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Abstract

Gripper mechanism is commonly found in industrial applications. An ideal gripper should
have a simple and low-cost structure, fast and robust response. Various types of grippers
have been designed but none of them is capable of fulfilling the requirements of an ideal
gripper. Variable Reluctance (VR) actuator has a simple and robust structure, therefore
it has been used in low-cost industrial applications. Together with its high-torque density
in compared with classical DC motors, VR actuator can be a very attractive solution
in gripping mechanism. However, due to its nonlinear characteristics, high-precision
gripping applications tend to avoid it by employing other actuators which require less
control effort. As a result, VR actuator is not popular in both industrial application
and academic research. Due to the recent advancement of semiconductor components
and micro-processors, more complex simulation model and advanced controller can be

realized. In the past few years, VR actuators have regained much research attention.

The project aims to investigate the feasibility of employing VR technology in precision
two-finger gripping application. Under this overall goal, initial research efforts have been
devoted to the analysis of VR actuator operating principles and the actual gripper design.
Results have shown that torque density can be raiged by 3 — 4% for less than 24 and more
than 30% with the use of mutual flux coupling effect when the pole-faces are saturated with

4A. This is achieved by connecting the flux return paths of two single VR fingers together.

In order to fully understand the behaviour of the two-finger VR gripper prototype,

detailed characterization experiments have been carried out. Flux-linkage and torque

profiles are measured with Alternate Current (AC) current excitation method and direct
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torque measurement respectively. Measurement results confirm that the VR gripper
prototype behaves like a VR actuator and enjoys an increase in efficiency once it operates
within the saturation region. Qther magnetic characteristics including leakage flux,

hysteresis loss and eddy current loss, and spring stiffness have also been measured.

After reviewing various modeling techniques commonly used in VR. actuators, the
nonlinear characteristics of the VR finger gripper, flux-linkage and torque profiles, are
modeled with an exponential description function. Then, a concise dynamic nonlinear
model of the VR finger gripper basing on state equations is established. This model
is further verified by step responses and confirmed to be an accurate mathematical

description for the VR finger gripper.

An adaptive current regulation scheme is proposed and implemented. By continuously
monitoring the position and current information, flux-linkage level can be calculated
with the nonlinear model. Then control parameters are varied aiming at providing fast
and repeatable current responses regardless of the rotor positions. Experimental results
confirm that the proposed current regulation scheme is an effective solution for adaﬁting

to the varying inductance of the VR finger gripper.

Two different control algorithms have been newly applied to tackle the nonlinearity
of the VR finger gripper. The first method is to use a reduced-size nonlinear
torque-current-position lookup table compensator. The main benefit of this method
is simple to implement and straightforward. To further enhance the smoothness and
accuracy of the table, a two dimensional interpolation scheme is proposed. Experimental
results show that the proposed controller is capable of handling general applications.
However, this control method fails to ensure the robustness and stability of the controlled
system. In order to improve robustness qualities, a second method, the Passivity-based

Control (PBC} is applied.

This nonlinear control method bases on the concept of energy transformation within a

system. Moreover, the controller design of this scheme is efficient and robust. Flux-linkage
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and trajectory control of the two-finger VR gripper using PBC are simulated with the
mathematical model and implemented. Results show that the PBC controller is robust,
offers better performance than the reduced order lookup table compensator and suitable

for high-performance applications.

Finally, the two-finger VR gripper is controlled under a mixed-mode control with
command scheduling. Under such arrangement, the two-finger VR gripper can be
precisely controlled under closed-loop position and force control. Results show that
the controller’s performance is highly satisfactory with good accuracy, high trajectory
performance and fast dynamic response. Conclusively, the research work confirms that

the proposed two-finger VR gripper is a appropriate solution for gripping mechanism.
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Chapter 1

Introduction

1.1 Essential requirements of robotic grippers and actuators

Gripping mechanism plays an important role in material handling, factory automation and
product manufacturing {32]. A large variety of gripper applications using different types
of actuators are designed and employed to serve individual purposes. Typical examples of

gripper actuators are:

1. DC motors
2. DC brushless motors
3. Linear motors and voice coils

4, Pneumatic actuators

Due to simplicity and compactness, most grippers have been initially dominated by
Direct Current (DC) motors. With the advance of electronic commutation in recent years,
DC motors are slowly replaced by DC brushless motors, which have multi-phase electronic
commutation and are claimed to be maintenance free. Linear motors and voice-coils are
also favorable solutions when short distance linear motions are required. However, the
presence of brushes and Permanent Magnets {PMs) in the first three types of actuators
reduces device reliability and robustness. Their presence also increase manufacturing
complexity and overall cost. Furthermore, PMs are brittle and can be de-magnetized

permanently beyond certain operating temperature. These facts hinder the usefulness
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of the actuator. In addition, these PM actuators fail to offer a high power-to-size ratio
compared with pneumatic actuators. Therefore, for high-force applications, pneumatic
grippers are commonly used instead. Unfortunately, they fail to produce accurate gripping

force with high repeatability and consistency in compared with electrical actuators.

After surveying the typical applications of grippers/actuators, the essential

requirements for a éood robotic gripping solution shoul§ be:
1. Low in cost.
2. Fast in force response.
3. Highly efficient, robust and accurate.
4. Maintenance free.
5. Able to operate in wide temperature range.

Surveying various existing gripper products shows that none of those available in the

market is capable of fulfilling all the above mentioned requirements.

1.2 Motivation of this research project

VR motor has drawn much research attention over the past decade, mainly due to its
high robustness and less-complex structure, and its potential for numerous demanding
industrial applications. VR motor does not contain any PMs or brush; it is low-cost,
easy-to-manufacture, highly reliable, and be able to operate in extreme temperatures.
However, the VR motor has inherent nonlinear characteristics, and problems of
torque-ripple and non-uniform force occur when it is driven by standard motor drives [47].

As a result, it is not widely accepted in industrial gripping applications.

During the past few years, many publications on VR motor design, commutation
method, and specialized drive have emerged. VR actuators have entered the variable

speed drive market [40]. These are made possible by the advancement of simulation
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tools and computer control technologies. With these advancements, it is now possible to
overcome most of the nonlinear problems through the redesign of the actuators magnetic
circuit and the implementation of advanced. control algorithm. Consequently, VR motors

are beginning to be utilized in various industrial areas {23, 31, 57, 58].

Currently, typical VR applications include:
1. Electric vehicles

2. Higl-l speed fuel pumps in aircraft engines
3. High-torque robotic joints

In spite of all these developments, developing grippers using VR technology has never

been explored.

The main aim of this research is to develop a novel two-finger gripper using VR
technology taking the advantages of high torque efficiency, robust characteristics and

simple construction. The project is motivated by following considerations:

1. VR actuators are simple in structure; it is made up of steel sheets and coil only.
2. VR actuators are extremely low-cost, robust and nearly maintenance free.

3. With the above mentioned advantages, VR actuator has a high potential to fulfill

the essential requirements of a good gripper system.

This project also explores the VR actuators’ potentials on high-precision gripping
applications. For this type of usage, the gripper has stringem; requirements on the
mechanical characteristic and force profile. These investigation are seldom carried out,
due to the difficulty in handling nonlinear magnetic characteristic and force profile. The
work on the design and development of a high-speed and high-precision robotic gripper

using VR technology would be the hrst of its kind.

To achieve this goal, there are some technical issues which need to be overcome:

1. To propose, design and fabricate a compact and efficient gripper structure;
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2. To investigate and model the nonlinear characteristics of such a device;

3. To implement an elegant and effective nonlinear control algorithm for the position,

velocity and force control of such a device.

1.3 Organization of the thesis

This research project is to investigate the present gripping mechanism and come up with
an improved solution by means of VR actuators. The thesis is structured with individual
chapter which focuses on a specific goal. Each chapter includes its own review of previous
work, implications of the proposed work, simulation, experimental implementation and

followed by a summary.

The initial stage of the research states the requirement of an ideal gripper and reviews
different types of actuation techniques and their corresponding utilization in gripping
mechanism. Advantages and disadvantages of their characteristics are carefully examined.

Details of this work is described in Chapter 2.

Chapter 3 analyzes various arrangements of two-finger gripper using VR technology.
Firstly, the basic operating principles of a VR gripper is studied. Then flux and torque
production are analyzed with equivalent magnetic circuit analysis. Energy conversion

analysis is then introduced to finalize the best arrangement for a two-finger VR gripper.

Then, a two-finger gripper prototype with VR technology for high-precision gripping
application is constructed. Design details and its fabrication are mentioned in Chapter 4.
Various flux-linkage measurement methods are compared. Measurement of flux-linkage
and torque characteristice confirm that mutually coupled arrangement improves the
efficiency of the VR gripper. In order to fully understand the VR finger gripper
characteristics, losses of the two-finger VR gripper, including hysteresis loss, eddy current

loss and leakage flux-linkage are estimated. Lastly, spring stiffness is also measured.

Modeling and simulation are critical to controller design. In order to perform
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simulation with accurate results, a concise, dynamic mathematical model for the
two-finger VR gripper is constructed in Chapter 5. Various Aux-linkage modeling
methods are reviewed. The nonlinear flux-linkage and torque characteristics are described
by the exponential description method. State equations are input as block diagram and
model verification is carried using step responses. Simulation and experimental results

verify that the model of two-finger VR gripper is accurate.

With the proposed simulation model verified, the next step is to design a
high-performance current regulation scheme. Since the load variation for VR actuators
is large, in Chapter 6, an adaptive current regulation is proposed after reviewing the
general current regulation schemes for VR actuated applications. The reported adaptive
current regulation scheme is straightforward and can be implemented in general VR
actuators especially for high precision applications. With position and current feedback,
instantaneous inductance can be calculated and controller parameters are also varied to
accommodate its load variation. The method was simulated and tested experimentally
on the two-finger VR gripper. Results show that this method is capable in adapting to
load variation and show better symmetrical current responses than classical Proportional

and Integral (PI) regulation.

In order to deal with the nonlinearity of the two-finger VR gripper, two nonlinear
compensation approaches are proposed in Chapter 7 and Chapter 8. The first approach
is a reduced-size lookup table compensator. This approach is simple but fails to prove
its global convergence and stability which leads to the need to introduce an alternative
controller approach. The second approach, PBC introduced guarantees system stability
and global convergence. Besides the PBC controller has a certain system robustness
with respect to modeling errors and parameter variations. Results show that the PBC

controller is more favorable, robust and stable under all conditions.

With the nonlinearity problem tackled, the next step is to achieve position and
force control. Chapter 9 describes the detailed control block diagram for a mixed-mode

control with command scheduling for position and force control of the two-finger VR
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gripper. The objective is achieved mainly through switching among different modes of
trajectory profiles. Besides, an S-curve trajectory command is also introduced to reduce
its mechanical stress on the gripper and settling time. Results show that the gripper is
stable and offer a low-cost solution for position and force {gripping) control especially for

delicate objects.

Chapter 10 concludes the entire project and suggests further research directions and

extensions.

1.4 Summary of contributions

This research project overcome a few obstacles using a series of innovative ideas. These

contributions include:

1. Design of a tightly-coupled two-finger VR gripper based on the E-plate magnetic

circuit. Efficiency of the two-finger VR gripper is raised [8];

2. Investigation of various kinds of flux-linkage measurement. Actual instrumentation
is made and other magnetic properties including hysteresis and eddy current losses

and leakage Aux-linkage are all obtained for the two-finger VR gripper [11];

3. Construction of a concise dynamic model of the two-finger VR gripper. Model is

verified with step responses and confirmed to be accurate {17];

4. Implementation of an adaptive current regulation approach for general VR motor
drive systems. Implementation experiment shows that proposed approach is more

favorable than classical PI current regulator {12};

5. Nonlinear controller design for two-finger VR gripper is provided with the use of
PBC concept. Both simulation and experimental results show that the proposed

controller is robust and offers global asymptotic stability [13];

6. Implementation of mixed-mode control with command scheduling approach. Both

the simulated result and the hardware implementation result show that the proposed
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. gripper can perform high-speed grasping of very delicate objects with high precision.
The proposed gripper also inherits many advantages of VR actuators, including ease

of construction, low cost, high robustness, and high reliability [9].



Chapter 2

Structures of grippers and

actuators

This chapter reviews various types of actuator techniques and their corresponding
utilization in grippers. Requirements for an ideal gripper, operating principles and
characteristics of various gripper technologies are presented in section 2.1. Section 2.2
describes the basic characteristics of a VR gripper. Its strengths and weaknesses are

studied in section 2.3.

2.1 Types of grippers and actuators

Gripping mechanism plays an important role in material handling, automation and
product manufacturing. In many industries, like the semiconductor packaging industry,
the applications become increasingly demanding as their product technologies advance.
These lay pressure to their manufacturing machineries. A low-cost and robust
motion-system solution with high performance and reliability must be developed for these

machineries.
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2.1.1 Performance and characteristics of the ideal robotic gripper

An ideal gripper should be low in cost; it should have a simple structure and a high
torque to current ratio. It can provide fast and accurate response and be able to operate
under a wide temperature range. Furthermore, an ideal gripper must be highly robust

and be maintenance free.

Numerous grippers were designed for specific gripping applications [45, 43, 42, 22, 50,
6]. These actuators exist in many forms, namely, voice coils, DC motors, DC brushless

motors, piezoelectric, thermal and pnenmatic actuators.

2.1.2 DC motor gripper

DC motor is compact and relatively straightforward to control. ‘It has linear control

characteristics which can be described as:

V = Ky (2.1)

T = Ki (2.2)

where V, Ky, 8, T, K, and i are terminal voltage, back Electro-motive Force (EMF)
constant, angular velocity, motor torque, torque constant and armature current

respectively.

From Equation 2.1 and Equation 2.2, it can.be clearly seen that velocity and torque
can be linearly controlled by terminal voltage and armature current respectively. As a
result, DC motor had once been the most favorable solution for gripper drive systems.
Figure 2.1 shows the cross sectional structure of a DC motor. PMs are mounted onto the
stator, which is stationary and encloses the entire motor. Windings are wounded onto

the rotor and commutated through a pair of carbon brushes.

Figure 2.2 shows one possible form of DC motor gripper. Fingers are indirectly driven
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Figure 2.1: A DC motor

by a DC motor, which is connected with a gearbox. The secondary gear is linked up with

a bi-directional ball screw, which couples the motion of the two fingers mechanically [45].

The most severe disadvantage is wearing out of the commutation brushes. Another
problem is the limitation on the maximum transfer of armatlire current [53]. Moreover,
electrical noise generated by the brushes causes interference to other delicate electronic
circuits. In addition, with the presence of PM, assembly and material cost for the
actuator become costly. Since PMs can only operate within a limited temperature range;
actuator performance varies with temperature change. Furthermore, PMs are brittle and
can be permanently de-magnetized beyond certain operating temperature. All of the

above points hinder the robustness of the actuator.

2.1.3 Voice coil gripper

Voice coil has an incomplex construction. It is a linearized version of the rotary DC

motor and very useful under limited stroke linear motion.

Unlike the DC motor; mechanical parts like screw threads can be eliminated for cost
reduction when linear motion is required. Figure 2.3 shows a typical voice coil. It consists

of PM, a moving coil and soft iron material to complete the magnetic circuit.
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Figure 2.4 shows a voice coil gripper which consists of a linear slide, a linear encoder,
* force sensors and voice coils {43]. The linear slide provides a guide-way for the actuator
to move back and forth. It also maintains a constant air-gap between the magnet and the
coil. Position and force control is accomplished by utilizing the feedback from the linear
encoder and force sensor. Force generated is directly proportional to the applied winding
current. Depending on the direction of the excitation current, force can be generated in

both directions.

Apart from the disadvantages of the PM, the coil is a moving element, which is
difficult to ensure the reliability of the actuator. The moving element can be the magnet

but this would increase the moving mass and power consumption.

2.1.4 DC brushless motor gripper

Another popular choice of actuator for grippers is DC brushless motor. Unlike classical
DC motor, the windings are wounded onto the stator while PMs are placed on the rotor.
In this way, the DC brushless motor commutates without any brush. For this reason, it

greatly improves its life and reliability. Figure 2.5 shows a brushless DC motor.

Without any electrical contact between the stator and rotor, electrical noise
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generated is much less. To increase its efficiency, windings are located on the stator
where its heat can be removed more easily. Position sensors are mounted onto the rotor

shaft for providing position information. Commutation is carried out by the controller [46].

With all of the above advantages, DC brushless motors can be commonly found in
industrial robots and grippers. The multisensory articulated hand produced by German

Aerospace Center {DLR) is an example [42].

The actuator is multi-phase, which increases the complexity of the driving circuit. It
is also difficult to achieve high-precision accuracy due to the drifting and imbalance of
the phase circuit elements like op-amps and current sensors. This generates torque ripple

of the actuator and reduces its accuracy.

