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1 PROJECT SUMMARY

To promote consideration of omnidirectional actuators in a more diverse number of ap-
plications; an open-source omnidirectional actuator was conceptualized, designed, con-

structed and tested.

Upon selection of a spherical motor configuration for the actuator, further research was

conducted to determine which technology would could be adapted to power it.

The research concluded with a selection of brushless DC motor technology as a means to

actuate the spherical motor drive, with an emphasis on linear induction technology.

To promote the development of omnidirectional drive systems within the open-source com-

munity a set of generalised performance metrics was developed.

Initially work was undertaken to better understand the principles behind linear induction
and permanent magnet motor technology. Maxwell’s equations as well as insight from aca-
demic literature on the subject were then used to construct an analytical model in MATLAB.

The model was validated through both numerical and experimental means.

Optimum design parameters, based on the recommendations of the design tool, were used
to propose a design foundation from which a number of design concepts were generated.
The designs were generated with consideration to the manufacturing capabilities of the

IForge and the cost of materials.

In parallel to the physical design, and working within the constraints of accessibility and

Arduino-based hardware, a three phase open-source motor controller was developed.

On account of Covid-19, the decision was taken to continue manufacture as accessibility
was a design consideration. Third party suppliers were sourced in order to help build the
components. In order to achieve this within an expanded, but still small, budget significant

redesign was undertaken.

The motor was then switched on and and an attempt to characterise performance was

made.

The findings were uploaded to the Project’s hackaday page in addition to a video which
explained how any viewer could go about constructing their own device, starting with the

motor controller and power supply.
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2 INTRODUCTION

21 Omni-Directional Drives

Most vehicles, robotics and machines are driven by single axis rotary motors or actuators.
Manoeuvrability is achieved by way of steering mechanisms that drive a single DoF rotary
actuator around a central axis. This is commonly achieved either with a secondary rotary

motor or else a system of mechanical linkages.

-1
<
o
=
[+
w
>

Figure 21— Movement Axes Diagram

However, such steering mechanisms are incapable of producing translation along the trans-
verse axis. Therefore they are incapable of providing instantaneous omnidirectional move-
ment. Additionally, manoeuvrability provided by such steering mechanisms comes with the

following limitations:

o Limited Steering Angle: Mechanical constraints typically only allow steering through
an angle of 70° (such as in commercial automotive vehicles) [1], rising to about 120° in

a research race vehicle reviewed in Race Car Dynamics. [2]

o Wheel Slip: If the momentum of the machine forces travel in a direction other than
that in which the machine is currently steered for then a lateral force, relative to each

tyre, is generated. [3]

o Supporting Machinery: All machines which utilize steering require a driving mecha-
nism in order to do so. In most cases a series of mechanical linkages must be present
throughout the machine . Adding to the mass, reducing the available volume and in-
creasing deadband in the system[4]. This limitation is lessened by containment of a

secondary motor in close proximity to the wheel, such as in EVs.[5]
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Consequentially the ability of these machines to carry out their function efficiently is com-
promised. The cost of that inefficiency, in the context of traffic delays in large American
cities, was quantified by Schrank et al. as $115 billion in 2009. [6] Furthermore Verhoef
and Rouwendal state that traffic congestion also has a significant impact on vehicle speed,

traffic safety and time cost.[7]

Li et. al conclude that the manoeuvrability of vehicles is a significant factor and that the
cost resulting from these limitations could be reduced or alleviated through the adoption

of omnidirectional machines that are capable of movement in 3 DoF. [8]

Omnidirectional motors can be divided into two types: holonomic and non-holonomic. A
holonomic machine is so defined as being capable of movement in as many DoF as control-
lable DoF in the system. Therefore the position of the system is directly integrable from the
inputs to the system. [9] Consequently, any machine that requires a steering mechanism is

non-holonomic, even if it is capable of omni-directional movement (e.g. a swerve drive).[10]

The distinction is mostly semantics and the capabilities of either type of omnidirectional
drive are virtually identical. The primary difference is found to be that the control system

can be more accurate and efficient for a holonomic machine.[11]

Ultimately an omnidirectional vehicle requires an omnidirectional drive in order to operate

within 3 DoF.[12] [13] [14] [15]

2.2 Limitations of Omnidirectional Drives

Despite the limitations of single DoF rotary machine drive mechanisms the simple design

and inexpensive construction means that they permeate locomotion technology today.

Therefore any omnidirectional drive looking to usurp single DoF rotary machines as a major
constituent of drive mechanisms must not only justify cost and complexity through perfor-
mance, but actually perform better by a significant margin. Masters and Thiel quantify the
significant margin to be an "order of magnitude” in their work on the permeation of new

technologies and successful startups.[16]

This is because the widespread adoption of wheels has created an inertia in the human
psyche , as well as an inertia composed of physical machines which would have to be re-

engineered.

