-DOF rotational motion within a single
joint. Previous spherical actuators had problems with modeling, manufacturing and
control. In this thesis, a novel spherical actuator with 3-DOF was proposed. In order to
overcome the complex actuation principle of the existing spherical actuators, the
proposed spherical actuator used the VCM principle.

The ANFIS is used for improving the performance of feedback control. ANFIS has
the advantage of expert knowledge of the fuzzy inference system (FIS) and learning
capabilities of the neural networks (NN) for control of a nonlinear system. The gains
and parameters for feedback control are auto-tuned using a combination of the least
squares estimation and back propagation. Therefore, a control method using ANFIS

will produce more accurate results compared with other control methods.
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