2.1.5 Thermal gripper

When a material is heated up, it expands in size. This type of gripper can be designed
with different materials and shapes, using thermal technology. Thermal gripper
shown in Figure 2.6 is a tailor-made gripper for micro-assembly and micro-operation
applications [22]. It mainly consists of a thermal expansion element and a displacement

transfer element. The thermal expansion element is etched onto the gripper. It is then
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Figure 2.6: A thermal gripper

connected to a pair of electrode with low impedance. Therefore, only a low driving

voltage is required to energize the thermal element.

In general, the thermal gripper suffers from very slow force response because its
generated force is produced by material deformation. Besides, the opening distance of
the gripper is limited to 120um. Furthermore, the external temperature of the working
environment must be controlled strictly. Any alternation of this environment affects
the gripping force. For these problems, thermal gripper is not widely used in industrial

applications.

2.1.6 Piezoelectric gripper

Piezoelectric actuator is a favorable solution in recent years due to its compact size

and high-precision. Piezoelectric materials change dimension when an electric field is
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applied. A typical piezoelectric material is Plumbum Zirconate Titanate (PZT). Despite

its response is extremely fast, this change is quite small, approximately equals to 0.1%.

In many ways, piezoelectric materials are similar to magnetic materials and both
exhibit hysteresis. As the operating temperature approaches the Curie Temperature the
actuators depole, the domains become unaligned, and the expansion with applied field is

greatly reduced [73].

For small electric driving signal, the displacement of the piezoelectric actuator, d.L;

can be estimated by:

8L; = S;L, = dj;EiLo (2.3)

where S}, Lo, d;j and E; represent mechanical strain in direction j, material thickness
in field direction, piezoelectric deformation coefficient and electric field in direction
respectively [30]. Equation 2.3 shows that 6L; has a direct relationship with the electric
field. Consequently, it would be necessary to provide high input voltage for a long travel

distance.

Researchers reduce the input voltage to the piezoelectric actuator by adopting
the multilayer approach [69). A multilayer piezoactuator is a stack of PZT thin films
electrically connected in parallel. The thinner the film, the lower the voltage required for
maximum expansion of the multilayer stack. Generally, the lowest commonly found input
voltage for piezoelectric actuator is 150V and over 300V for Ultra High Voltage (UHV)
applications. With such high electric voltage input, Electro-magnetic Interference (EMI)
noise can be easily generated and interfere with electric components and affect their

operations.

Figure 2.7 shows a piezoelectric gripper [50]. The piezoelectric actuator is linked up
with mechanical displacement transfer element to provide a gripping motion. However,
the force deliverable is low and it is similar to the characteristic of the thermal gripper.

It also suffers from small opening areas. It is only useful in miniature mechatronic systems.
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2.1.7 Pneumatic gripper

Pneumatic systems are commonly found in high-force industrial applications. Pneumatic
cylinders are relatively low-cost and fundamental. In pneumatic systems, force is
produced by air pressure acting on the surface of a piston or valve. Compressed air is
produced in a compressor and stored in a receiver. From here it is routed to valves which
control the direction of fluid flow, flow control valves which control the amount of power
produced by the cylinders which convert the potential energy of the compressed air into

kinetic energy at the output.

Dexterous hand is a typical pneumatic gripper for industrial applications [6]. It is
.capable of producing high force up to 250N. However, it is extremely difficult to control
the pressure accurately in order to produce force at a high-precision level. Furthermore,
it is very slow for the actuator to build up the force [5]. Unlike its electrical counterparts,
its force response is much slower and it is in the order of seconds. Besides, operating
under open-loop control, it is difficult to achieve high-precision especially when there
is friction within the system. This might introduce tracking error between fingers.
Therefore, pneumatic actuator is a poor choice for constructing a two-finger gripper for

high-precision application.
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2.2 The VR gripper

VR actuator has a basic and robust structure. Figure 2.8 shows a rotating VR motor [52].
The VR motor is a doubly-salient, singly-excited motor. This means that it has salient
poles on both the rotor and the stator, but only the stator (in usual case) carries windings.
Without any PM or cage winding, the rotor and the stator is built up from a stack of
salient-pole laminations {39]. When a current passes through the stator winding, then
magnetic flux links through the iron core and eventually the rotor will be attracted into
the alignment with the pole pieces. On the other hand, if an external restraining torque
is applied to the rotor and displaced from the this aligned position, the rotor will stay
in an equilibrium position where the rotor reluctance torque balances out the external

restraining torque.

The rotor and the stator are laminated to reduce the eddy current effect. With the
absence of PM, it tends to have a lower inertia and the maximum permissible operating
temperature is relatively higher. The stator windings do not have any phase-phase
crossovers, and they are easy to fabricate. Therefore, the actuator has a very low
manufacturing cost [48]. The operating principle of a VR actuator is similar to a
solenoid; it has a higher inductance and slower current response than PM actuator.
Furthermore, due to its salient pole structure, VR actuator inherits nonlinear properties;

thus increases its control complexity. Due to the above reasons, the use of VR technology
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in high-precision gripper application is seldom explored.

Figure 2.9 shows a VR finger [16]. The VR finger is driven by a solenoid which
behaves like a VR actuator. The moving element which is spring loaded for bi-directional
motion, hinges on the upper end of the stationary part of the solenoid. When the solenoid

is unenergized, the fingertip moves outwards.

2.3 Performance comparison

Table 2.1 shows the performance comparison of various actuators mentioned in this

chapter. Data tabulated are the typical values of the actuators.

Due to the presence of PM, the cost of voice coil, DC and DC brushless motors
are higher in terms of matérial and manufacturing costs. Besides, DC brushless
motors, driving circuit is also expensive due to its multi-phase operations. Thermal
and piezoelectric actuators have special structures; they require special techniques to

construct and also high in costs. However, for thermal actuator, its force is generated
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Actuators Major cost Response  Temperature range
DC motor PM 15ms —20-65°C
Voice coil PM and linear guideways 10ms —20-155°C
DC brushless motor PM and drive 15ms —20-85°C
Thermal actuator Manufacturing process > 58 25-125°C
Piezoelectric actuator Manufacturing process 50ms 20-200°C
Pneumatic actuator Cylinder and valves > ls —-45-180°C

VR actuator Iron core 200ms —20-300°C

Table 2.1: Performance comparison of various actuators

with the deformation of materials would definitely be the slowest amongst all. For motors
with PM, the operating temperature is limited by the demagnetization temperature of
the PM. Besides, thermal actuator produces force with heat, the operating temperature
has a great influence on its operation. Even in the case of piezoelectric actuators, its
operating temperature is also limited by its Curie temperature at which the actuator
depole. In terms of EMI interference, DC motor and piezoelectric actuator has the worst
performance. DC motors can generate sparks easily by the commutation brushes. On the
other hand, piezoelectric actuators require high input voltage which can influence with

delicate electronic circuits.

VR actuator consists mainly of its iron core; it is simple in structure and
easy-to-manufacture. Thus, it has a lower inertia and behaves as an electric actuator
which is also fast in response. Without PM, VR actuator has a much wider operating
temperature. Furthermore, it has a simple driving circuit and does not have severe EMI

problem like piezoelectric actuators do.

2.4 Summary

This chapter states the requirements for an ideal gripper. Various types of actuators
and their corresponding grippers are investigated. Their characteristics are studied and
compared with each other. VR actuators are inherently robust, simple and low-cost

when compared with electric motors and other actuators. VR actuators also enjoy faster
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response and do not suffer from small openings and grippers ac'.tuated by thermal or
piezoelectric technologies. VR actuators do not have a tight temperature limit and show
good EMI properties. However, it is well-known of its nonlinear torque properties and has
been 5 challenge to control it as a proportional device. With the advancement of Digital
Signal Processor (DSP), implementation of novel control algorithm is now possible. By

introducing a VR, gripper, it can become an answer to all these problems.
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Chapter 3

Analysis of VR grippers

This chapter describes the analysis of various arrangements of two-finger gripper using VR
technology. Section 3.1 describes the basic principles of VR gripper. Section 3.2 analyzes
the flux and torque production of various arrangement of two-finger VR gripper. In
section 3.4, the principle of energy conversion analysis is introduced and an arrangement

of two-finger VR gripper is chosen.

3.1 Principles of the VR gripper

Figure 3.1 shows a basic VR single-finger gripper. Its structure is similar to the VR
actuator shown in Figure 2.8 with the exception of an extra finger attached to the rotor.
When the rotor rotates, the finger swings along with the structure, producing a force

acting onto the finger tip. The force F; can be described as:

Ton

Fr=— (3.1)

where T;,, and { are the rotor torque and length of the finger respectively.
As mentioned in Chapter 2.2, when current is applied to the stator windings, the rotor

has a tendency to reduce its reluctance by rotating itself to the fully aligned position. As

a result of this rotation, torque is generated. Under such structure, only unidirectional
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Figure 3.1: Basic single-finger VR gripper

torque can be generated. In order to produce torque in the other direction, extra poles and
stator windings need to be added. This arrangement makes the structure more complicated
and the overall cost more expensive. The simplest solution is to employ a torsional spring
to produce the retracting force. The torsional spring has a linear relation against rotor

positions, as shown in Equation 3.2 and 3.3 below [19].

d'E
Ksp m (3-2)
Ty = Ky (3.3)

where K,p, d, E, Dgp, Nsp, Top and 0 represents the stiffness of the torsional spring,
diameter of the spring wire, elastic modulus of the spring material, diameter of the spring,
number of coils in the spring, applied torque onto the spring, and angular displacement

of the spring respectively.

With the torsional spring installed, the rotor stays in an equilibrium positions where
the reluctance torque balances out the counter-acting spring torque. By controlling the
current applied into the stator windings, the required motion and rotor positions can

then be achieved. Figure 3.1 becomes the basic building block of a VR finger gripper.
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3.2 Equivalent magnetic circuit analysis

The magnetic structure of a single-finger gripper can be characterized by an Equivalent
Magnetic Circuit (EQMC) [7]. By employing electric circuit elements to represent the
features of the magnetic circuit, and by applying basic electric circuit theories, analyzing
a magnetic system would be equivalent to analyzing an electric circuit. This becomes a

major main advantage of transforming a magnetic system to its equivalent.

In an EQMC, stator winding, stator and rotor reluctances can be represented by
Magneto-motive Force (MMF) source, F and fixed reluctance, B¢ and variable reluctance,

R, as described in Equation 3.4. This is analogous to equations of electric circuits.

F = Ni
= (Rf+'R’U+Rm)¢

= (Bys + Reom)$ (3.4)

where N is the number of turns in the stator windings, i is the stator current and

'Ruf=R-u+Rf.

For an idealized sinusoidal reluctance variation, the rotor reluctance, R can be

approximated as {28]:
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R= (R, + Ry) = 5(Ry ~ Ra)cos20 (3.5)

where By and R, refer to the minimum and maximum value of reluctance, namely,
direct-axis reluctance and quadrature-axis reluctance. Ry is directly in line with the axis

of the stator poles.

Furthermore, the rotor torque 1, can be calculated by:

2 dR(6)
0% g

= —0.5¢*(R, — Ry)sin20 (3.6)

Tm

fl

As described in Equations 3.5 and 3.6, the rotor torque of the two-finger VR gripper has

a square relationship with flux, ¢.

3.2.1 Two-finger VR gripper with separate magnetic circuits

To implement a two-finger VR gripper, the simplest method is to allow each finger being
driven by an individual actuator. Figure 3.3{a) and 3.3(b) shows the basic mechanical

structure and the EQMC of a two-finger VR gripper driven by independent VR actuators.

In this configuration, the stator windings, rotor and stator core are represented by two
MMEF sources, Fies: and Frigne, two variable reluctances, R,, Rq and two fixed reluctances

By, R..

The left and right magnetic circuits link through path ABC and DEG without any
mutual flux coupling. Due to the symmetrical structure of the actuator, the left and right
excitation currents during gripping motion can be considered equal, and the left and right
variable and fixed reluctances on the two magnetic circuits can also be assumed equal.

Equations 3.7-3.9 describe these simplifications mathematically.
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Figure 3.3: A two-finger VR gripper driven by two separate magnetic circuits

F = F!eft = Fright (37)
Ry = Ry=R. (3.8)
R, = R,=Ry (3.9)

where F, Ry and R, represent the MMF source, fixed reluctance and variable reluctance

respectively.

Then the flux passes through the rotor, ¢ep, can be described as:

Gsep = Bueft = Pright (3.10)

F
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Figure 3.4: A two-finger VR gripper driven by two combined magnetic circuits

3.2.2 Two-finger VR gripper with combined magnetic circuit structure

Another alternative is to combine the two magnetic circuits together. This allows the
two-finger VR gripper to be mote compact. The major difference is the appearance of

mutual flux on the magnetic circuit.

Figure 3.4(a) and 3.4(b) shows the basic mechanical structure and the EQMC of a
two-finger VR gripper driven by two combined magnetic circuits. In the same manner,
the stator windings, rotor and E-core can be represented by MMF sources, Fle g and Frygpe,
variable reluctance, Ry and Ry, and fixed reluctance, R, and R;. Under this arrangement,
it can be considered as two individual rotating VR motors combined together. Besides,
return paths of both magnetic circuits are connected together at node K. Similarly,
the symmetrical structure has equivalent force and reluctance on the left and right side.

Therefore,
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Figure 3.5: Superposition of magnetic circuit

F = Fleft = Frighl. (3'12)
Ry = R,=R (3.13)
R, = Ry=R, (3.14)

By linear superposition, considering the left MMF source only, the EQMC can be
simplified as in Figure 3.5(a). As a result, the system magnetic equations can be written

as:

¢ = ¢1+¢
F
3.15
Ry ¥ Reom 1 Rog) (3.15)
Since Beom < Ruy, then it can be assumed that,
. F
~ 3.16
¢ Ruf -+ Rco'm ( )



Chapter 3: Analysis of VR grippers ) 28

and

Reom
P2 = ¢m (3.17)

So the flux passes through the rotor,

Geomb = ¢ — P2
3 F Reom
B Rcmn+Ruf - Rcmn+Ruf
_ F—¢Rem
" Reom + Ry
< Paep (3.18)

According to Equation 3.6, the arrangement shown in Figure 3.4(a) should produce

less torque than arrangement shown in Figure 3.3(a).

3.3 Limitation of the equivalent magnetic circuit analysis
However, there are some major assumptions made for adopting such a model:

1. Hysteresis loops of the materials are narrow and they have little effect on the overall

magnetic circuit.

2. Magnetization curve of such material may be approximately represented by a straight

line through the origin where g, is a constant.

3. Reluctance variation is approximately sinusoidal.

To put it simply, if the magnetic characteristic of the gripper is linear or pseudo-linear,
the magnetic system may be represented by a linear EQMC, and the techniques of
linear electric circuit analysis may be used [37]. For VR actuators, it is operated under
saturated region for most of the time to maximize its efficiency, thus the proposed linear

method of analyzing magnetic circuit may produce substantial error.

So the above mentioned analysis is only valid inside the linear region. Nevertheless,

once the motor enters saturation region, analyzing with EQMC will produce large error.
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3.4 Energy conversion analysis of VR gripper

When analyzing torque production of a VR actuator in both the linear and . saturated
region, the concept of energy conversion is usually used. Magnetization curves shown in
Figure 3.6{a) and Figure 3.6(b) are curves of flux-linkage A versus current %, at a particular
rotor position for both linear and saturated magnetic devices [38]. From the diagram, the

stored magnetic energy Wy and the co-energy W, can be expressed as:

Wy = /U Az’()\, 0)dA (3.19)

I

W, fu A(G, 6)di (3.20)

Notice that, these equations are applicable to both linear and saturated devices. In
this analysis, the magnetic characteristics of the VR gripper, XA is expressed in terms of
its current and its rotor angle. For cases shown in Figures 3.2-3.4, each has a unique

flux-linkage profile against current and rotor angle depending on the magnetic system.

The instantaneous torque production, T,,,, of the VR actuator is given by:

oW,

W] o (3.21)

|

From Eguation 3.21, it can be clearly seen that the shaded area of co-energy
determines torque production. For VR motor, it becomes more efficient once it enters
the saturation region. Hence, it is a common practice to increase the stator current for a

higher torque production.