Also, presently wheels are considered synonymous with mechanized motion and so engi-



neers and designers are likely to begin their thought process for solving problems of loco-

motion with wheels, instead of looking to alternative technologies. [17]

To promote adoption of the spherical drive system into the mainstream engineering thought
process the various types of omnidirectional drives should become better understood, bet-

ter characterized and more endemic within the engineering community.

Itis the proposition of this report that the three objectives described above can be achieved
simultaneously via promotion of omnidirectional drive systems within the open-source maker

community.

2.3 The Maker Community

Open-source is a term that, historically, described software. The definition being "having
the source code freely available for possible modification and redistribution”. [18] The same

concepts can be applied to hardware however.[19]

An organization that specializes in enabling communities of people to engage with open-
source hardware is Hackaday. Hackaday describe their purpose as to promote "Hacking”,
the term used to denote Hackaday’s definition of the word ... is an art form that uses some-
thing in a way in which it was not originally intended. This highly creative activity can be

highly technical, simply clever, or both.

This, in addition to Hackaday’s promotion of "the free and open exchange of ideas and in-
formation”, would suggest that Hackaday could provide an effective germination for a wave

of omnidirectional thinking.[20]

Furthermore, Fisher and Gould [21] state that open-source hardware provides a low-cost

alternative for scientific instrumentation and research.

When these two observations are made in tandem, it becomes not unreasonable to see
the open-source Maker community as a type of decentralized, non-profit technology accel-
erator, of sorts. Therefore, through the documented design and construction of an inex-
pensive & effective omnidirectional drive technology, and by the promotion of it in open-
source communities, mainstream consideration of omnidirectional technologies could be

expedited.



3 LITERATURE REVIEW

3.1 Methods of Omnidirectional Drive

A number of methods have been suggested by Cawood. [22]

311 Mecanum Wheels

An assembly composed of two Mecanum wheels (Figure 3.1) situated along the same cen-
tral axis and displaying mirror symmetry would be able to achieve full motion along the
transverse axis, in either direction, through actuation of the Mecanum wheels in oppos-
ing directions. Conventional longitudinal movement could be attained through actuation of
both wheels in the same manner. [23] A system utilising Mecanum wheels is incapable of

rotation around the vertical axis however.

31.2 Swerve Drive

The swerve drive (Figure 3.2) is an omnidirectional drive technology that can pivot a single
DoF rotary actuator around the vertical axis with no restriction. Although not technically
appropriate for holonomic vehicles, swerve drives are capable of providing omnidirectional
drive to a machine that utilises them. In conjunction with omni-wheels, the burden placed

upon the control system can also be reduced significant. [24]

3.1.3 Ball Drive

Aball or spherical drive system (Figure 3.3) operates by transmission of power to a spherical
rotor instead of a cylindrical rotor or wheel. This means that 3 DoF actuation can occur

instantaneously with a single action rather than as the output from multiple actions. [25]

A major disadvantage of the spherical drive system is that the ability to provide 3 DoF power
transmission directly through a shaft or axle is lost. Shafts are particularly efficient meth-
ods of power transmission (virtually 100%, baring hysteresis losses and bearing friction).
Therefore the effectiveness of a spherical drive system to transmit power in any number of
DoF is dependant on the efficiency of the particular alternative power transmission method

used.



Figure 3.3 — Ballbot Rezero
Figure 31 - Commercial Figure 3.2—Swerve Drive [10]  [26]

Mecanum Wheel

3.2 Omnidirectional Drive Selection

Of the three omnidirectional actuators discussed, the spherical ball drive is considered to
harbour the most potential. This is because the spherical motor, unlike the other technolo-

gies discussed, can provide omnidirectional drive for a true holonomic vehicle.

An additional point, the relative simplicity of the spherical motor means that it is not just
limited to vehicular applications:; it could also be used to provide omnidirectional actuation
to ajoint or interface. For instance in the use of robotic arms, optics, gyroscopes and other
rotating machinery. Such an actuator would have the advantage of compact size, high mo-
tion precision, fast response, a directly driven mechanism and a high efficiency as shown

by the authors Howe, Oner and Chen. [27]; [28]; [29].

3.3 Overview of the Arduino Platform

Arduino is a brand of open-source micro controllers and computers. Arduino is the name of
the company that first produced the designs and their name has become synonymous with
their flagship line of products. However the open-source nature of their products means
that there are multiple producers of technology with the arduino specification (such as
Elegoo or Seeduino) that are functionally identical, but less expensive. For the purposes of
this report all technologies that align with the specification of any Arduino device will be

referred to as "Arduino”.

Arduino are ubiquitous within the making community. They are inexpensive, relatively pow-
erfully, modular in nature and can support programmers of all abilities. In fact the intended

use of Arduino was as an educational tool.



The conclusion to be drawn is that if an omnidirectional technology could be produced
with Arduino as the foundation then the accessibility of the project will be greatly increased,

promoting widespread adoption.