3.5 Comparisons between equivalent magnetic circuit

analysis versus energy conversion analysis

Table 3.1 tabulates the comparison between EQMC and energy conversion analysis. For

EQMC analysis, the computation is simple and linear electric circuit theories can be used
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Figure 3.6: Magnetization curves of linear and saturated magnetic devices at a particular
rotor angle
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Methods Advantages Assumptions

EQMC Stmple Iinear devices
Linear circuit theories are applicable  Sinusoidal reluctance variations

Energy conversion Complex N/A

Table 3.1: Performance comparison of magnetic analysis

while solving complex multi-phase magnetic systems. However, it only limits itself to
linear magnetic devices. For torque production, it also assumes an approximate sinusoidal
reluctance variation. On the other hand, energy conversion analysis is relatively complex
and valid for both linear and saturated devices. It calculates the torque production

through the system magnetic characteristics which is in terms of co-energy.

As shown in Table 3.1, it is clear that EQMC is favorable for magnetic actuator
operating in the linear region. For those operating within the nonlinear region, energy
conversion analysis is necessary. By not assuming any idealized reluctance variation,
energy conversion analysis is valid in both linear and saturated regions. Therefore, it is

suitable for analysing or modeling a two-finger VR gripper.

Under the separate magnetic circuit arrangement shown in Figure 3.3, it produces
more torque than combined magnetic circuit arrangement within linear region as shown
in Figure 3.4. This is due to the fact that for combined magnetic circuit arrangement,
both magnetic circuits share the same return paths. By linking the two return paths
together, the magnetic circuit can be saturated more easily with two MMF sources. In
other words, the two finger VR gripper using the structure shown in Figure 3.4, has a
higher Aux-linkage value with the same current level. Moreover, by combining the two
fingers into a single magnetic housing, this has made the finger alignment process much

simpler and the overall size much smaller the individual single finger actuator.

This project aims at designing a two-finger VR. gripper which produces more torque
than an ordinary VR actuator. For VR actuators, it is generally operated under the

saturation region, so the combined magnetic circuit arrangement is more favorable.
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3.6 Summary

In this chapter, the EQMC and energy conversion analysis of various types of VR finger
gripper are introduced. It has been mentioned that the energy conversion analysis is
a more appropriate method when analyzing the two-finger VR gripper. It is because
VR actuators usually operate under saturation region and its permeability cannot be
represented by a constant. Various types of two-finger VR gripper are introduced and
the combined magnetic circuit should provide a better performance than the separate
magnetic circuit arrangement. Characterisation of the two-finger VR gripper will be

discussed in the next chapter.
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Chapter 4

Construction and performance of

two-finger VR gripper

The main objective of this chapter is to describe the design and fabrication of a novel
two-finger VR gripper suitable for position and force control applications. In this
chapter, details of the construction and measurements of the two-finger VR gripper are
described. In order to evaluate the performance and to obtain the characteristics of
the gripper, an extensive magnetic characterization exercise was conducted. Various
flux-linkage measurement methods were reviewed and characterization experiments of
the actuator were carried out. The results show that the proposed actuator exhibits as

VR motor characteristics and it becomes more efficient, through the use of mutual coupling.

Section 4.1 gives the details of the construction of the two-finger VR gripper. Details
of the controller system employed for this research project is given in section 4.2. Then-
section 4.3 derives the basic control model of the two-finger VR gripper.‘ Equations
representing electrical, mechanical and magnetic characteristics are derived. Section 4.4
and section 4.5 review and compare the different flux-linkage measurement methods.
Section 4.6 and section 4.7 conduct the flux-linkage and direct torque measurement for the
two-finger VR gripper. Then sections 4.8 and 4.9 investigate the losses of the two-finger
VR gripper, which include leakage flux-linkage, eddy current and hysteresis losses. Finally,

the torsional spring stiffness measurement is discussed in section 4.10.
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-
Figure 4.1: The two-finger VR gripper used in this research project

4.1 Construction of the project two-finger VR gripper

In order to further explore the proposed design mentioned previously, a prototype
two-finger VR gripper with combined magnetic circuit is developed. Figure 4.1 shows the

front view of the two-finger VR gripper.

The two-finger VR gripper can be classified as a precision type which places its
emphasis on dexterity and sensitivity [20]. The stator is made from laminated DT42
E-core steel which links the two magnetic circuits together. Both the rotors and stators
are laminated to reduce eddy current effects. The laminated mild steel plate is shown in

Figure 4.2.

Figure 4.3(a) and 4.3(b) shows the rotors and stator windings of the two-finger VR
gripper respectively. The two-finger VR gripper has two rotating axes. Each of the two
rotors are mounted onto two individual shafts, which are supported by a pair of bearings,
with the rotating axes normal to the magnetic plates. The moving elements may rotate
freely between the poles of the stator. For each rotating axis, there is an incremental

encoder with a resolution of 0.09°, connected onto the rotor.

Each of the two rotors of the two-finger VR gripper has a detachable finger attached
to it. The two fingers of the gripper are 90mm long and are preloaded with torsional

springs. This arrangement allows bi-directional movements from a single-direction coil
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Figure 4.2: Stator and rotor steel plates of the two-finger VR gripper

excitation in a cost-effective manner. There are also two individual stator windings
wound around the stator core with 400 turns each. The use of detachable finger allows
for wear and interchangeability. These fingers which are shown in Figure 4.4 can also be

redesigned to adapt to any kind of gripping object.

Figure 4.5 shows the basic operating principle of the two-finger VR gripper constructed
for this research project. When currents are applied to the stator windings, the rotors will
rotate away from their initial rest positions with a tendency to reduce their reluctance
by alignment torque. The rotor will stop when alignment torques comes into equilibrium
with restraining torques provided by the torsional springs. When the fingers rotate by

65, the fingertips will be fully closed.

The overall construction is extremely simple and robust, and it is very similar
to rotary solenoids, used in on-off mechanical actuation. Combining the two fingers
into a single magnetic housing has made the finger alignment process much simpler and

the overall size much smaller. Details of the two-finger VR gripper is tabulated in Table 4.1
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(a) Rotors

(b) Stator windings

Figure 4.3: The proposed two-finger VR gripper
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Figure 4.4: Detachable fingers of the two-finger VR gripper
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Figure 4.5: Basic operating principle of the two-finger VR gripper

Notation Values
Stroke angle d 65 degrees
Operating voltage 14 60 VDC
Operating frequency f 3 Hz
Maximum instantaneous current finst. 7 A
Maximum continuous current feone. 4 A
Resistance of stator winding R 4 @
No. of turns in stator winding N 400 turns
Rotor inertia Im 0.015 kgm?
Viscous constant Ky 0.0075 gmrad~'s

Table 4.1: Two-finger VR gripper profile
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4.2 Controller system

Figure 4.6 shows the dSPACE Kit 1104 which is used as the data acquisition and the
system controlier in this project. The main components of the dSPACE Kit 1104 which

are applicable to this project are,
¢ Single-Board-Hardware DS1104 Controller Board

» Implementation Software programming from SIMULINK with Real-Time Interface
(RTD)

e Experiment Software ControlDesk Standard

The DS1104 controller board is a one PCl-slot half size board which has an
on-beard 250MHz MPC8240, PowerPC 603e core floating-point processor for real-time
computation. It interfaces with the Personal Computer (PC) through the Peripheral
Component Interconnect (PCI) bus. The interface circuit includes two 24-bit digital
incremental encoder interfaces, four 16-bit Analog-to-digital Converter (ADC), four
12-bit ADC, eight 16-bit Digital-to-analog Converter (DAC) and seven Pulse Width
Modulation (PWM) channels. |

In connecting with MATLAB RTI and SIMULINK, graphical programs or even
control block diagrams can be converted into real-time control C-code with a SIMULINK
diagram. Assembly codes can be compiled and downloaded to the DSP running in
real-time. On the other hand, the experiment software ControlDesk Standard interfaces
with the user, accepting their inputs graphically, displaying the current status of the

controlted system and logging of necessary data.

In this project, the two incremental encoder interfaces receive the encoder signals from
the two-finger VR gripper, while the ADC channels receive and convert current or other
measurements into digital signals. For control experiments, the DS1104 controller board
calculates the control algorithm on the basis of the measured values and determines the

corresponding PWM values.
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Figure 4.7: General VR motor electrical representation

4.3 Basic mathematical model

The electrical characteristics of the two-finger VR gripper can be described as a resistive

and inductive structure which is shown in Figure 4.7.

Its voltage equation can be expressed as:

L, dM8,6)
V. = Rpi+ T (4.1)
A= A4+An+ N (42)

where V', R, 1, 0, A, Ag, A and A are terminal voltage, coil resistance, current, angular
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position of the rotor, total Aux-linkage, self flux-linkage, mutual flux-linkage and leakage

flux-linkage respectively [28]. Therefore, the voltage equation can be expanded as:

. OM#8,1) di  oa(8,1) df
V= ——f e - — .
Rmit == 5" o0 @ (4.3)
where
Con oxe,i) de
ebemf(za 919) = % . E (4'4)

For low speed operations, back EMF, eperm s (3,6, w) can be omitted and Equation 4.3

can be simplified to:

V = Rpi + L(B,i)% (4.5)

Furthermore, mechanical dynamics of the two-finger VR gripper can be determined by

equating all the torque contributing elements as below:

Tin = Jmb + Ko + Kb + T, (4.6)

where T, is the torque required, Jp, is the total rotor and load inertia, K,p is the spring

constant, K, is the damping constant and 17, is the load torque.

As described in the previous chapter Bux-linkage has a nonlinear relation with current
and position. In order to control the motion and force of the VR gripper of high-precision,
an accurate Aux-linkage model needs to be obtained. Otherwise, the behavior of the
two-finger VR gripper would be difficult to simulate. Hence, all the nonlinear elements of
the actuator need to be embedded into simulation model and the corresponding real-time

controller.



Chapter 4: Construction and performance of two-finger VR gripper 41

4,4 Review of flux-linkage measurement methods

The fiux-linkage characteristics of VR actuator changes with different rotor positions.
Due to its doubly salient construction, the actuator can easily be saturated. When the
rotor poles align with the stator pole, i.e. at aligned position, the reluctance for the flux
path is at its minimum and the actuators magnetic circuit is highly saturated. When the
stator pole moves away from the rotor pole, i.e. at unaligned position, the reluctance is

higher and the actuator does not saturate as much as it is at the aligned position.

The study of flux-linkage characteristics can be conducted by Finite-element
Method (FEM). FEM analysis can be useful in optimizing the actuator design. However,
the accuracy of the result depends on the skill of the user in choosing the mesh elements.
Besides the method is computational complex. Generally, it is easier for to obtain the

magnetic characteristics of the actuator through measurement.

Due to the nonlinear relationship of VR actuators with current and rotor positions,
various flux-linkage measurement methods have been proposed [47, 61, 14]. However,
only two methods are commonly in use and these two methods will be reviewed in this

section.

4.4.1 Step measurement

The first method is to apply a step voltage across the stator winding. By recording the
current and voltage levels, flux-linkage at a certain position can be evaluated offline easily.

This method is one of the most favorable method for VR. motor researchers [47, 61, 14, 27).
Rearranging Equation 4.1, flux-linkage can be obtained through Equation 4.7:

A8,i) = f (V = Roi)dt 4.7

- where 8, V, R,,, i represent the rotor position, input voltage across the stator winding,

resistance of the stator winding and stator winding current respectively.
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Figure 4.8: Flux-linkage measurement circuit

Figure 4.8 shows the circuit diagram for the flux-linkage measurement setup. For this
method, a step voltage is injected into a stator winding with the rotor being locked into
a fixed position. The supplied voltage provides a steady-state stator winding current
typically 120% of the full load. current. Waveforms of the voltage and current are
recorded. By assuming winding resistance being constant, the flux-linkage at a certain
rotor position versus different current level can be determined with an offline integration
of Equation 4.7. And the entire experiment is repeated with the rotor rotated to a set of
equally spaced position, ranging from the fully aligned to fully unaligned positions (47).
For the case of two-finger VR gripper both windings are connected in series to ensure the
current flows through both windings are equal. Besides, both rotors have to be locked at

the.same rotor positions.

This method is further improved by employing a lead-acid battery as the voltage
source [65). This can completely eliminate current ripples due to RLC oscillations.
Instead of a classical mechanical switch which would introduce unnecessary mechanical
bouncing and voltage disturbance, a high-speed semi-conductor switch should be used.

This arrangement can offer fast switching response and vibration free voltage transient.
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The main advantage of this experiment is its simplicity. As the step input voltage
is applied across the stator windings, the stator current rises, therefore, instantaneous
flux-linkage versus different current can be evaluated without repetition measurement.

Besides, it does not require any fitting of extra sensing coils onto the stator.

However, the main difficulty with this method is the choice of a suitable R,,. An
inaccurate Ry, introduces drifting into the fux-linkage integration. In practical situation,
the value of R,, used in the digital integration is adjusted arbitrarily until the zero
sections of the Aux-linkage waveform are truly horizontal. In addition, the injected
step input voltage consists of numerous high frequency components, and therefore this

introduces extra eddy current into the measurement results.

Figure 4.9 suggests the flux-linkage profile of the two-finger VR gripper measured
with step flux profile. The result is similar to the measurement of a VR actuator using

step measurement method.

But, referring to Equations 4.1 and 4.2, it can be clearly noticed that the flux-linkage
obtained with this method has the self, mutual and leakage flux-linkage all summed up as
a single unit. Generally, mutual and leakage flux-linkages are assumed negligible for VR
motors. However, for the mutually coupled two-finger VR gripper, the step measurement

method is not applicable. As a result, a more accurate method is preferred.

4.4.2 AC excitation method

Another commonly employed method is the use of AC excitation method {27]. The
proposed method is based on the digital integration of the EMF induced by flux variations
in a search coil mounted on the stator poles. When a flux, ¢ passes through a search coil

with N, turns, an EMF, e .4(t), would be induced and thus flux can be expressed as:

o) = —— [ corn(t)dt (4.8)

8
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Figure 4.9: Flux-linkage profile at different rotor angles with step measurement method

In this measurement, rotor is locked at a particular rotor angle and the excitation
winding is supplied by a sinusoidal current. Under such condition, the actuator behaves

as any magnetic circuit under cyclical magnetization.

Since flux calculation is an integration process, a slight DC offset in the integration
process will produce a significant shift in the integrated value over a prolonged period. To

eliminate this error, a compensation value of de,,p, is added to the integration process, as:

Jo €srn(t) ~ earn(0) s
Nsnmples

O€srh =

where T is the period of the input AC current, eg.;(0) is the initial measured voltage
across the search coil and Nygmpies is the number of samples during one period 7'. Since
the input current and voltage across the stator winding are symmetrical with zero mean
values, the flux output can also be assumed to be symmetrical with zero mean value. In
other words, the flux signal, ¢(t) should have the same maximum and minimum values. As
a result, the initial lux, ¢(0), having the effect of shifting ¢(t) to a symmetrical position,

can be obtained as:
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$(0) = ¢—(2)—;ﬂ (4.10)

Combining Equations 4.9 and 4.10, 4.8 can be rearranged as suggested in {15}.

1 T
80 =3 [ Tean(®)+ et + 900 (4.11)

By joining the vertices of the first quadrant produced by various current levels, the
fAlux-linkage profile of the two-finger VR gripper can be constructed [67]. As mentioned
before, the experiment requires the use of search coils in the machine. For standard VR
motors, it is difficult to wound extra search coils onto the stator because the motor is
enclosed. However, for the case of two-finger VR gripper, this is feasible because the
fitting of search coils can be installed at the prototype development stage. Besides, if
additional search coils are placed at other poles, mutual and leakage flux-linkage can
also be measured. In this manner, the accuracy of the experiment can be improved
substantially. Unlike, the step measurement method, variations in electrical parameters
of the VR motors have no impact on the measurement accuracy, because readings are

directly measured from the search coils.

Furthermore, it is verified that the flux-linkage result do not change for a specified
maximum value of the excitation current in a wide range of excitation frequency
values {27]. 1t can be expected that as the operating frequency increases, there is a
reduction in flux-linkage values. This is mainly due to the demagnetization effect of eddy
currents. However, since eddy currents are negligible in two-finger VR gripper with the
presence of laminated iron core. As a result, the reduction in flux-linkage value in change

of frequency can be neglected.

Moreover, even though the input winding excitation is not purely sinusoidal, the

measurement method can still be considered valid [26].
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Step measurement AC excitation
Feasible for two-finger VR gripper v v
Number of measurements Ny° Ny x N*
Leakage flux-linkage measurement X v
Hysteresis measurement X v
Eddy current measurement X v
Measurement accuracy Fail to determine As, Am oand A

As, Am and A; alone  are determined separately

“Np refers to no. of flux-linkage measurements between intermediate positions
*N_ refers to no. of flux-linkage measurements between intermediate current levels

Table 4.2: Comparison of flux-linkage measurement methods
4.5 Comparison of flux-linkage measurement methods

From Table 4.2, it is clear shown that AC excitation method is the most suitable for
characterizing the magnetic properties of the two-finger VR gripper. It can be applied to
the two-finger VR gripper with good measurement accuracy. The AC excitation method
has the advantages of independence of electrical characteristics and mutual and leakage
flux-linkage are separated from the measurement. Moreover, hysteresis effect and eddy

current effect can be obtained.