3.4 Omnidirectional Drive Systems

Research has been ongoing on the topic of omnidirectional drive systems, in one form or
another, since 1959 [30] and in the decades since a multitude of omnidirectional drives have
been designed, built and patented. The presence and scope of such research warrants an

extensive literature review.

Much like with conventional motors, the term "omnidirectional drive” is used as a catch-all
term for any singular mechanism which actuates fully with 2 or more DoF. These systems
can be classified further on the basis of their operating principles, as will be case in this

review.

The inclusion criteria for further research is as follows:

1. No requirement for mechanical commutation.
2. Rotor must not require power supply to operate effectively.

3. Rotor geometry must have rotational symmetry, such that any 1 DoF technologies can

adapted for 2 or 3 DoF application.

4. The technology must broadly align with a rotor and stator configuration. This rules
out technologies such as the pendulum drive, which is used to operate the on-set

model of BB-8 during the Star Wars films. [31].

The technologies researched during the literature review can be divided into the following

umbrella categories.

¢ Ultrasonic
¢ Inverse Mouse Drive

e Brushless DC



3.41 Ultrasonic Motors

Ultrasonic Motors

The stator of an ultrasonic motor is comprised of an arrangement of piezoelectric transduc-
ers. By applying a voltage to these transducers oscillations are produced and, consequently,
frictional forces on the rotor are produced. Through modification of the power supply
voltage and transducer configuration control can be attained over the resultant speed and
torque characteristics of the motor.[32] Alternative designs may achieve actuation through

the manipulation of standing waves within the rotor.

Unlike other omnidirectional technologies, which mainly comprise adaptations of singular
DoF rotary machines for spherical application, most ultrasonic technologies have been de-

veloped specifically for the purpose of actuating spherical rotors.

Consequently ultrasonic motor technologies show great potential as a means to produce
ultrasonic motor systems that are compact in size, produce high torque at low speeds and
generate high braking torque without the need to consume power. Furthermore they are
capable of high resolution angular positioning as discussed by Hoshina et al.[33] in their

work to develop a camera actuator for a pipe-cleaning robot.

Within this branch of omnidirectional drive development there are found to be the following

schools of design:

3.4.2 Single-Stator Ultrasonic Motors (SSUM)

Technology Review

Utilizing only one transducer, SSUM cannot utilize frictional forces to create an omnidirec-
tional motor. Instead SSUM induce different frequencies of vibration in the rotor where

each mode of vibrations correlates to a particular mode of rotation.

Spherical Application

Examples of devices in literature include Rogers et al. [34] who presented a motor with a
350 micrometer diameter rotor that used multiple vibration modes of a vibrating cylinder

(the transducer) to actuate the motor. [35]



In 2011, Zhang et al. also utilised the vibration modes of a cylinder to actuate their prosthetic
finger joint, but they used the association of non-resonant and resonant vibration to achieve
greater control over the actuator. Ultilisation of vibration modes synthesised from different
transducer geometries form a common design variation within the literature. The design
of a single-stator ultrasonic spherical motor based on the vibration modes of a disk like

structure was presented by Lu et al. in 2010. [36]

Further variations on this principle have also been proposed. For instance, a motor using
surface acoustic waves on a single stator to actuate a sphere was proposed by Tjeung et al.

in 20T1. [37]

Appendages of all descriptions are a common application for SSUM, partially by virtue of
the compact volumes possible. This quality was a key factor in the decision of Luo et al. to
develop an ultrasonic motor powered bionic eye and thereby lay foundations for functioning

prosthetic human eyes in the future. [38]

3.4.3 Multi-stator Ultrasonic Motors (MSUM)

Technology Review

Whereas the single stator spherical motor would use one actuator to induce vibration, the
MSUM uses three or more piezoelectric vibrators in tandem. [32] In 2014, Leroy et al. con-
sidered that the use of independent parts limited the coupling of vibrations, which would
otherwise have reduced the control resolution. Leroy et al. proceeded to offer numerous

possibilities for stator design for MSUM.

Chukier robor

Camera
Vibrators

Sphere {Nixed) - “'r e
Fined axis /’
(a) Experimental MSUM (b) Illustration of MSUM

Figure 3.4 — Multistator Ultrasonic Motors

Spherical Application




Examples of MSUS motors include the multiple travelling wave motor proposed by Hoshina
et al. in 2013 [33], a spherical motor based on four asymmetric standing wave actuators as
described by Shen et al. in 2010 [39], and a motor combining multiple standing waves in

four individual plates as presented by Otokawa et al. in 2005.[40]

3.4.4 Inverse Mouse Drives (IMD)

Technology Review

The IMD is so named for the visual similarities to the construction of a computer mouse ball.
Only seen in a spherical context, the motor is driven by applying power to the independent
omni-wheels that are arranged tangentially at equal intervals and are in contact with the
spherical rotor. The nature of operation means that no special quality is required by the
rotor, barring adequate structural integrity. The use of an inflated basketball as a rotor for

"Basketball Rider” exemplifies this point. [41]

Spherical Application

IMDs are common amongst omnidirectional systems, as they are simple to design, inexpen-
sive to produce and robust in operation. However, serious application of the inverse mouse
drive is limited. This is because an IMD requires a single DoF, per wheel. Consequently, in
order to rival the power of a single DoF motor the IMD must house between two and four

separate motors of the same specification. A problem which is exacerbated with scale.