The major disadvantage is the tedious repetition of measurement for d{fferent values
of excitation currents for all rotor positions at which measurements are undertaken for
this method. Since this is a one-off measurement task, the benefits of measurement
accuracy outweighs the inconvenience of repetitive measurements. Extra measurement

procedures are still worthwhile.

4.6 Flux-linkage measurement

4.6.1 Assumptions

Before conducting the actual flux-linkage measurement, basic operation of the two-finger

VR gripper must be understood, otherwise the range of experimental measurements would
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be very large. Since the two-finger VR gripper is designed for gripping purposes, certain

reasonable assumptions can be made:

1. The gripping object is symmetrical and the grasp of the object is at its centre of

mass so that no moment would tend to rotate the centre of mass.

2. The two-finger VR gripper is symmetrical in size and both fingers are always at the
same rotor positions. As a result, both stator current would be equal at all times,

and thus both rotors producing same amount of torque.

3. With the same flux level, no mutual flux-linkage can be found because the common

path shares the same potential.

With the above mentioned assumptions, during the experiment, both stator windings
are connected in series which guarantees both windings are excited with same current

level simultaneously. Moreover, both rotors have to be locked at the same rotor positions.

4.6.2 Implementation

A 50Hz variable current can be produced easily with an isolated autotransformer
connected to a 240V AC power source. A high speed semi-conductor switch is used to
energize the stator windings for a period of 500ms. Since the inductance value of the
two-finger VR gripper is relatively high, for the stator current to flow at 50Hz with both
windings connected in series, it can be expected that the dA/dt term would generate
a significant proportion of voltage potential difference. Current information can be

measured from a low impedance current resistor.

In order to simulate the two-finger VR gripper with separate magnetic circuit, one
rotor of the two-finger VR gripper is removed. Figure 4.10 shows the equivalent magnetic
circuit of the two-finger VR gripper with one rotor being removed and only one stator
winding being excited. With one rotor being removed, it can be assumed that the flux

link through path HJK and such setup can be assumed to be equivalent as a two-finger
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. VR gripper with separate magnetic circuits as shown in Figure 3.3(b).

Flux-linkage is measured with stator current ranging from 0.5A to TA, in incremental
current steps of 0.5A. The angular position ranges from the fully unaligned position of 0°
to the fully aligned position of 65% in an incremental steps of 0.5°. Under this condition,
two sets of flux-linkage results, A versus current, ¢ and A versus angular positions, & are

recorded.

The measured data is acquired at a frequency of 5kH 2. This provides a data rate of
100 samples per cycle. Two VR grippers configuration are measured. The VR gripper
with only one rotor is shown in Figure 4.10(a). The corresponding equivalent magnetic
circuit 'is shown in Figure 4.10(b). This can be assumed to be simulating the effect of
the finger driven by an ordinary VR actuator without any magnetic coupling effect. The
other set of results were recorded with both stator windings being excited at the same

current level and rotors being locked at same angular positions. These data shows the

actual performance of the VR finger gripper with magnetic coupled effect.

Figure 4.11 shows the experimental setup for AC excitation flux-linkage measurement
of the two-finger VR gripper. Search coils are placed on the input limb and the rotor of
the magnetic circuits. Different voltages induced from the search coils and stator current
levels are filtered, amplified and fed into the ADC channels. Encoders are also connected
to measure angular position accurately. The overall experimental setup for two-finger VR

gripper is shown in Figure 4.11.

For simplicity, hysteresis loops of a magnetic circuit with air-gap, Higat, can be
decomposed into two separate components, namely H.or., the core and Hair— gap, air-gap.

The magnetic circuit can be described as:

Higtat = Heore + Haz’r-gap (4.12)

Figure 4.12(a), Figure 4.12(b) and Figure 4.12{c} show the hysteresis loops of the iron



Chapter 4: Construction and performance of two-finger VR gripper

49

is

Y

fA N AT AT A

AN AT AN Al

LY ARV ARV IRV,

(a) Two-finger VR gripper with only one rotor

installed

M

L

(b} Simulated equivalent magnetic circuit

Figure 4.10: The two-finger VR gripper setup for simulating without magnetic coupling

— -t

0s1104
Caniroller Board

3 Filtar and

Enc Input :\;.uci - £ Amplifier
circuits
[}
2 . Incr.
Ed Encoders

[T v U3
3

2 LR Y

5 240V AC
ios S0-50Hz

i AC oulput
solld-stale swilch

A
lsotated
auto-transformer

Figure 4.11: Experimental setup for AC excitation flux-linkage measurement of the

two-finger VR gripper



Chapter 4: Construction and performance of two-finger VR gripper 50

Flux-Enkage (Wh.turns)

SNRURP N

i = Current {A)

{(a) Hysteresis loop of an iron core

Flux-linkage (Wb.tums)

f
smaller
air-gap

larger
air-gap

» Current {A)

iy

(b) Hysteresis loop of an air-gap

Flux-linkage (Wb.turns) amalter

targer
air-gap

[RY
LA } —p  Cugrent (A)

'

{(c) The complete magnetic circuit loop

Figure 4.12: Hysteresis loop of a magnetic circuit with air-gap



Chapter 4: Construction and performance of two-finger VR gripper 51

core, air-gap and the complete magnetic circuit [67).

The iron core suffers from hysteresis loss. As shown in Figure 4.12(a}, small value
of reluctance in the core tends to have a steep slope. As the current level increases
from i, to i, the Alux-linkage value tends to increase with the similar slope but with a
larger area. This indicates that hysteresis loss is increased. However, this increase in
flux-linkage value would change once the magnetic circuit reaches and enters saturation
region. The saturation effect is due to the nonlinear relationship between Magnetic flux

density, T (B) and Magnetic field intensity, Am™! (H) of the iron core.

On the other hand, the air-gap has no iron and thus Figure 4.12(b) shows no hysteresis
loss. But, with its high reluctance value, it tends to have a gentle slope. As the rotor
position changes with the current level remains at i., the air-gap size varies. The slope of

the hysteresis loop for the air-gap also varies.

The hysteresis loop of the complete magnetic system can be seen as the summing up
of the two hysteresis loops. Consequently, any changes within either the air-gap or the
iron-core can be reflected upon the hysteresis loop for the complete magnetic system. As
the magnetic system approaches to saturation, nonlinear effects exhibit and play critical

roles.

Since the reluctance introduced by the air-gap is significantly larger than the core, as
a result, it can be expected that any slight variation on the air-gap would produce a large
change of flux-linkage value. This causes the complete system to increase its flux-linkage

value with its same slope in the similar manner,

4.6.3 Experimental results

Figure 4.13(a) and Figure 4.13(b) show a period of the stator current waveform with
peak-peak current at 7A and induced voltage sensed by the rotor search coil. The rotors

are both at fully aligned positions. Due to the large inductance value, the current has
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a large phase delay with respect to stator winding voltage while lead the flux waveform.

Besides, the current waveform, i, contains other harmonics [66]:

i=i+iz+is+-- (4.13)

where i;, 3 and i5 fepresent the first, third and fifth harmonics of the current, i,

respectively.

Figure 4.14(a} and Figure 4.14(b) show the hysteresis loops of the two-finger VR
gripper with both rotors installed. Results are measured at different rotor positions and

different current levels respectively.

From Figure 4.14(a), it is clearly shown that Rux-linkage level varies significantly
with respect to the change of rotor positions. Changing from fully aligned to fully
unaligned positions, flux-linkage value can differ by as much as seven times. At
different rotor positions, the two-finger VR gripper enters saturation region at different
current levels. The two-finger VR gripper enters saturation region with the lowest
current level when the rotors are located at the fully aligned position. The two-finger

VR gripper stays within the saturation region below 2A without significant flux saturation.

Figure 4.14(b) shows that the flux-linkage increases significantly with current level
changes, but less so for rotor position changes. Figure 4.15(a} and 4.15(b) show the
hysteresis loops of the emulated VR actuator at different rotor positions and different

current levels respectively.

Comparing Figure 4.14(a)} and Figure 4.15(a), it can be found that the variation of
flux-linkage is larger for two-finger VR gripper that the VR actuator. Since actuator
torque is proportional to the change of flux-linkage, in other words, the two-finger VR
gripper should produce a larger torque overall. However, it can also be noticed that
before entering into saturation region, VR actuator produces slightly higher flux-linkage

value than the two-finger VR gripper. So there might be under certain condition, the
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Figure 4.16: Direct torque measurement setup for the two-finger VR gripper

VR actuator can generate higher torque than the two-finger VR gripper. With the
information obtained, it is difficult to get a clear picture whether the two-finger VR

gripper or VR, actuator is more efficient.

4.7 Direct torque measurement

In order to distinguish that whether by combining two VR actuators, configuration A, is
more efficient than driving the two fingers by individual VR actuators, configuration B,

the simplest way is to measure the rotor torque of the two-finger VR gripper directly.

Figure 4.16 shows the setup of the direct torque measurement. A torque gauge is
mounted onto the rotor shaft. Torque measurement are recorded from current level

ranging from 0.5A to 4A with both rotors fixed at same angles ranging from 0° to 65°.

4.7.1 Experimental results

Figure 4.17(a)} and Figure 4.17(b) show the torque measurement for the two-fAnger VR
gripper with configurations A and B. As shown from the experiment results, when the
two-finger VR gripper operates within the linear region ie. below 24, configuration
B produces slightly more torque than configuration A, around 3 — 4%. It is because

before the iron core is saturated, more flux flow within the magnetic circuit. Unlike
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configuration A, both flux produce by the two MMF sources counteract against each
other. But once the two-finger VR gripper enters the saturation region, configuration A
precedes configuration B. At 44 current level, the torque production of configuration A
exceeds its counterpart by more than 30%. Such difference can be expected to be more
obvious as the stator current increases. Since most of the time the two-finger VIR gripper
operates under saturation region, like the VR actuators, it has shown that with combined
magnetic circuit is more effective than single finger gripper with individual magnetic

circuit.

For hoth configuration, both maximum torque readings occur when rotor angle is
35°. It is because that the rotor pole tips have just overlapped with the stator pole tips
and they become heavily saturated. This sudden change of flux results in a high torque

generation.

4.8 Leakage flux-linkage

Leakage flux-linkage can be seen as any flux-linkage which does not link through the
rotor. Such flux-linkage produces no torque but affects the electrical performance of the
two-finger VR gripper. For non-saturated magnetic systems, this effect is often neglected.
However for two-finger VR gripper, it operates in saturation region for maximizing its

efficiency, so leakage flux cannot be neglected.

Possible leakage flux path is shown in Figure 4.18. With the flux-linkage measurement
method employed in section 4.6, leakage flux-linkage can be obtained easily with

Equation 4.2.

According to Figure 4.11, search coils are placed at the input limb and rotor of the

two-finger VR gripper. Leakage flux-linkage can be calculated:

Ao=A— A (4.14)
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Figure 4.19: Leakage flux-linkage of the two-finger VR gripper

4.8.1 Experimental results

Figure 4.19 shows the leakage flux-linkage of the two-finger VR gripper. The leakage
flux-linkage does not show significant variations with respect to changes in rotor positions.
Once again, beyond 2A, the two-finger VR gripper enters the saturation region and

leakage flux-linkage saturates. At 7A, leakage flux-linkage value reaches 0.15Wh.turns.



Chapter 4: Construction and performance of two-finger VR gripper 60

Notation Values
Mass m 0.78 kg
Volume v 663 x 107° m®
Thickness of lamination d 035 x107% m
Maximum hysteresis loss at test frequency Py 06 W/kg
Test frequency fo 60 H:z

Table 4.3: Details of the iron core of the two-finger VR gripper
4.9 Core loss

Core loss is made up of hysteresis loss and eddy current loss. Hysteresis loss, Py at

frequency f is commonly estimated as suggested in Equation 4.15 [44]:

Py = Pf()(%)l‘a (4.15)

where Py and Ppo represent the maximum hysteresis loss at frequencies f and f0

respectively.

From the information tabulated on Table 4.3, hysteresis loss of the two-finger VR
gripper at 3H z can be evaluated with Equation 4.15. Therefore, the hysteresis loss of the

two-finger VR gripper at 3Hz, Pr = 0.012W.

Eddy current loss occurs when there is a rapid change of flux within the magnetic
circuit [67]. Most of the electrical machineries and transformers are made up of laminated
material to reduce the eddy current loss. This is same for the two-finger VR gripper.
Generally, lamination of iron cores is an adequate means of limiting eddy currents up to

50k Hz [67].

The eddy current loss, P, is given by:
P, = Ku(Bfdigm)? (4.16)

where K, is determined by the type and dimensions of the material, v is the volume
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of the stator and rotor, B3 refers to the peak fiux density, dim is the thickness of lamination.

The maximum core loss at 50 z can be obtained by calculating the area enclosed by
the hysteresis loop when the stator current is at 7A and B is equal to 0.77. Then, the
eddy current loss at 50z can be found by subtracting the hysteresis loss at 505z from

the core loss.

Core loss in the two-finger VR gripper at 50H z is 11.93W. Then, the eddy current
loss for the two-finger VR gripper at 50Hz is 11.47W. With these information, K, of
Equation 4.16 can be evaluated which is equal to 1.15 x 109. Similarly, the eddy current

loss at 3H z is 0.041W.

With the above results, both the hysteresis and eddy current losses are very low.
Then, the flux-linkage model can be simplified by excluding the hysteresis and eddy

current effects. Such simplification would contribute less than 10% error.

4.10 Spring stiffness measurement

From Equation 4.6, it is clearly shown that spring torque is one of the variable need to be
characterized for the VR gripper. The simplest way of obtaining the spring stiffness is to
measure it directly. This can be obtained with direct torque measurement with no current

injected into any of the stator windings. So the spring torque can be measured at any angle.

Figure 4.20(a) and Figure 4.20(b) show the spring characteristics and its linearity
measurement respectively. In this case, the springs can be assumed to be linear with

worst case error less than 6%.
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4.11 Summary

In this section, a novel tightly-coupled two-finger VR gripper has been fabricated. The
main objective of the chapter is to describe the fabrication of a novel two-finger VR
gripper. By combining the two VR actuators, the torque density can be improved. This
paper describes the construction of the proposed two-finger VR gripper and its detailed
mechanical structure. Various flux-linkage measurement methods have been reviewed.
AC excitation method is chosen to be the most appropriate. Flux-linkage measurement
was carried out. The measurement results confirmed that the t;vo—ﬁnger VR gripper has
magnetic characteristics similar to a rotary VR actuator. Direct torque measurement
on the VR gripper confirmed that the two-finger VR gripper has a higher efficiency
at saturation region by combining the two magnetic circuits. In addition of magnetic
measurerments, other characterisation measurements of the VR gripper, includin.g leakage
flux, hysteresis and eddy current losses have been carried out. From these detailed
characterisation information, a model of the VR gripper can be constructed for controller

design and simulation purposes. This will be described in the next chapter.
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Chapter 5

Modeling of the two-finger VR

gripper

The main objective of this chapter is to construct a mathematical model of the two-finger
VR gripper for controller design and simulation purposes. This chapter describes the

construction of the dynamic model, its simulation and verification.

The model of the VR gripper bases on a set of state equations with the nonlinear
Aux-linkage and torque characteristics described by the exponential description function.
The model is verified and confirmed to be accurate. Section 5.1 reviews the general
modeling methods for VIV actuators. Then section 5.2 and section 5.3 describes the
Aux-linkage and torque modeling of the two-finger VR gripper and its overall dynamic
model. Lastly, section 5.4 shows the simulation and experimental results, which verify

that the model of two-finger VR gripper is an accurate representation of the actual device.

5.1 Review of flux-linkage modeling methods

Modeling of flux-linkage and torque of the two-finger VR gripper play important roles on
mode! construction. Over the years, several flux-linkage models were proposed, namely
piecewise approximation, parabolic approximation, cubic spline function and exponential

description function {70, 64, 74, 34]. Some even directly incorporate a large scale lookup
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table which stores the entire flux-linkage characteristic into the model [68].

5.1.1 Piecewise linear approximation

Piecewise approximation is one the simplest flux-linkage approximation for VR
motors {70]. Instead of modeling the flux-linkage characteristic directly, it bases on the
flux-current plane only and moadels the fux-current relationship in different sections.
This method models the flux-linkage with few different lincar polynomials. Generally, the

region is divided into three sections, namely linear, saturated and highly saturated regions.

This approximation method is extremely simple and not costly for implementation.
However, once the VR motors enter saturation region, the flux-linkage does not nec;essarily
behave linearly. Modeling with a linear equation introduce extra modeling error. [t would
be simple and useful for rated and average torque generation. However, for simulation
and controller design purposes, such method fails to describe the VR finger gripper

accurately. So this method is not appropriate for the VR finger gripper.

5.1.2 Parabolic approximation

Similar to piecewise approximation, parabolic approximation models the magnetic
characteristics of the VR motor by separating into three different sections. This method
has been employed in several research works mentioned in [64, 33]. One curve is used
to approximate the magnetization curve for the aligned and unaligned position and two
curves are used for both linear and nonlinear part at aligned position. [64] suggested that

flux-linkage at unaligned position A, can be represented as:

Auld) = Lyi (5.1)

where L, represents the equivalent inductance for the unaligned position. For flux-linkage
at the aligned position, A, is divided into two parts. When current is below the saturation

current, i.e. the motor is still within the linear region, the flux-linkage is then:
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Aa(3) = Lai (5.2)

where L, represents the equivalent inductance for the aligned position in unsaturated

region. For the saturated region, A, is represented by Equation 5.3.

Aa(t) = Ago + v/ dali — ig) (5.3)

where a, Az, and %5, are constants describing the parabolic function.

Parabolic approximation is a simple modeling solution for VR notors, however, it
assumes the saturation current is constant at all angular positions. However, fo;‘ actual
VR motors, this phenomena is not necessarily true. This technique introduces modeling
error especially when the motor operates within saturated region. As a result, this

method is not suitable for the VR finger gripper.

5.1.3 Cubic spline function

Cubic spline function is one of the modeling techniques which offers high modeling
accuracy especially for nonlinear characteristics {4]. For high accuracy applications, a

two-dimensional curve fitting can be found suitable for wide range of VR motors [74].

In [74], this method considers the flux-linkage value at different angular positions
and current levels as nodes of defined rectangles. As a result, the entire modeling region
is divided into numerous rectangle which can be represented by the nodes. For each

rectangle, the Aux-linkage can be represented with Equation 5.4.
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Cubic spline method suggested in [74] divides the entire modeling range into many

separate regions and thus requires high computation power. Generally, it is commonly to

choose a fixed point DSP for cost reduction, therefore implementing complex modeling

function is difficult. As a result, this method is not suitable for the VR finger gripper

especially for real-time modeling and controller design purposes.

5.2 Exponential description function

Above all, the expounential description function is a model tailored for VR motors. First of

all, it does not split the magnetization curve into different regions. Unlike other methods,

{e.g. piecewise approximation, parabolic approximation), exponential description function

avoids the continuity problem.
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The self Qux-linkage, A; is described by an exponential flux model [34]. Then a least
square fitting method is applied to the flux-current chart so that the nonlinear exponential

function can be represented by the following equations:

As(0,1) = Agqr(1 — e_if(e)) (5.7

and

f(8)=a +bcosl -+ ccos28 + dsinf + esin 29 (5.8)

where Az is a constant of which the magnitude > the saturation flux of the motor. From
Equation 3.21, the rotor torque 7, can be represented as [49):
’\satm {
Tin(8,7) = Tﬂfg {1-n1+i f(e)]e-ﬂ")‘} (5.9)

There are a few advantages with this modeling method.

1. The periodicity of the flux-linkage characteristic is provided by the periodic function

shown in Equation 5.8;

2. The saturation effect can also be seen in the torque equation in Equation 5.9 bounded

Asar T2

between 0 to —Te}#—;
3. At any circumstances, the sign of the torque is only determined by the term, %;
Figure 5.1(a) and Figure 5.1(b) show the 3D flux-linkage and torque profiles of the

two-finger VR gripper respectively modeled with exponential description function where

the modeling parameters are tabulated in Table 5.1.
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Paramncters  Values

a 11.5271
b -13.194
c 1.9226
d -7.3743
e 3.5513
Asar 0.078

Table 5.1: Modeling parameters of the two-finger VR gripper
5.3 Dynamic model of the project two-finger VR gripper

The dynamic model of the two-finger VR gripper can be described by its state equations

which are made up of Equation 4.1, 4.2 and 4.6 is rewritten as:

df

= (5.10)
du 1 .

7 - (T = Kb = Kop — T;) (5.11)
di Coan 4] 1

haki | — = — 12
dt { Hmt = 5 dt] L+ 22 (5.12)

where [; represents the leakage inductance of the two-finger VR gripper which can

evaluated by :

L dN(i)
Lifi) = == (5-13),
Then,
3N - _ine OF(®)
- if(0) 9I\0)
=5 Asatie 54 (5.14)
3;3 = Ase” O f(9) (5.15)

In this model, nonlinear friction, hysteresis and eddy current effect are not included.
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5.4 Model verification

To verify the proposed model of the two-finger VR gripper, a step pulse is injected
into the actuator to find out its overall response. From the system control perspective,
impulse responses can be considered as the fingerprint of a particular system under test.
However, it is impractical to produce a perfect impulse response; thercfore step response

is generally used.

In this verification exercise, a block diagram model is built with SIMULINK control
block, and it is subjected to a step response nieasurement with a duration of 0.4sec. Both
current waveforms and the rotor positions are recorded. In the experiment, a step voltage
is applied across both stator windings of the two-finger VR gripper simultaneously with

the current and the rotor positions captured at a sampling frequency of 5kH z.

Figure 5.2 and Figure 5.3 show the simulation and experimental current and position

step responses of the two-finger VR gripper for left and right fingers respectively.

As shown in the results, both simulation and experimental results match closely
with each other. When the step voltage is applied at ¢ = 0, current rises immediately
producing a steep rising slope. Once the current approaches steady state, there is a slight
undershoot, which is due to the relatively large back EMF in the magnetic circuit. This
is the instance when the rotor reaches its maximum velocity. When the rotor begins to

decelerate, the current slowly rises.

For the position responses, there is a slight delay of 20ms compared with the current
responses. It is because mechanical systems has lower bandwidth compared to the
current responses. Besides, the rotor must overcome its static friction and load torque,

Ty, before any movement can be made. This can be easily understand from Equation 5.11.

Furthermore, by comparing Figure 5.2(b) and Figure 5.3(b), it can be seen that the

right finger peaks 10ms earlier than the left finger even though the current level for the
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left finger is lhigher the right one. Since the mechanical structure of both fingers are
symmetrical, which implies the torque production of both rotors are cqual. This can be

deduced that the left finger has a higher damping or frictional effect than the right finger.

Since the model employed is only a sccond-order model, higher order dynamics are
omitted. This is one of the reason why there is discrepancy between the simulation and
experimental results. Furthermore, as mentioned in previous section, some nonlinear

properties like friction and hysteresis are omitted from the model.

Above all, it can be concluded that the two-finger VR gripper model is accurate

enough for controller design and simulation purposes.

5.5 Summary

I[n this chapter, the measured flux-linkage characteristic of the two-finger VR, gripper
which inherits a2 non-uniform torque profile as a reluctance actuator is modeled with an
exponential function. The developed dynamic model of the two-finger VR gripper model
is verified with step responses. Results show that the experimental result matches closely
with the simulation. It can be concluded that with the dynamic model developed, the

two-finger VR gripper is ready for controller design and simulation purposes.
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Chapter 6

Adaptive current regulation

This chapter reports on the adaptive current regulation employed in the two-finger VR
gripper. The proposed adaptive current regulation scheme can be employed in most VR,
actuators. It is especially useful for high-precision applications. The inductance profile of
a VR actuator is estimated based on the model described in the Chapter 5. Using position
and current as input parameters, instantaneous inductance and control parameters can be
calculated. It is shown that, the current regulator is capable of adapting to its inductance

variation. The method was simulated and tested experimentally on the two-finger VR

gripper.

Section 6.1 reviews the general current regulation schemes applied to VIR actuators
and motors. Section 6.2 proposes the adaptive current regulation scheme for the two-finger
VR gripper. Then, simulation of PI control scheme and the adaptive current regulation
schemes are conducted and compared with each other, as described in section 6.3. The
hardware implementation is described in section 6.4. Finally, section 6.5 shows the
experimental results for both PI and adaptive current regulation schemes. Results show
that the proposed adaptive current regulation schemme has a faster and symmetrical

current responses despite of inductance variation of the two-finger VR gripper.
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Figure 6.1: A typical inductance profile for VR motor

6.1 Current regulation schemes for VR actuators

The inductance of the VR actuator, the %—? term varies significantly with respect to

changes of the rotor position sometimes by as much as 10 times. To achieve high precision
motion control of the two-finger VR gripper, the development of a front-end driver with

high-perforinance current regulation becomes a challenging problem.

Since the current regulation serves as the innermost loop within the entire motion
control system, a poor current response has a severe lmpact upon overall system
performances. In many high precision force control applications, for example, in
wire-bonding of semiconductor chips, no force overshoot is atlowed in the actuation

system. For this reason, a good current regulation technique is needed.

In Chapter 4, Equation 4.5 shows that the motor inductance, L is a function of rotor
position, # and current, i. Designing an adaptive current regulator with a continuously
varying inductance is a challenging problem. With a varying inductance, the j—i term,
which is a dominant term in the motor’s current dynamic, also varies. Figure 6.1 shows a

typical inductance profile for a VR actuator.

For this type of actuator, its inductance is the lowest value, when the rotor is fully
unaligned with the stator poles. Inductance increases as the rotor rotates toward its
aligned position and reaches its maximum value as the rotor pole overlaps with the stator

poles. For the control of current, two types of current regulation schemes are commonly
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Figure 6.2: Common current regulation block diagram for VR motors

used. They are hysteresis regulator, as shown in Figure 6.2(a) and Proportional, [ntegral

and Differential (PID) regulator, as shown in Figure 6.2(b} [3].

Hysteresis regulator is easy to implement and robust to load variations. It is commonly
adopted in stepper current drivers. However, it suffers from large current ripple, especially
at low current levels. This is generally acceptable for stepper motor applications because

the demand for current accuracy is not high.

PID regulator has less current ripple mainly due to the PWM, the switching frequency
of which can be high. It provides a better solution for converter design, but it fails to
adapt to inductance variations, especially during fast current dynamics. This regulation
technique is commonly found in PM current amplifiers due to their small inductance
variations. Conventionally, motor impedance matching technique with PID regulator
is widely adopted, especially in industrial applications. This is a simple and effective
method for slight inductance variations. However, for VR actuators, such technique
cannot produce a flat frequency response with varying inductance. It is because the
conventional current regulator is tuned for only a single inductance value, and it cannot

accommodate the large inductance change in VR actuators.
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6.2 Adaptive current regulation of the two-finger VR
gripper

The block diagram for proposed adaptive current regulation scheme is shown in Figure 6.3.
The main objective is to minimize its torque variations by adaptively varying control

parameters.

The proposed cutrent regulator structure is similar to classical PID regulator structure.
Instead of having a classical PID regulator, it is replaced by an adaptive current regulator

as highlighted in Figure 6.3.

In the proposed scheme, inductance and position of the VR actuator are continuously
monitored. The measured inductance and the position information are used to vary the
current regulator parameters. In this way, the system hehaves as a first-order system at

all times.

With the motor flux-linkage relationship against current and rotor position obtained
in Chapter 5, its inductance profile is then modeled with a nonlinear function. T hus,
inductance variation can be calculated on-line with position and current feedback.
Therefore, PI parameters can be varied and adapt to inductance variation. The two-finger

VR gripper inductance can be represented by the Equation 6.1 [49)].
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AN(8, 1)
Bi

= Li(8,8) + Aar f(B)e~FlO¥ (6.1)

L0,7) = L(0,9)+

where f(0) is given by Equation 5.8.

By taking Laplace Transform of Equation 4.5, the transfer function of the two-finger

VR gripper can be described as G(s):

G(s) = —=

sL{(8,i) + R,
1/L(8,1)
s+ Bm/L(8,1)

Similarly, the transfer function, T°(s), of the PI controller is:

K,

T(s) K, + —S—‘

It

K, K
s+ Fp) (6.3)

By combining Equation 6.2 and Equation 6.3, the forward transfer function, C(s), can

therefore be written as,

C(s) = T(s)G(s)
- K s+ Ki/K,
- [sbwp,i)] {S-*-Rm/L(Hiz’)] (©6.4)

By equating % = f%'fﬁ! the pole and zero of Equation 6.4 can be canceled out and

the closed-current-loop transfer function, I.(s) can be reduced to a first order one as:

Ky/L(8,1)

s + K,/ L(8,3) (6:5)

I.(s) =
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[f wy, is the required bandwidth of the current loop, then &, and K; can be found as:

K, = wyl (6.6)

Ki = wan (67)

Ry, is the resistance of the VR actuator and it can be assumed as a constant. The
proposcd scheme therefore becomes an adaptive PI current regulator can be implemented
with the control parameter continuously modified by the feedback information [. The
resulting adaptive PI current regulation will have a consistent current dynamics that is
independent of the changes of the reluctance of t;.he actuator. The rotary incremental
encoders monitor positions of the two-finger VIR gripper and inductance values are

calculated with Equation 6.1.

6.3 Simulation

Using the MATLAR SIMULINK simulation package, comparison between the
performance of the adaptive current regulation and the PI current regulation is
carried out. The PI current loop is tuned to a fully aligned position which has a higher
inductance value and designed with the same bandwidth as the adaptive PI loop. A
step response of 14 is put into the simuiation models and varies the rotor position from

0° — 65°, open finger to close finger positions.

Figure 6.4 shows the simulation current responses. When the finger is open, there is
no overlap between the stator and rotor poles, the load inductance is low. As a result,
the current responses are faster than when the fingers are closed. Under this condition, it
takes the PI regulator approximately 2ms more to settle than its counterpart., However,
when the fingers are closed with the load inductance increases, the PI current responses
much slower than the adaptive regulated current. The settling time, T, for the PI
regulator at closing finger is 20ms. On the contrary, it only takes the adaptive regulator

10ms to settle. In addition, the adaptive current regulator produces symmetrical current
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responses irrespective to the load variations. This indicates that the adaptive current
regulator is able to adapt to the load changes. This also shows that the adaptive current

regulator has a better response than the Pl in terms of both symmetry and settling time.

6.4 Hardware setup

6.4.1 Controller

Through the 16-bits ADC and 24-bits encoder interface, stator currents and rotor
positions can be fed back to the regulator. The regulator reads in these inputs at each
sampling interval, calculates the control signal by the regulator and issues at its PWM

output channels.

The regulator has fast dynamics. Besides, any slight oscillation within this loop
can be amplified and exhibited onto the outer loops and deteriorate the entire system

performance. Thus, a 5k z sampling rate is selected for this digital current regulator.

6.4.2 Switching power stage

The two-finger VR gripper is driven by a switching power stage. This switching power
stage converts controlled PWM signals into the PWM high voltage source and excites
the stator coils. The conditioned current signal and encoder position was sampled by the

regulator for the calculation of the next controlled signal.

The PWM driver used in this project is a pair of high-low side power Metal Oxide
Semiconductor Field effect Transistor (MOSFET)s, IRF740, half-bridge amplifier. It acts
as a current amplifier for the motor. It has fewer components than full bridge amplifier
and has a true ground that makes current measurement much simpler. The current
feedback circuit has a gain of 1.2A/V. The motor side and logic side is electrically isolated
by the opto-couplers that introduces about 300nS delay. Dead-time delay protection

against cross conduction of the high-low side MOSFETsS is introduced. To ensure good
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Figure 6.5: Experimental setup for adaptive current control

current dynamics and minimal current ripple, the chopping frequency is set at 24kHz.
Its schematic block diagram of the PWM chopper can be found in Figure 6.5. Figure 6.6

shows the prototype PWM half-bridge amplifier.

6.5 Results

" Figure 6.7 shows current waveforms for the controller tracking 14 current step command
at both open-finger and close-finger positions. Results for the Pl and adaptive current

regulators are acquired.

Figure 6.7(a) is the current response of the PI and adaptive current regulators with
rotors rest at unaligned, open-finger, positions. It shows a good current tracking as both

systems are matched with that particular low inductance value.

The current response of the PI and adaptive current regulators with rotors rest

at aligned positions which has a 50% increase of the inductance value is shown in
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Figure 6.6: Prototype PWM half bridge amplifier

Figure 6.7(b). The adaptive PI loop exhibits a consistent response while the PI loop has
a slight overshoot due to the decrease in inductance. This current overshoot lengthens
the settling time by 20ms while the adaptive current regulator maintains the settling
time at 33ms. Conclusively, the adaptive current regulator is stable at the entire loading

range and show good performance for this application.