This limitation has not stopped all vehicular endeavours however. Students at San Jose
University, California developed an SDS self-balancing motorcycle as part of a student led
learning exercise. The vehicle utilised a tri-wheel IMD. Concept designs, technology test

rigs and a prototype were produced. [42] However, the group disbanded soon after.

(b) CAD render of proposed motorcycle

Figure 3.5 — San Jose California, SDS Motorcycle



The "Ballbot” series of projects presents a more success-
ful endeavour. Initially, it was proposed by Lauwers et al.
in 2006 that the IMD technology showed enough poten-
tial for an entire generation of humanoid robots, based
on spherical drive technology, to be spawned on the ba-

sis of the group’s findings. [43]

Their work was built upon to produce the device pictured
in the figure. [44] The bulk of their work was concerned
with the control aspect however, specifically to allow the
robot to self balance and act appropriately to a human-

environment. Less detail was given in regards to the per-

formance of the drive system, although their work does

Figure 3.6 — Ballbot and creator

reveal that the IMD used was capable of driving Ballbot at
velocities of at least 0.8 ms~—! and could meet the demands of the control system in order

to resist the impulse received from a 310V kick imparted over 0.4s.

Brushless DC Motors

Brushless DC motors are so described because they lack the mechanical brush commuta-
tion that their brushed counterparts had required in order to generate a travelling magnetic
field. The polarity switching necessary would instead arise from the motor controller and
the software that drives it. The increasing processing speeds of micro controllers in recent
decades [45] has lead to widespread adoption of brushless DC motors as motor controllers
are more easily able to approximate AC current at high frequencies through implementa-
tion of PWM.

Despite sharing a common name and operating with different principles, many types of
electric motor fall under the umbrella of the term brushless DC. United by the requirement

for wave-forms approximated from a DC power supply via PWM.

3.4.5 Stepper Motor

Technology Review

Stepper motors fit within the umbrella category of brushless DC electric motors. The step-

per motor differs from other brushless DC motor variants by the requirement for power

10



to be applied discretely to each coil in the form of pulses, as opposed to as a simulated AC
waveform. This method of operation allows stepper motors to work effectively with open-
loop control systems rather than being restricted to only closed-loop control systems, as

is the case for other types of brushless DC motor.

The salient poles on the rotor and the stator are designed with an offset such that only
one set of poles can be aligned at any one time. Therefore when a stator pole becomes
energized there will always be a corresponding rotor pole which is closest in proximity and
therefore is forced into alignment with the energized stator pole. The mechanism which

gives rise to this force varies depending on the construction of the stepper motor.

This is possible because, in a stepper motor, the number and configuration of pulses sent
by the controller will directly correspond to the position of the motor; on the condition
that the motor does not lose synchronization (owing to excessive load torques or operating
speeds). The ability to determine rotor position from only the input pulses and without the
requirement for a specific output measure lends the stepper motor for use with open-loop

control systems.

On account of this property stepper motors are used in industry for applications that re-
quire precision automation and control at a low cost. However stepper motors can also
function similarly to brushless DC motors. This is achieved through supply of enough pulses

at a rate such that the movement of the rotor becomes smooth and continuous.

Hughes tells us that the term used to describe stepper motor operation in this manner is

referred to as "slewing”.[46]

As mentioned previously, the construction of a stepper motor determines the manner in
which force is generated. Here will be discussed the operating principles and relevant om-
nidirectional drive utilization of permanent magnet stepper motors and variable reluctance

stepper motors within the literature.

Spherical Application - Variable Reluctance Stepper (VRSM)

In 1988 Lee and Kwan developed a spherical wrist actuator for use in prostheses which

operated via the principles of variable reluctance. [47]

Later, in 1991, Lee et al also conducted an FEM analysis of a variable reluctance stepper

motor, concluding that the technology held promise for further development as they were

1



able to exert significant control over the motor and torque output through manipulation of

the spherical magnetic field. [48]

Spherical Application - Permanent Magnet Stepper (PMS)

The concept has proved readily adaptable to spherical motor development. PMS was the
guiding principle behind Chirikjian et al., who in 1999, developed a general theory behind the
kinematics and commutation of a spherical stepping motor and analyzed potential stator
and rotor pole layouts for optimum performance. [49] To achieve this they attempted to use
platonic geometry to achieve an isotropic distribution of poles over the sphere. This proved
impossible for the number of poles they required and so they utilized a superposition of

platonic geometries to produce a satisfactory, but not perfect design.