6.6 Summary

| The development of the adaptive current regulator for current drive of the two-finger
VR gripper is described in this chapter. The fully digital PI current regulation and the
adaptive PI current regulation have been implemented, tested and verified. Both current
controllers provide stable results. However, the adaptive P1 current regulator shows good
tracking despite of 50% load variation. Therefore, the adaptive PI current regulator has
been successfully developed and it can provide superior performance on a load with wide
variation in inductance. This is especially useful in the current regulation of switched

reluctance motors, because their reluctance change can be as high as 3-5 times.



Chapter 6: Adaptive current regulation

35

Current (A)

Current (A)

05

o

0.5

05

[=]

0.5

-1.5

(b) at aligned position

Figure 6.7: Experimental current responses

T T T T T T T T
current command
'
£ Pl euiitrolar P ‘ Adaptive Pl controller 4
!
J/
L / }
i
J
= / 4
.I
---/ g
1 1 1 1 1 1 ' 1
0.02 0.03 004 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)
(a) at unaligned position
Ll T T T T T T T
current command
Pl controller
/ " Adaptive PI controller
/
s
fd
- =l
| 1 1 1 1 1 1 )
002 0.03 0.04 0.05 0.06 007 0.08 0.09 01
Time (s)



86

Chapter 7

Trajectory control using nonlinear

lookup table compensator

This chapter describes a nonlinear controller approach to deal with the nonlinear
characteristics of the two-finger VR gripper. This approach is a reduced order lookup
compensator. It is based on fundamental nonlinear characteristics to understand and

relatively low-cost to implement.

Section 7.1 reviews some of the widely used control method for VR motors. Then in
section 7.2, principles of the reduced order lookup compensator is proposed and explained
in details. Section 7.3 explains the trajectory controller structure of the two-finger VR
gripper and an S-curve position command generation is introduced. Lastly, section 7.4
and section 7.5 describe the simulation and experimental implementation results. Results
show that the reduced order lookup compensator is a low-cost solution for general

applications.

7.1 General control algorithms for VR motors

To convert the nonlinear VR actuator into a proportional device, researchers have

developed numerous ideas and adopted various control algorithms to solve the problem.
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7.1.1 Fulli order feedback

The first method is to use full order feedback technique. From nonlinear control
perspective, the problem can be solved as a multiple-input nonlinear system [35). This
method provides the full and accurate picture of the VR motor. However, this method

requires a large amount of computation power.

7.1.2 Sliding mode control

Another method for controlling nonlinear systems is sliding mode control [18, 36). It can
be considered as the control law switches along a surface {2|. At different operating points
of the system, the controller varies its structure. This control method can be a powerful

toot to control nonlinear plants.

However its main disadvantage is that once the system reaches its setpoint, the
trajectory will move back and forth over the switching surface. This effect is called
‘chattering’. For electric motors, this phenomena reduces the efficiency of the motor,

generates unnecessary heat loss and reduces tracking preciston.

7.1.3 Lookup table

The most common nonlinear compensator is based on lookup table {60, 72]. This method
is easy to comprehend and involves much less computation. However, this method is
costly in terms of memory storage. Besides, for simulation purposes, inverse lookup tables
are also required for both Aux-linkage and torque characteristics which places extra cost

on memory storage.

7.2 Reduced order lookup table

In this section, a reduced order lockup table is proposed for linearizing the nonlinear

properties of the two-finger VR gripper. This method is similar to the method suggested
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Figure 7.1: Flow chart for obtaining i*

in section 7.1.3. On the contrary, with the use of interpolation, the reduced order lookup

table uses much less memory.

This lookup table bridges the link between the torque command and current regulator.
It receives torque command and position information and generates a linearized current
command, i* to the current controller. This nonlinear lockup table is built with the

measured torque mode!, T'(Z, ).
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Figure 7.2: Bi-linear interpolation from the reduced order lookup table -

For fast calculation and cost effective implementation, a reduced size of 10 x 10
nonlinear lookup table is constructed while the intermediate data points are obtained
through interpolation. Figure 7.1 and Figure 7.2 show the flowchart and procedures of
obtaining the required current Desired current, A (z*) by bi-linear interpolation from the
lookup table. This table reads the rotor position and desired torque command at each
sampling period. Then with the pre-determined torque data, it locates two pairs of data
in the lookup table, namely i(Ty, 8}, i(T5,0,) and (T}, #2), i(T2, 02) where Ty < T, <13
and 8, < 8,, < 85. For each pair, a linear interpolation is done, according to the ratio
of Ty, T», and Tj,. As a result two intermediate elements i{(Ty_3,6,) and i(71_2,82) are
obtained. Finally, the output current command * is obtained by interpolating the two
intermediate elements with 8y, &3, and 8;,. The equivalent open loop transfer function,

G(s) can then be described as:

1

O = T a Kys + Koy

(7.1)

where Jp,, K, and K, are rotor inertia, viscous damping and spring constant respectively.

By comparing the coefficients of a second order equation, natural frequency, w;, is equal

K,
Hsp
ta g
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Figure 7.3: Linearized current profile of the two-finger VR gripper

[n order to achieve high speed operation for the two-finger VR gripper, it is necessary
to obtain a higher spring-to-inertia ratio, i.e. a stiffer spring and a lower inertia. However,
inertia cannot be infinitely small, since it is dependent on the rotational mass. Moreover,
a spring with high stiffness will reduce the gripping torque. In this experiment, K, and
Jon are designed as 0.018 N'm and 0.0015mNms? or 0.015mNm? respectively. Under this

situation, w, has a respectable figure of 110rads ! for high-precision applications.

Figure 7.3 shows the linearized current profile of the two-finger VR gripper. The
controller’s operation is based on the assumption that the current controller has perfect
tracking capability and linearity. In order to have a good control of force, stator current
must be highly stable, fast in dynamics and excellent in linearity with minimal drifting

of current against time and temperature.



Chapter 7: Trajectory control using nonlinear lookup table compensator 91

7.3 Trajectory control

With the reduced order lookup table compensator, the two-finger VR gripper can then be
considered as a pseudo linear device. For simplicity, trajectory control of the two-finger
VR gripper can then be achieved with a PID controller. In other words, the nonlinear

trajectory controller consists of two major components, namely:

1. Reduced order lookup table compensator for linearizing the noulinear characteristics

of the two-finger VR gripper;

2. A classical PID controller for determining the required torque at every sampling
instance with trajectory error information and providing robustness for the entire

controlled system.

Generally, sharp overshoot in both position and current can result with a step
command input. A command profile is required to provide a ‘swift settling time and
reduce the stress on the mechanical system. Furthermore, such command prevents the

control signals from saturation and the overall trajectory tracking can then be improved.

An S-curve formula generates the high-speed point-to-point trajectory profile which is
shown in Equation 7.2.
t

cmd = t—-_l_—ecl_—mt (72)

where ¢; and ¢ are the parameters that shape the curve [25].

As a result, only certain frequency spectrum is allowed into the system and unnecessary
high frequency are rejected. This reduces the excitation to the mechanical parts and
increases in reliability of the motion process. With less excitation, the system enjoys a

faster settling time and an increase in throughput.
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Figure 7.4: Simulation block diagram for reduced order lookup table compensator of the
two-finger VR gripper

7.4 Simulation

Simulation is carried out with MATLAB SIMULINK and its block diagram is shown
as Fig 7.4. The position command which begins from 20° to 40°, is generated with

Equation 7.2. The entire profile time i3 2sec.

Simulati(;n results show that the actuator is capable of achieving high trajectory
response. The trajectory waveform and its error can be found in Figure 7.5(a} and
Figure 7.5(b). Results indicate that the two-finger VR gripper follows the command

smoothly without any steady state error. The dynamic tracking error is less than 0.5°.

Figure 7.5(c) shows the tracking current waveform. As the finger rotates away from
its initial angle, current increases. This is because as angle increases, the spring torque
also increases which requires additional torque to compensate. Besides, extra torque
is required for accelerating the rotor. As profile time, iprof = 1s, the rotor begins to
decelerate. At the same time, the rotor and stator poles begin to overlap and produce
a sudden change in reluctance. Such changes generates a large torque and therefore the
required current drops. When the profile finishes at t,.,; = 2s, current holds still to
compensate for the spring torque. Similar phenomena can be seen as the finger returns

to its initial position.
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Figure 7.5: Trajectory simulation responses of the two-finger VR gripper with reduced
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7.5 Implementation

With the simulation result shown that the two-finger VR gripper is stable and exhibit
high-performance tracking, the proposed reduced order lookup table is ready for
implementation. The system is implemented onto the controller platform with the same

position trajectory command.

Both fingers are linearized with the same nonlinear compensator and the tracking
controller is implemented with a PID controller. The fingers are commanded to move
from 20° to 46°, similar to the simulation. Figure 7.6 and Figure 7.7 show the actual

trajectory responses for both fingers of the VR gripper.

Position responses shown in Figure 7.6{a) and Figure 7.7(a) for both left and right
finger show similar result as the simulation predicteﬂ with no significant steady state
error is found when the profile finishes. However, the tracking error results are worse
than what the simulation expected. In Figure 7.6(b) and Figure 7.7(b), the maximum
tracking error for the left and right finger are 1.2° and 2.5? respectively. Figure 7.6(c) and
Figure 7.7(c) show the trajectory current responses for left and right fingers of the VR
gripper respectively. The waveforms show similar trends as the simulation. Similar to the
position respouse, some discrepancies are found. "These discrepancies from the simulation

can be explained by the absence of frictional effect and core loss from the simulation model.

Moreover, the reduced order lookup table is setup with evenly spaced current levels
and angular positions. As a result, the incremental level for the variables might be fine
enough for most of the regions, however, when the stator and rotor poles begin to overlap,
significant flux-linkage saturation can be found as the flux-linkage and torque exhibit
sudden changes, a separate lookup table with finer data points would be able to reduce
the interpolation error. The main source of torque compensation error is contributed by

the interpolation with a maximum compensation error of 7%.

Although the reduced order lockup table compensator successfully linearized the
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reduced order lookup table compensator
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two-finger VR gripper and the performance result is suitable for most of the general
applications, there is still room for control performance improvement. A more cfficient

nonlinear control algorithm is necessary for high-precision application.

7.6 Summary

In this chapter, a straightforward and low-cost position control solution is proposed for
the two-finger VR gripper. Various general control methods were reviewed. The proposed
position controller is maiﬁly made up of a reduced order lookup table compensator and
a classical PID controller block. With the implementation of the reduced order lookup
table compensator, the two-finger VR gripper can be considered as a pseudo-linear device,
therefore, a classi(;.;il linear controller can be used for the trajectory controller. Simulation
results show that the proposed method is stable and offer good tracking result. However,
the implementation results show that the proposed method with the use of interpolation
method, inherits a maximum compensation error of 7%. This would be a suitable for most
of the general applications, however, a controller with higher performance is required for

application with stringent requirement.
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Chapter 8

Flux-linkage control with

passivity-based control

For any controller design, system stability and global convergence are some of the prime
objectives that a controller must guarantee. In chapter 7, the nonlinear compensation
is achieved with a reduced order lookup table. Without an accurate mathematical
description, it is difficult to ensure the stability, robustness and disturbance rejection
capability. As a result, an advanced and efficient nonlinear controller needs to be

introduced.

In this chapter, a novel controller design methodology, Passivity-based Control (PBC)
is introduced. A PBC controller bases on transformation of energy as the controlier
design method. It guarantees global asymptotic convergence and stability. Besides, the
PBC inherits certain system robustness with respect to modeling errors and parameter

variations.

Section 8.1 and section 8.2 introduces the concept PBC . and proves the system
passivity for the two-finger VR gripper. This follows by section 8.3 which provides the
Port-controlled Hamiltonian (PCH) modeling for the two-finger VR gripper. Section 8.4
and section 8.5 describe the detailed PBC flux-linkage regulator design and its simulation.

After that, the PBC nonlinear controller is implemented and experimental results
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are shown in section 8.6. The results confirmed that the proposed PBC can be an
effective solution for the control of the two-finger VR gripper. Section 8.7 describes how
the trajectory control of the two-finger VR gripper can be achieved. Simulation and
experimental results are provided to demonstrate its tracking performance and stability.
Results show that the PBC controller is more favorable, robust and stable under all

conditions.

8.1 Improving system robustness through PBC

Although the method mentioned in section 7.2 is straightforward and easy to comprehend,
it introduces extra error into the system due to interpolation. Moreover, lacking of a
mathematical description of the motor, the close loop system fails to provide any stability

proof and disturbance rejection.

Modern intetligent control strategies like fuzzy logic and neural network are also
employed in VR motors [59, 62, 63]. They can deal with the nonlinearity problem and
have adaptive capability for torque ripple minimization. These strategies do not require
a full mathematical description of the target plant. However, some successful simulation
and experiment examples using non-model based intelligent control methods are lacking in
proofs on the control stability. They cannot guarantee global system stability, consistent

performance and high-robustness at all operating conditions.

Passivity means the exchange of energy of the system with its environment. From
a different perspective, the energy interpretation of passivity can be related to system
stability. In passive systems the rate at which energy flows into the system is not less
than the increase in storage. In other words, for a passive system can never store more

energy than it is supplied [56].

PBC is a controller design approach which makes use of erergy-shaping. PBC yields

a closed-loop energy that is equal to the difference between the stored and the supplied
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energies, namely energy-balancing {41]. While designing a PBC controller, a desired
energy function is first selected. Then the controller would be designed to ensure this
objective. This energy-balancing property is clearly an universal property of passive
physical systems, including nonlinear and time-varying ones. With presence of dissipation,
energy of the system is clearly non-increasing, thus the rate of convergence of the energy
function can be increased by increasing the system damping through control effort,
namely demping injection. The attractive features of this approach are the enhanced
robustness and the lack of controller calculation singularities. These properties are based

on the fact that cancellation of system nonlinear terms is avoided through PBC.

In recent years, PBC strategy has been adopted by power electronics researchers to
solve various problems ranging from power converters, power factor compensators and

electric motor control [1, 24, 54},

In this chapter, a PBC strategy is adopted and a nonlinear Aux regulator of
the two-finger VR gripper is developed in replace of the reduced order lookup table
compensator. The two-finger VR gripper model is presented in the PCH model which
encompasses a very large class of physical nonlinear systems. 1t provides a classification of
the variables and the equations into those associated to the phenomenological properties
and tilose defining the interconnection structure related with the exchanges of energy.
- Therefore, they are well-suited to carry out the basic steps of PBC of modifying the
energy function and damping iﬁjection. The PBC is designed by reshaping the system’s
natural energy and injecting the required damping to achieve the control objective [55].
The proposed control scheme guarantees the global asymptotic stability and system

robustness with response to some plant variations and modeling uncertainties.

8.2 System passivity

The two-finger VR. gripper being an electromagnetic actuator, its proof of passivity is

similar to traditional electric machines described in [56]. It can be decomposed into an
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Figure 8.1: Feedback decompasition of an Euler-Lagrange system

electrical and a mechanical subsystem. The Lagrangian, L can be represented as:

L{(g,4) = Le(ge, Ger 0) + Limec(,0) (8.1)

The VR finger gripper can then be represented as the negative feedback interconnection

of two passive subsystems as shown in Figure 8.1.

Ze: Q. . Ge (8.2)

zm LT T — —0 (8.3)

where 7, = %ﬂ(qe,q'e,ﬂ) serves as the subsystems coupling signal and Q. as the external

force for the electrical subsystem. §, and # represent current and rotor position. Noticing

that, the derivative of the Lagrangian of the electrical subsystem can be expanded as:
aL, oL.. L.;

f,o— — 28, e e
L, = 3. Ge + 34 e + 2 g (8.4)

By product rule, Equation 8.4 can be rearranged as:

d | L . . dol. L. :
— =0 - Le=|7277—— - T 8.5
dt [B«ie"e] ‘ [dt I L ®9
Define energy function as
8L, .
H, = EQe L, (86)
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Substitute % (afj’e) - -E'f = Q. into Equation 8.4 becomes

He = Qefe — Teé (8.7)

Since Q = Mu — 3£, then

OF | ; .
He + a_.QE + Tl = Muge (88)
Qe

By integrating above result from 0 to T, it clearly illustrates that the supplied energy
is larger than the storage energy. Consequently, this proves that the electrical subsystem
is passive. Similarly, the mechanical subsystem can also be proved passive by considering
the time derivative of the co-energy given by Hy, = —6(7f, — 7). Again time integration
of the above expression completes the proof. Conclusively, the two-finger VI gribper isa

passive system and PBC strategy can be implemented onto it.

8.3 PBC and PCH

The electrical characteristic of the two-finger VR gripper can be rewritten as below:

Rpi+ A (8.9)

L = u-— [Rmz‘ + L+ (@i + %) 6'*] (8.10)

u
g¢ o8
where I, and L; are self and leakage inductance. u is the input voltage across stator

winding and Rj, is the stator winding resistance.