The work of Chirikjian et al. formed the basis for the work of Wang et al. who, in 2006
[50], used analytical and FEM techniques to propose improvements upon Chirikjian’s design
which were subsequently tested experimentally. Their report concluded with an optimistic

outlook for the future of the technology.

3.4.6 Linear Induction Motor (LIM)

Technology Review

According Laithwaite’s seminal work on the matter [51], an LIM can best be described as
a (cylindrical) asynchronous AC induction motor rolled flat, and operated by a principle
that was analogized by Laithwaite as a "Magnetic River” [52]. This term being a holistic de-
scription for the travelling wave of magnetic flux generated by the motor along the length
of its stator coils. The wave of flux induces eddy currents in the rotor secondary that, in
turn, generate flux which acts to oppose that flux that created it. This produces a force on
the rotor that grows in magnitude, as the initial flux wave moves away from the languishing
rotor, until the force upon the rotor accelerates the rotor to the velocity of the travelling

magnetic wave. The lag in such system is quantified as slip.

The technology, originally utilized in textile mills around the turn of the 20th century, was
pioneered by Laithwaite et al. to form the foundation of an advanced hovertrain (MagLev)

infrastructure for Britain in the 1960’s and 70’s [53]. Despite this venture not being suc-
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cessful, LIM technology has since been developed considerably and applied to many fields

including both liquid metal pumping and mass-acceleration. [54]

High profile usage has also been seen through the efforts of countries like Japan and China,
and private ventures such as Elon Musk’s Hyperloop [55] to provide fast and efficient public

transport infrastructure with Maglev technology.

Linear motors are well suited to this endeavour because, in addition to generating force
co-linear to their length, they also generate a small but significant repelling force in the
direction of the vertical axis. The repelling force may allow the secondary to rise off the

primary stator and form an air-gap. Although the situation is dynamically unstable.

Laithwaite and his colleagues remedied this in 1971 by wiring a prototype LIM incorrectly and
inadvertently constructing a transverse-induction Machine, which was capable of maintain-

ing the secondary on a central plane during operation.[56]

When LIM technology is applied to spherical applications the repelling force will act to form
an airgap and thereby reduce frictional forces incurred during operation. Depending on
the stator geometry and operating parameters there is also a possibility of achieving full
levitation of the rotor. This would eliminate the need for dynamic mechanical interfaces,

such as bearings, completely during operation.

Itis also feasible that the effect could be exploited in order to supply electromagnetic damp-
ing to a system containing the omnidirectional drive. [57]. This could prove valuable, par-
ticularly for vehicular application, as a means of augmenting or replacing conventional sus-

pension.

Spherical Application

The seminal work on the application of LIM technology to spherical motors, was carried out
by Laithwaite as part of Williams et al.[30]. A series of prototypes were tested and possible

future applications proposed.

In 1987 an analytical treatment was given to the magnetic fields and torques that can be ex-
pected in a spherical induction motor by Davey et al. [58]. Recent application of the technol-
ogy include Fernandes and Branco who, in 2016, developed what they termed a “shell-like”
motor with a unique stator winding layout, inspired by the muscle system responsible for

shoulder movement in humans, was intended for use in in low-speed application[59].
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3.4.7 Permanent Magnet Synchronous Motor (PMSM)

Technology Review

The third variation of brushless DC motor covered in this review is the PMSM. Instead of in-
ducing eddy currents within the rotor a PMSM relies on permanent magnets present within
the rotor to generate flux. As the flux wave induced by the current in the windings travels
along the length of the stator the permanent magnets become locked in place relative to
the travelling magnetic wave. The rotor will therefore move in synchronization with the

excitation current.

The construction of a permanent magnetic synchronous motor is not dissimilar to that
of the permanent magnet stepper motor described earlier. In broad strokes they differ
only by the nature of current supply and coil winding configurations. A stepper motor dis-
cretely energizes and de-energizes closed coil loops around separate stator poles, whereas
a PMSM energizes coils which span the length of the stator and does so by emulation of an

AC current waveform.

Early PMSM suffered from the de-magnetization of their permanent magnets during opera-
tion. Though modern Neodymium-Iron-Boron suffer no such fate and generate significantly
more flux than their non-rare earth magnet counterparts. These qualities present the pos-
sibility that PMSM will become dominant motor technology in the future. In 2016 Lu argued
that PMSM will eventually replace all other less efficient motor technologies as the era of

efficient motors takes hold. [60]

Spherical Application

As a lynchpin of future motor technology it is perhaps unsurprising to find that PMSM have
undergone adaptation to spherical applications in recent years. Not all as omnidirection
actuators in a strict sense however. In 2013, Park et al. developed and tested a PMSM
spherical motor that utilised 3 DoF to create a tilting shaft, in a manner not dissimilar to a

powered ball joint.

Also, efforts from Li et al. in 2018 produced a number of papers detailing different aspects
of design for an omni-directional PMSM device. Papers focused on the stator design, flux
generation and control aspects of the PMSM. The same team later proposed a modified de-

sign which utilized a Halbach array, a particular configuration of permanent magnets which
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amplifies flux density on one side of the array while nullifying it on the other side, in or-
der to both increase efficiency and reduce the impact of the flux fringing presented by the

spherical motor air gap. [61]

3.5 Technology Selection

After consideration of the technologies, linear induction technology was selected to form

the basis of this project’s eponymous open-source & Arduino-based spherical drive system.

3.6 Conclusion from Literature Review

From the literature review it has been understood that work has been undertaken to design
and characterise spherical motors since the 1950’s. Several projects on the topic conclude
with optimistic outlooks on the future of the technology. Such projects describe at length

the potential applications of omnidirectional technology such as:

Prostheses including bionic eyes, actuated finger and wrist joints. Locomotion for high-
manoeuvrability vehicles ranging from wheelchairs and pipe-cleaning robots to industrial
transport vehicles. Power-transfer in multiple DoF, ranging from helicopter rotors with tilt-
control to wind turbines that can take full advantage of the turbulence within an oncoming

flow of air.

However, while usage of the technology has occurred, use has only occurred in limited
commercial circumstances and even then more often as a PR stunt than as a serious and
considered solution. Goodyear’s spherical tyre [62] and Audi’s RSQ, as seen in 2004’s |,

Robot [63]

While it is clear that most of the potential applications for omnidirectional drives listed
above can and have been met with single DoF rotary drives, there is still room for omnidi-
rectional drives in the technoscape. An omnidirectional drive could be utilised in the de-
sign of a machine to remove the need for the compromises in performance that arise when

adding additional DoF to single DoF rotary drives.

Therefore this project will endeavour to design, construct and test an open-source & Arduino-
based spherical motor that utilises brushless DC motor principles, and do so in a manner as
to provide a framework upon which future omnidirectional drive systems can be designed,

constructed and tested. By widening the pool of stakeholders it is hoped not only that the
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technological state of omnidirectional drives is improved and cost thereof reduced, but also
that the concept comes more readily to the thought process of any engineer when faced

with a problem to which such machines may be the best solution.

3.7 Aims & Objectives

1. Develop a parameterised model of both the LIM and PMSM spherical motors and use

the model to optimise the parameters for prototype design.
(a) Derive from classical physics and academic literature a set of equations that un-
derpin the operation of linear induction technology.

(b) Adapt equations for use in a parameterised model for a MATLAB-based design

tool.
(c) Validate model with experimental and numerical methods.

2. Develop aset of characteristics that can be used to characterise omnidirectional drive

systems constructed in the open source community.
3. Design and construct a functioning spherical drive system.
(a) Use the design tool to propose optimal key design parameters and associated
dependant design parameters.

(b) Create design concepts utilising the proposed design parameters.

(c) Propose methods of construction that are easily accessible for makers and the

open-source community.
(d) Design, develop and test a motor controller for use with the spherical motor.
(e) Construct prototype spherical drive system and test.
(f) Characterise the spherical motor in the context of the parameters proposed for

omnidirectional drive systems.

4. Promote omnidirectional and spherical drive systems within the open-source com-

munity.

(a) Create a Hackaday blog and update regularly.

(b) Create an education video about an aspect of the design process and post to
YouTube.
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4 THEORY

41 The Maxwell Equations

Both LIM and PM synchronous motors depend on the principles of Electromagnetism in
order to function. A brief grounding on the relevant aspects of the Maxwell equations was

considered appropriate. [64]

411 Faraday’s Law

Faraday’s Law describes the relationship between the emf induced in a circuit by a time-
dependant magnetic flux enclosed by the circuit, and the time-dependant magnetic flux

that gave rise to it.

% B o d7 = —i / § o nda Equation 4.1
c dt Js

The left-hand side represents the line-integral of the vector electric field flux ﬁ that acts
co-linearly over a infinitesimal segment of circuit. The right-hand side represents the time
derivative of the surface integral of magnetic field flux § which acts through the surface

bounded by the path of electric flux.

The implication is that a circulating electric field is induced from a changing magnetic flux
linkage. However, Faraday’s law in unaltered form could also be incorrectly applied to an

electric particle moving through a magnetic field.

This is normally remedied with the caveat that ﬁ represents the electric field measured
relative to a stationary segment the flux path or circuit, dl. An alternative formula can be

given, as denoted below.
jI{ ﬁ o 7 = —/ — o nda Equation 4.2

41.2 Lenz's Law

Lenz’s law represents an observation on Faraday’s law. Specifically it describes the phe-

nomenon that arises by inclusion of the minus sign on the right hand side of Faraday’s law.
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The implication of the minus sign can be summarised as Lenz's law, that they are induced by
a changing magnetic flux that flows as to oppose the change in magnetic flux that induced

it.