If the magnetic circuit is pseudo-linear, the inductance profile may be described by
using the first two terms of the Fourier series approximation {51, 71].
Lg(8) = Lo + Ly cos(8)} (8.11)

On the mechanical side, it is worth-mentioning that for a finger gripper, there is stroke

limit and thus prevents the rotors from achieving extremely high speed. In other words, the
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current loop response is much faster than the mechanical one. As a result, by combining

Equation 3.21 and Equation 3.20, the torque production can be approximated as:

, JOA(0,1)
Therefore, the mechanical dynamic equation can be rewritten as:
. . A
Jml = —Kqp0 — K0 + i% -1, (8.13)
~ The state vector, x is chosen as ¢ = [Lyi  Kqpb Jmé]T:
1 2 2 32
Hz) =5 (Lst + Kopb? + Jinf ) . (8.14)

With this energy function, the model of the two-finger VR gripper stated in

Equation 8.10 and Equation 8.13 can be rearranged as the formula of PCH [56):

OH ()
Jz

i = [J(z) - R| +gu+¢ (8.15)

where J is a skew symmetric matrix, R is a positive definite matrix, g is the input voltage
vector and ¢ is the disturbance vector. R represents the dissipative elements and it must
be positively defined. Otherwise the energy stored within the system will not be less
than the energy supplied into the system. Under this situation, the system will not be a
passivity system. Using Equation 8.10 and Equation 8.13 and the selected state vector,

x, dynamic model in PCH format can be represented as:
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i=qlo o K,|-|0o K oDz
a,
% Ko O 0 0 K
S -t - (8.16)
1 —Lyi— %6
+ o] v+ ;}K-’Bz
0 -y,

where
0 0
-1 _
pr=lo 0
0o o0 X

In this context, K is a positive number and it is artificially inserted into the equation to
maintain the positive definiteness of R. However, with the natural dissipative elements of
the actual plant, the system damping will be small and it will reduce the close loop system
performance. Additional damping injection is required. It can be realized by inserting an

additional constant, K’ into the dissipative matrix, R, as shown in Equation 8.17.
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8.4 PBC design

In this section, a PBC flux regulator is designed which attempts to handle the nonlinearity

within the two-finger VR gripper {31]. The state error can be defined as: e =z — x4 x4

is the reference state vector, which defines the desired system performance. Substituting

e = 1 — 74 into Equation 8.10, the model of the state error becomes:

é+[R-JD7le=

(8.18)

where & = —iy 4 [J ~ R|D 'zq4 + gu + (. According to Lyapunov stability {29], the

scalar function V() representing the system energy must process the following properties:

bo

. V({0)=0;

L V(@) >0, ||z} #£0;

. V{z) < 0 along trajectories of the equation.

Pao Yue-kong Library
PolyU- Hong Kong

. V is continuous and has continucus derivatives w.r.t. all components of x;
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This control problem is defined as a trajectory problem. The system energy function,

V(z)} can be defined as:
V==zefDle " (8.19)

where e represents trajectory error.

Vo= Dl

= eTDY(J-RD e+

= e'D VD le-e"D'RD e+ TD7'® (8.20)
where
1 8As R
0 0 -5% . 0 0
JDt=1 ¢ 0 Kep RD™'=| o K 0 (8.21)
m ap
8 Ky+ K’
;e —1 0 0 0 St

From Equation.S.QO, e’ D~'JD e, the first term, consists of a matrix J which is
skew-symmetric and clearly becomes zero. It imposes no action on stability and is named
as workless force. The second term, —e? D™'RD~'e, has matrix B and D~! which
are both po;v,itive definite and make the entire term negative. In order to maintain the
system stability in the sense of Lyapunov, & needs to be zero through suitable control
effort which yields V = —eTD~'RD~'e. The state error system is asymptotically stable.
Furthermore, the state error converges exponentially, i.e. lle]| < koe™#0|le(0}]], where ko
and o are positive scalars. Besides Equation 8.18 shows that, for tracking problem,
é = e =0and & = 0 is a correct choice. Furthermore, system stability can still be
preserved to some extent despite of the presence of certain parameters variations. It
is because parameter variations in A introduced through un-modeled hysteresis effect,
assumed pseudo linear flux-linkage characteristics and modeling error of K,p, still

maintain the skew-symmetric property in matrix J. Similarly, variations in R, and Ky,
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do not influence the positive definiteness of matrix R. Such property ensures the system

can automatically preserve certain robustness.

Expanding Equation 8.20 with ¢ = 0, three differential equations can be obtained:

g - Jl_m%m - %xd, tu— L — %‘-8 0 (8.22)

s+ S Kopas —Ig;m + Igpm =0 (8.23)

—Zgy + Li‘,%xdl - Ty — K"JLmK’xda + %-’53 T, =0 | (8.24)
Rearranging Equation 8.23 in terms of s, it becomes:

Ty = I";’:‘p (a‘:dz + Ig iz %xg) (8.25)

By substituting Equation 8.23 into Equation 8.24, Equation 8.24 becomes a second

order differential equation,

K (K,+K' K, + K K
Fag + +—( vt )]:i:d2+[ S"+—( + £, ]:cd;,
Ksp Im JIm I Ksp (8 26)
KpidL, — (KG+K)K (K KpK' Koy '
“T.L.08° T Koy 2\ T, T TR )BT

As a result, valid sets of K and K’ can be determined by equating the coefficients of

a general second order differential equation, i.e.

!
+ —(K"J+ K) . 2w (8.27)
sp m
Ky  (Ku+K') K 2
Kop - 8.28
T T dm Ko Wn (8.28)

Solving Equation 8.27 and Equation 8.28 with quadratic equations and select ¢ and
wy as 1 and 700rads™!, K and K’ can be calculated as 6kgms~! and lkgmsra.d"l

respectively. Classically, it is common to chaose ¢ equals to 0.7. However, for the
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two-finger VR gripper, to prevent the two-finger VR gripper from experiencing any
mechanical overshoot and introducing a high impact force onto the target object, ¢ equals
to 1 is chosen. Similarly, w,, is chosen in such a way that the controller would have a high

close loop bandwidth while not exciting system resonance.

Note that change of current falls to zero at steady state and thus £4) = 0. The control
law, Equation 8.22 becomes,
Al

Ty + LI':L' + ?6—9-6 (8.29)

u= &m + R

T L, U, o0

System output damping can be further increased without altering the control law and
affecting the stability. The alterations can be made at the command input, using the

command shaping with equation below:

oy = xq — K"8 (8.30)

After command shaping, /), becomes system reference input, x; becomes flux-linkage
estimated output. PBC controller takes x43 as feedback which is obtained by solving

Equation 8.25 and Equation 8.26 with current and angular velocity.

8.5 PBC Simulation

As the experiment will be implemented onto the controller system described in section 4.2,
certain simulation settings need to be matched with the actual hardware to obtain an
accurate simulation result. The simulation of the PBC controller was done using
MATLAB SIMULINK. The controller needs to be, on one hand, fast in dynamics
but on the other hand, robust enough to stay stable within the entire range of load
variation. Slight oscillation can be amplified mechanically and exhibited onto the finger
tip and deteriorate the entire system performance. Thus, a 5kHz sampling rate was
selected. To solve the differential equations, an integration solver using Euler numerical

method was employed. Same method was selected for the actual hardware implementation.
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In the simulation, a step flux-linkage input of 15mWb with a period of one second
and 80% duty cycle was injected into the simulation model. Figure 8.2 and Figure 8.3
show .the simulation results for states responses and the corresponding tracking errors
respectively. Results show that all states have fast tracking responses. Peak time of x is
30ms, and the mechanical tracking error for x5 and z3 settle within 200ms. Simulation

results show that the PBC controlled system is stable and offers fast tracking responses.

8.6 Experimental results

8.6.1 Responses of both fingers

To verify with the simulation results, experiment was carried out. Initially the two-finger
VR gripper was at open positions. Then a step input fux-linkage command of 15mWb
was injected into the PBC flux regulator. Figure 8.4 and Figure 8.7 show the experimental

result for the two fingers of the VR gripper.

Results show that responses of both fingers are stable and show good tracking
performances. For simplicity of the controller, only one set of model parameters was used
for both fingers. From the results, it shows that despite of the presence of modeling error,
the PBC controller still remains stable and robust. For z; states, it settles within 50ms

and the mechanical states, 3 and z; settle within 350ms.

8.6.2 Responses with command shaping

From Figure 8.4 and Figure 8.6, results show that there are overshoots mainly at the z;
which represents the position response dynamicalty. In order to reduce the mechanical

overshoot, command shaping mentioned by Equation 8.30 can be used.

Figure 8.8 shows the response of the left finger with command shaping implemented.

With command shaping, gain K selected as 0.00%, the flux-linkage command is reshaped.
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However, it benefits the tracking error for both x; and z; states by 50%. Besides,

overshoot of x5 is successfully suppressed.

8.6.3 Robustness evaluation

A pood way of demonstrating the robustness of the PBC control algorithm implemented
is to introduce parameter vartation or modeling error into the system. One of the simplest
way is to increase the spring constant. Figure 8.10 shows the states tracking responscs

with sbring constant doubled.

As clearly shown from the experimental results, all states still remain stable and
exhibit asymptotic convergence. With the spring constant doubled, the me;:hanical
bandwidth is also increased with higher rigidity. System responses show higher frequency
components and thus have smaller dynamic tracking error. With the same set of gains,

system successfully remains stable.

8.7 Trajectory controller

With the implementation of the PBC flux-linkage regulator, the actuator can now be
considered as a linear device and a simple PID be easily employed to control it effectively.
The equivalent open loop transfer function can be described as:

Jm

G(s) = 8.31
(S) Jns2+ Kys + K.sp ( )

The trajectory controller gains can be obtained through a classical pole placement
method. The derivative term should be large enough to provide a fast dynamic response,
which brings along small amplitude oscillations at settling. A smaller derivative term
was chosen to avoid unnecessary vibrations. A small integrative term is introduced once
the profile ends. This prevents the integrative term from hindering the dynamic response

while reduces the settling time and steady state error.
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Figure 8.12: Simulation block diagram for trajectory control of two-finger VR gripper

8.7.1 Simulation

Figure 8.12 shows the simulation block diagram for trajectory control of the two-finger
VR gripper. The PID controller, acts as the trajectory controller calculates the torque
command with the error signal obtained. The nonlinear PBC compensator evaluates

flux-linkage command with the torque command and thus position controf can be achieved.

Figure 8.13 shows the simulation results with the proposed trajectory tracking
method. As shown in the results, the gripper is stable and enjoys smali dynamic and

steady errors. Consequently, it is ready to be verified with experimental implementation.

8.7.2 Experimental results

Figure 8.14 and Figure 8.15 show the trajectory tracking experimental results of the
two-finger VR gripper. Similar to the simulation results, the gripper is stable and show
small dSrnamic and steady errors. Without frictional effects and other losses included into
the simulation, slight discrepancy can be found when comparing simulation and actual

trajectory tracking errors.

By comparing to the tracking performance with the reduced order lockup table
implemented in Chapter 7, the PBC trajectory controller clearly shows a better

performance. The PBC dynamic tracking error shown in Figure 8.14(b) and Figure 8.15(b)
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show a maximum of 0.7° and a minimum of —1.5°. Instead, the dynamic error of the
reduced order lookup table shows maximum and minimum tracking error of 1.3° and
—2.5° respectively. In addition, the PBC trajectory controller achieves a steady state

error of 0.09° which performs better than its counterpart.

8.8 Summary

This chapter describes the detail controller design, simulation and experimental
implementation of PBC controllers for the flux regulation and trajectory control of the
two-finger VR gripper. The reduced order lookup compensator is simple to implement and
easy to comprehend. However, no system stability and convergence can be guaranteed.
To overcome this, the PBC controller is also introduced. The controller can overcome the
inherent nonlinear characteristics of the two-finger VR gripper and it guarantees global
" stability and asymptotical convergence of all state errors. It also avoids the cancellation

of system nonlinear terms and enhances the overall system’s robustness.

A comprehensive PCH model is constructed. By reshaping the system’s natural
energy and injecting the required damping, a nonlinear flux controller for the two-finger
VR gripper is developed. Through computer simulation, the proposed control scheme
guarantees the global asymptotic stability and system robustness with response to some

plant variations and modeling uncertainties.

To confirm the effectiveness of the PBC controller, experimental implementation
is carried out. When comparing with the simulation results, it is found that they
match closely. The experimental results confirm that the proposed PBC controller can
guarantee global stability, asymptotical convergence and robustness against changes of
plant parameters. It also shows that the PBC controller has a better performance than
the reduced order lookup table compensator in terms of trajectory performance and

robustness.
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Conclusively, all the results proof that the proposed PBC controller for the two-finger

VR gripper is stable, robust and has high performance.
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Chapter 9

High-precision grasping of delicate

objects

In this chapter, a high-precision grasping algorithm for delicate objects, is proposed. The
control algorithm bases on the development of the nonlinear PBC controller described
in chapter 8. Position and force control can be achieved by means of selecting different
mode of trajectory profile and by optimizing between speed and force precision under

different conditions.

A mixed-mode control with command scheduling control algorithm is proposed and
implemented in section 9.1 and section 9.2 respectively. The force response, current
and angular position measurements are described in section 9.3. Results show that the
project two-finger VR gripper is a suitable, robust and low-cost solution while offering

high-precision grasping of delicate objects.

9.1 Mixed-mode control with command scheduling

To achieve high-speed grasping control of the two-finger VR gripper, a special position and
force control strategy is required. The control strategy, on one hand, has to allow the VR
finger gripper to operate at high-speed, and on the other hand, achieve a high-precision

grasping force control. Making use of the nonlinear PBC controller implemented in
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Figure 9.1: Mixed-mode control with command scheduling block diagram for the two-finger
VR gripper

Chapter 8, a mixed-mode control with command scheduling is proposed.

Figure 9.1 shows the entire controller block diagram. It consists of a PBC nonlinear
controller, a mixed-mode switch and a trajectory controller [10]. The entire controller
block diagram can be separated into two different control modes, namely position mode

and force mode.

9.1.1 Mixed-mode strategy,

With the use of mixed-mode switch, different control modes can be implemented. When
the two-finger VR gripper is under position control, the control block diagram is in fact

equivalent to the trajectory control implemented in section 8.7.

For force control, the two-finger VR gripper torque and force relationship can be
described as:

Fy 2T x K (9.1)

where Tpn, Fy and K are motor torque, force at the finger tip and a constant. Both
trajectory and force control modes can share the same nonlinéar compensator. Under
such implementation, nonlinear controller design effort can be shared despite the change
of control modes. As a result, when the two-finger VR gripper is under force control
mode, position controller is by-passed and the nonlinear controller receives force command

directly.
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9.1.2 Command scheduling

To enable fast grasping of delicate object with minimal impact on the object, the VR
gripper goes through a predetermined trajectory planning or command scheduling. The

detailed flow chart is shown in Figure 9.2. The entire motion consists of six steps.

1. Initially, the control mode begins with the trajectory control mode and accepts
torque command input from the trajectory controller. The finger gripper begins at
its fully opened position, home position to a predefined location with high-speed
point-to-point motion which is generated by the S-curve from Equation 7.2. This

predefined location is named as the search position.

2. After that, it is followed by a low constant speed for object search until it hits the
object. When the finger reaches its contact, contact position and once the force
exceeds a predefined threshold, the controller registers the impact and changes the

control mode switch from trajectory control mode to a force control mode.
3. The force profile ramps until the desired force level is achieved.

4, The gripping force holds for a certain time period, depending on the application

requirement.

5. Then the force is relieved by applying current in opposite direction. Afterwards, the

control mode switches back to the trajectory mode.

6. Trajectory control takes place again and the finger gripper returns to its initial home

position.

The full trajectory profile for command scheduling is shown in Figure 9.3. The control
mode begins with the trajectory control mode. From the waveform, it clearly shown that
there is an S-curve trajectory profile for high-speed point-to-point motion. Afterwards, a
linear motion profile is generated for contact searching purpose. Once the finger reaches

its object, a constant force is applied to its object and no change in position can be
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Figure 9.3: The full motion profile

found. Once force control is finished, the finger leaves the object and another S-curve is

generated for returning back to its initial home position.

For simplicity, the S-curve motion profile can be removed and the finger gripper can
close its fingers merely with a constant search speed. However, with a high search speed,
the impact force, Fjm,, on the object would also be increased. This is because impact

force can be represented by Equation 9.2.

miv
At

Fimp = (9.2)
where m, v and t represent the moving mass impact onto the object, search velocity
at the instance of impact and the duration of impact respectively. As clearly shown in
Equation 9.2, with an increase of search velocity, the impact force must increase. As a
result, the S-curve motion profile can increase the throughout of the finger gripper while

it does not trade-off with its impact force performance.
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With the implementation of mixed mode control strategy, there are a few precautions
have to be considered. Firstly, the handling of transient mode changes have to be
carefully taken care of. Once the contact is found, the trajectory controller injected a
torque command, T, into the nonlinear controller. In the next sample, when the control
mode switch changes to force control and if the torque command T} is not equal to T,
then a sudden change in tor\que command appears gnd a gsharp spike to force would be

introduced. This could be harmful during grasping of delicate objects.

Secondly, the choice of search command is critical. [f the search speed is low, e.g.
< 20% of the maximum of the high-speed trajectory command, reducing the speed to
zero before the start of search command is a preferable choice. This is because this allows
more time for the finger to settle and damp out this vibration due to the acceieration
of the trajectory command. This would perform a more stable constant search speed
and leads to a more repeatability search contact position. However, if the search speed is
high, it is not necessarily to reduce the trajectory command to zero. Since the constant
search speed is a step command, this can easily excite the finger and as a result additional
time is needed for the finger to damp away its vibration. Instead, when the speed of the
trajectory command, Sirq; is equal to the constant search speed, S,y the speed command

should hold at S, and search for the contact directly.

Thirdly, the search position must be carefully selected. "The minimum search position,

Barhmin allocated for the finger is described by the Equation 9.3.

Bsrhmin = guary + SsraTsrn (9.3)

where @yq,y and Ty, represents the size variation of the object being grasped and the
settling time for the search command respectively. Put it simply, the minimum search
position must be far enough to include the variation of the grasping object and extra

distance allocated for the search command to settle.
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Figure 9.4: Force control setup for the two-finger VR gripper

In this force control strategy, the control loop suggested is open-loop instead of
close-loop. Under close-loop force control, any force change shown in the environment
cé.n be immediately compensated with the control effort. However, this would increase
the complexity of the controller. The accuracy with open-loop controller is guaranteed by
assuming that the changes of friction and spring torque against @yqry are not significant.

Under these conditions, an open-loop force controller is satisfactory.

9.2 Implementation

Figure 9.4 shows the force control experimental setup for the two-finger VR gripper. In
this experiment, a miniature quartz force sensor is mounted onto the contact surface
of one of the finger. The force sensor’s ground face and the mounting face needs to be
flat and must be paraltel with each other. This force sensor provides a signal sensitivity
of 1N/V without external amplification. Apart from the force sensor, no additional
hardware is required in this experiment. Implementing the mixed-mode control with
command scheduling requires the controller system to monitor the position sensor, current
and force sensor feedback, calculates the control signals and generates PWM signals to
the current drivers correspondingly. With the force sensor connected to the 16-bits ADC

channel, the force sensor has a resolution of 0.15mN.
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In this implementation, finger speed search is set at 15degs™! or 0.262rads™!. Under
such search speed level, it is better to allow the trajectory command to zero before
start of search command. The finger seerch position is set at 8° such that it satisfies
the condition described in Equation 9.3 while minimizing the search time. Two force

responses 600mN and 2N are measured.

9.3 Experimental results

Figure 9.5 and Figure 9.6 show the force profile responses of 600m&N and 2N. For
each force profile responses, angular position, force measurement and stator current are
recorded. With the assumptions mentioned in section 4.6, current, position and force

responses in both fingers are assumed equal, only the left finger are shown.

Figure 9.5 shows force response for 600mN. From Figure 9.5(a), it clearly shows that
the entire motion sequence is divided into several stages as proposed. The motion begins
at the initial home position. Fingers move from home positions with a fast trajectory
profile to the pre-determined search position at 28°. Current is also increased to 0.8A4
as the fingers rotate away from the home positions due to the increase in spring torque.
Then the fingers close at-a constant speed of 0.262rads™! until the controller registers
the force signal exceeds 10mAN threshold point. At this instance, the contact position is
found and the control mode switch changes from trajectory control to force control and
the fingers hold at their contact positions. With the proposed low impact force profile,
impact force is 100mN. Then force profile generator ramps up .to 600mN and holds for
50ms with current settles at 2.24. Then the force profile generator ramps begin with
the impact force until it reaches the desired force level. Afterwards, the fingers open by
removing current out of the stator winding. This allows the control mode switch changes
back to trajectory control and return to their initial home positions. During the retreat

motion, force is sharply removed and no bouncing is found.
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Figure 9.5: 600mN force response of the two-finger VR gripper
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Figure 9.6: 2N force response of the two-finger VR gripper
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Similarly, Figure 9.6 shows 2N force responses. The entire motion sequence is same
as the previous one. During the high-speed trajectory motion and search contact motion,
the trajectory response, slope of the search contact motion and current waveform are the
same as Figure 9.5(c) as expected. The main difference occurs when the fingers hit the
object being grasped is found. At this instance, the control mode is switched to force
conirol and force command ramps up to 2N. However, since the force command has
to ramp up to 24 within the same period of time, the slope of force response is much
steeper than the 600mN one with its current level peaks at 4.6A. After the gripping force
holding time is expired, the fingers retreat to their home positions and once again, the

current waveform behaves similarly to the former one.

Before any contact occurs, the force sensor shows no signal. On the other hax;d, once
the fingers grasp the object, the angular positions are fixed and last for the duration of
gripping force holding time. In addition, Figure 9.5(c) and Figure 9.6(c) show that the
force constant of the two-finger VR. gripper is obviously not a fixed value. At steady state
of the force responses, the force constant for 600mN and 2NV are 0.27N/A and 0.43N/A
respectively. By merely comparing these two force responses, it clearly indicates that once
the efficiency of the VR finger gripper is doubled, when the current level drives it into
the saturation. This efficiency can be further increased if the contact position coincides
with the overlapping position of the stator and rotor poles where significant flux-linkage

saturation can be found.

9.4 Summary

In this chapter, a high-precision position and force algorithm is proposed and implemented
onto the two-finger VR gripper. This is achieved by a mixed-mode control with command
scheduling. Noticing the fact that the linearization effect can be achieved by making
use of the same nonlinear controller trajectory control and force control, therefore, two
control modes, namely trajectory control and force control, and a control mode switch

are incorporated. The trajectory control is achieved with close-loop control while the
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force contro!l is realized in an open-loop manner.

The entire trajectory profile for command scheduling and its flow chart are described
in details. A low speed contact search is used to provide an accurate and repeatable
means of finding thp object being grasped while not introducing a large impact force onto
it. Assumptions, determination of search positions and search speed are carefully selected.
Chen the implementation of the control algorithm is carried out and experimental results

are recorded.

Force responses of 600mN and 2N are recorded. These two different force levels
represent the two different operating regions of the two-finger VR gripper which are the
linear and saturation regions. Results show that the trajectory responses are same for
both force response. However for 2N force response, with a high required force, the slope
of the force command is steeper than the other one. With the implementation of the low
search speed profile, low impact force of 100mN can be found. When the two-finger VR
gripper operates within the saturation region, experimental results further confirmed that
efficiency can be doubled. By choosing the contact positions at the overlapping positions
of the stator and rotor poles, efficiency can be further increased due to the significant

flux-linkage saturation effect.

Experimental results confirmed that the two-finger VR gripper is simple, low-cost and
at same time capable in delivering gripping force efficiently. This solution can be widely

accepted in industrial gripping applications with its high-precision gripping performance.
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Chapter 10

Conclusions

This thesis describes a novel and unique two-finger gripper utilizing VR technology. This
thesis also describes the needs, design, analysis, construction, characterisation, modeling
and implementation of the two-finger VR gripper. This conclusion chapter summaries

the research work and findings in four different areas.

Section 10.1 concludes the work done relating the actuator, ranging from its design
analysis and construction. Then characterisation techniques, instrumentation and
modeling simulation are concluded in section 10.2. After that, the work related to the
control methods and techniques their simulation and eventually implementation, are
summarized in section 10.3. Then, achievements of this research work is summarized

in section 10.4. Finally, further work for this research project are suggested in section 10.5.

10.1 On the actuator

This research aims at developing a novel two-finger gripper using VR technology taking
the advantages of high-torque efficiency, robust characteristics and simple construction.
The needs to develop a new finger gripper are addressed. It was found that the VR motors
matches most of the requirements for an ideal gripper. In addition, the production and
material cost of a VR motor is extremely low. This is found to be extremely attractive to

a highly demanding market. After investigating the developed grippers, these grippers fail
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to fulfill the purposes of an ideal gripper. The main problem associated with VR motor
is its uneven torque ripple originated from its unique torque generating principle. With
the advent of semiconductor industries, costs of microprocessors are lowered. Advanced

control algorithm can be now realized to solve the nonlinearity problems of VIR actuators.

To design a two-finger gripper, various types of two-finger VR gripper have been
proposed. Besides, it has shown that energy conversion analysis is most suitable for
analysing the magnetic circuit in the VR gripper especially in the presence of magnetic
saturation. Analysis shows that by combining the magnetic circuits, the finger gripper
has higher torque efficiency than separate magnetic circuits. Next, the coupled two-finger
VR gripper was fabricated. This finger gripper is the first gripper making use of VR
technology. Direct torque measurement verified that the analysis is correct and it
generates higher torque with combined magnetic circuits by more than 30% at 4A current

level.

10.2 On the modeling simulation

In order to describe the finger gripper accurately, a mathematical model was built
to identify all the parameters within the model. Amongst all, magnetic flux-linkage
measurement is of the most difficult. AC current excitation method is chosen to be
the most appropriate and flux-linkage measurement is implemented with the controller
platform. A series of measurement of flux-linkage versus current and angular position
is then carried out. Measurement results reveals that the two—ﬁnger VR gripper has
magnetic characteristics similar to a rotary VR actuator. Spring constant and other
losses paratneters are measured and estimated to complete the characterisation of the
two-finger gripper. Core losses and eddy current losses are confirmed to be negligible.

However, it is necessary to incorporate leakage flux-linkage into the model.

Basing on these information, a third order dynamic model described with states

equations is constructed. This model includes the nonlinear magnetic characteristics
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modeled with an exponential function. For modeling simplicity, some information

including friction and core losses are omitted from the dynamic model.

Simulation model of the two-finger VR gripper model is verified with current step
responses. Experimental result matches closely with the simulation. This shows that

the two-finger VR gripper is accurate enough for controller design and simulation purposes.

10.3 On the control

Various innovative control algorithms have been proposed, simulated and implemented.

10.3.1 Current regulation

On the control perspective, a few important contributions have been made. Firstly,
an adaptive current regulation method was proposed. With the measured nonlinear
flux-linkage characteristics, it has been investigated that current loop response varies
at different current levels and angular positions. This might be acceptable for general
control purposes provided that the control specifications are not stringent. However, for
high-precision applications, especially for gripping of delicate objects, slight oscillations
within the current loop affects the performance at outer loops. As a result, an adaptive

current regulation method is proposed.

In the investigation, it is found that commonly used current regulations are not
capable of handling load variations and system nonlinearity. In this proposéd method, the
nonlinearity is included into the controller design and simulation. In this research, both
the fully digital PI current regulation and the adaptive PI current regulation has been
implemented, tested and verified. Results show that the adaptive PI current regulator
has been successfully developed and it can provide superior performance on a load
with wide variation in inductance. This is especially useful in the current regulation of

switched reluctance motors, because their reluctance variation can be as high as 3-5 times.
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10.3.2 Nonlinear compensation

After that, it is important to develop a novel nonlinear compensator to tackle the
nonlinear behavior of the VR finger gripper. In this research, different methods have been
reviewed and finally two methods have been proposed and implemented, namely reduced

order tookup table compensator and PBC controller.

The former method is found to be extremely easy to implement and comprehend.
However, its main deficiency is its fail to show global convergence and robustness,
Consequently, another approach, PBC is proposed. This approach is a modern controller
design concept making use of energy transformation. It treats its state variai)les as
energy and with energy transformation, i.e. energy shaping and damping injection, to
perform the desired control actions. The PBC controller guarantees global asymptotic
convergence and stability. It also inherits certain extent of robustness against parameter

variations and modeling error,

Both mentioned methods are implemented onto the controller platform. Measured
results confirmed that the PBC controller is more favorable than the reduced order
lookup table compensator. Results also show that its stability is robust against parameter

variation and it converges asymptotically.

10.3.3 Position and force control

On the last stage of the work, a mixed-mode control with command scheduling control
algorithm is proposed and implemented. For simplicity, a classical PID trajectory
controller is used. The closed-loop system is simulated and result show that it is stable
and capable of achieving high-accuracy. An S-curve trajectory command is implemented
to reduce the mechanical stress onto the gripper and settling time. For force control,
a simple control mode switch is added to the controller. This switch receives different

commands under different conditions. Lastly, the controller is implemented and measured
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results demonstrate that the system has good force accuracy. It can be an alternate

solution to gripping mechanism.

10.4 Achievements of this research work

The achievement of this research work can be summarized as followed:

1. Designed an innovative mutually coupled two-finger VR gripper. Various commeonly
found gripping mechanisms have been reviewed. By making use of the VR
technology, the gripper can benefit from low EMI and reduction in manufacturing
costs. In addition, torque production is further raised by combining the magnetic
circuits of the two VR motors of the finger gripper. Direct torque meaSL'lrement

confirmed that torque production is increased by > 30% compared with the ordinary

non-coupled VR finger gripper.

2. Researched into general flux-linkage modeling methods employed by general VR
motors. Flux-linkage characteristics of the VR finger gripper with respect to
current levels and angular positions are examined. Amongst all the methods
reviewed, exponential description function is found to be the most appropriate and
cost-effective for modeling the two-finger VR gripper. Modeling simulation and
experimental responses show that the constructed model is accurate enough for

controller design and simulation purposes.

3. Proposed and implemented the adaptive current regulator for the two-finger VR
gripper. Noticing the significant Hux-linkage variation of the two-finger VR gripper,
an adaptive current regulation scheme is proposed and implemented. - With the
ordinary PI current regulators, current response suffers from significant overshoot
and asymmetric responses. In the proposed adaptive current regulation scheme,
flux-linkage wvariation is continuously monitored. To adapt to such changes,
control parameters are varied accordingly such that same current responses can be
guaranteed despite the changes of angular positions and current levels. Simulation

and experimental results show that the proposed adaptive current regulator can
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adapt to load variations and provide same current responses at all operating current
levels and angular positions. This solution can also be applicable in general VR

motors which suffer from the same problem.

4. Proposed and implemented two nonlinear compensators for the two-finger VR
gripper. The first method bases on the reduced-order lookup table. method and
the second one is the PBC method. Reduced-order lookup table is a simple,
easy-to-comprehend and low-cost nonlinear compensator for the two-finger VR
gripper. With a small amount of flux-linkage data being recorded in the controller,
the nonlinear effect of the two-finger VR gripper can be linearized with bi-linear
interpolation. Results show that the reduced-order lookup table method is applicable
in tackling the nonlinear problem. However, for high-precision applications, an

advanced and efficient algorithm is required.

The second method, PBC, designs a controller basing on the transformation of
energy. Several advantages can be found using PBC. This method guarantees global
asymptotic convergence, system stability and inherits certain degrees of robustness.
Such controller design method is the first time being iﬁplemented onto VR motors.
Experimental results show that the trajectory performance offered by the PBC
controller is 'more favorable compared with the reduced-order lookup table. Dynamic

and steady state trajectory errors is maintained within 1.5° and 0.09° respectively.

5. Proposed and implemented a force control algorithm using a mixed-mode control
with command scheduling. For high-speed and high-precision grasping of delicate
objects, a force control algorithm using mixed-mode control with command
scheduling is proposed. At different operating stages, different trajectory or force
commands are injected into the nonlinear PBC controller of the two-finger VR
gripper. Precautions are carefully taken to prevent suddén force spikes to occur
during the contact in particular control mode transitions. Experimental results
show that the proposed algorithm can successfully maintain the impact force within
100mN. It is also confirmed that the two-finger VR gripper is capable of delivering

higher gripping force at saturation region and doubling its efficiency.
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10.5 Suggestions for further research

To further improve the research project, a few of areas are required to explore and develop.

1. FEM analysis can be incorporated into the early design stage. With the aid of FEM
analysis, certain parameters of the two-finger VR gripper can be optimized and
thus improve its overall efficiency. Besides, thermal management can be considered
at the design stage. In addition, simulated magnetic and nonlinear characteristics
can be produced. Then simulation result can be provided before the actual gripper

construction being made. All these can benefit the gripper as a whole.

2. Developing a position estimation technique for the two-finger VR gripper is a
good way in extending its application and robustness. This can be achieved
with additional information feed back to the controller, for example, voltage,
instantaneous change of inductance etc. With position estimation, sensorless control
can be applied. The entire finger gripper system does not have any electronics system
incorporated. Consequently, it can then be operated at extremely wide range of

temperature, further reduced in cost and increased in reliability.
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