41.3 Biot-Savart Law

The interconnected nature of electricity and magnetism is clearly defined within Maxwell’'s
equations. Less clearimmediately however is the direct contribution from any moving point

of charge, to the surrounding magnet field field. This is described by the Biot-Savart law.

—
= Hpus = P Equation 4.3

The above equation is universal in application, although it has commonly been further ma-
nipulated in orderto describe the magneticfield contribution from a given amount of charge

flowing through a defined, geometrical path or circuit.

414 Lorentz Equation

Derived from Gauss’ law for magnetic fields, the Lorentz equation describes the force that

a charged particle experiences when moving within a magnetic field.

FB = q7 X § Equation 4.4

The force exerted on the charged particle is equal to the cross product between the prod-
uct of the magnitude and velocity of the point charge, and the vector magnetic field strength

in which it is moving.

4.2 Linear Induction Motor

A linear induction motor is at its core an unrolled induction motor. Ignoring some of the
consequences of linear topology, such as end-effects, the linear induction motor operates

using the same principles.
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4.21 Operating Principles of the Induction Motor

All induction motors consist of a stator, wound with coil, and a rotor. For linear induction
motors the terminology differs slightly and the stator is referred to as the primary and the

rotor as the secondary.

A single phase of alternating current can be passed through a winding in the stator. The fre-

quency of the AC signal , f, RMS voltage ,Vzs, and RMS current , 1,5, are key parameters.

In accordance with Faraday’s law, the AC current flowing through the winding gives rise
to a circulating magnetic field acting perpendicular to the direction of electric flux within
the winding. Lenz’s law can then be used to determine the direction of circulation of the
magnetic field. The direction can also be determined empirically by application of Fleming’s

left hand rule.

In any frame of reference the individual circulating magnetic fields around the winding cir-
cuit can be taken collectively as a magnetic field. Much like the magnetic field generated
from a permanent magnet, the magnetic field produced is a dipole system with the flux
emergent from one pole and recirculating around the winding to complete the loop in ac-

cordance with Gauss’ law.

The direction and strength of the magnetic vector field at any point in time is determined
by Faraday’s law. Specifically it is proportional to the negative of the rate of change of the
winding current. As the AC waveform is sinusoidal, the transverse magnetic vector field

direction and strength appear 90° ahead in phase relative to current.

The magnetic field emanating from the winding ﬁ magnetises the high-permeability, low-
coercivity ferromagnetic material which comprises the stator. The result is the magnetic

flux density vector ﬁ This can seen through the Biot-Savart equation in equation 4.3.

The path of the magnetic flux travels through the air-gap between the stator and rotor and
penetrates the rotor. Again in accordance with Faraday’s law the changing flux linkage pen-
etrating the secondary induces an emf, this will cause an eddy current to flow through any
conductive part of secondary, circulating around the penetrative flux. In accordance with
Lenz’s law the eddy currents will flow as to produce a magnetic flux which opposes the flux

that created it.

The free electrons moving throughout the eddy current conduction path do so within the

radial magnetic field that gave rise to them, therefore they experience a resultant Lorentz
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force.

If, as described in the previous section, only a single winding is excited with an AC waveform
then the rotor will not move. This is because the net eddy current, and therefore the net

charge velocity, is zero.

Nodes

L Ant r][j]d(_"j_)

Figure 41— Example of standing wave, as produced by a single phase AC current

This can be seen in figure 4.1. As the magnetic field emanating from the stator winding is in
effect a standing wave, the nodes of the flux wave are stationary. By definition these nodes
represent the areas on the secondary with the highest rate of change of flux linkage. At
the locations of these nodes, according to Faraday’s law, the largest emf in the system is

generated and thus the greatest amount of circulating eddy current is induced.

This statement implies that the greatest number of charged particles are then moving inci-
dent to the greatest amount of flux linkage. The implication then is that the greatest amount

of Lorentz force should be generated.

The net force is zero however. This is because, unlike in a travelling wave, at all points
along a standing wave the rate of change of the relevant quantity is always of the same sign.
Therefore as the standing flux wave waxes or wanes the eddy currents generated around

the nodes flow as to oppose and cancel each other, completely.

However, movement can be achieved if there is relative motion between the standing flux

wave, and the secondary.

This can be achieved either by moving the secondary within the standing flux wave that was
generated by a single-phase AC winding, or else by using multiple phases of AC in multiple

windings to create a travelling magnetic flux wave within the motor.

In such ascenario the sign of the rate of change of flux linkage relative will alternate between
the distance of pole pitch along the wave. Therefore the eddy currents align to produce the

maximum flow of charge and therefore the greatest Lorentz forces.
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In such a scenario where the rotor is on the precipice of movement, the conditions for peak
motor torque are present. This condition is also defined as one where the value of slip is

maximum.

Slip refers to the relative difference between the velocity of the secondary and the velocity
of the travelling magnetic field. The velocity of the magnetic field is also referred to as the

synchronous speed.

As seen previously, maximum torque in an induction motor is produced when the value of
slip is at its maximum, i.e. close to unity. Naturally the implication then is that when there
is no relative velocity between the secondary and the synchronous speed there is also no

torque.

Slip is then proportional to torque. Therefore if the motor is running with any amount
of load the secondary will always have a velocity smaller than the synchronous speed. Al-
though the greatest torque is produced when the motoris all but stalled, significant amounts
of current are produced in this state and the operation of the motor ceases to be smooth.

Therefore most commercial induction motors operate with a slip of between 1 and 5%.

4.2.2 LIM Topologies: Single-sided LIM

The Single-sided Linear Induction Motor (SLIM) is so named because there is only one pri-

mary stator located on a single side of the conductive secondary.

Unlike radial flux rotation motors and most other linear induction motors, the conductive
secondary in an SLIM has no defined conduction paths. That is to say the secondary is a

uniform sheet of conductive material.

The consequence of the lack of defined conduction paths in the secondary (such as lam-
inations, cages or ladders) is that losses due to eddy currents can be significant. This is
however the only form of secondary that can meet the requirements specified specified
during the literature review, namely that rotor surface must be either homogeneous or

patterned in an isotropic manner.

21



5 MODELLING

5.1 Analytical Design Tool

The analytical design tool was constructed in MATLAB, with the design objective of predict-
ing the performance of a spherical linear induction motor through its independent design
parameters. It was developed to help identify an optimum set of design parameters that

could be used for the final prototype design.

The design tool could achieve this by prediction of both specific performance character-
istics and the Goodness value of the motor, dependant on a given permutation of design
parameters. The use of both output metrics would enable absolute and relative compari-

son between designs.

The tool would be validated through experimental and numerical means. The tool would
then be used to identify optimum values for the key design parameters. Future work could
be undertaken to optimise the motor design with respect to all of the design parameters
by pairing the tool with an optimisation methodology or tool. The design parameters used

can be found in the nomenclature.

511 Key Design Parameters

The use of a large array of design parameters meant a method of optimisation would need
to be employed to identify the true optimum design. This was action was considered. How-
ever, a package of work to fully optimise the design was not undertaken because it was
considered that a completely optimal spherical motor was not considered necessary to

achieve the end goal.

Instead a compromise was made whereby a selection of independent design parameters,
designated key design parameters, were varied while the other independent design param-
eters were kept constant. Values for the other independent design parameters depended
on the task at hand. During validation the parameters were given values that were reflective
of the experimental case, during design optimisation they were given values described in

the literature for a similar motor.

Key parameters were selected on based on the following criteria:
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 Significant use as an argument to design tool output functions.

o Independent of manufacturing process.

Denotes Key Parameter

Scale Factor SF haot R dairgap Sloty.. dshell 1
Rotor Radius R 92 & Meore  Mshell Icore ]shell
Core Material Core Material Mcore | peore  Peore

Core Resistivity p.ore Eing

Eddy Currents £, F

Shell Material M shell Pshell  Pshell

Shell Resistivity p.nen Eina

Eddy Currents E;,,4 F

Wire Diameter AW G N \

Turns N J E Xy

Table 5.1 — Parameters as arguments to other parameters

51.2 Analytical Methodology

The core of numerical analysis conducted by the design tool was based primarily upon the
Novel method LIM thrust and lift calculation that was established by Ma et al. in 2012. [65]
The operation of the design tool is described as follows. The code can be found in appendix

B.

From the design and key design parameters described in the Nomenclature section all
derivative static parameters were derived. Relevant parameters were passed through a
series of functions that generated a value for the magnitude of flux density that was acting

normal to the rotor, per coil.

(a) Flux normal to rotor against rotor radius (b) Reactance convergance against lterations

This process was iterated until convergence on a value of circuit reactance could be estab-

lished.
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The normally penetrating flux was then recalculated. The magnitude of eddy currents that
would be induced in the shell and core sections of the rotor by the magnetic field were
calculated. Subsequently, the Lorentz forces generated from the flow of eddy currents
within the magnetic field were also calculated. The value of force was then passed to a series
of functions to calculate the expected torque and acceleration of the rotor. A multi-tiered
loop was established that would repeat the described numerical analysis for a predefined

number of variations for each predetermined key design parameter.

o The current was considered to flow tangentially to the rotor at at all times, thereby

enabling a 2D approximation.
o The losses incurred by eddy current were considered to be zero.

o The influence of harmonics present within the windings were considered to have no

effect.

o The three-phase AC power wave form was considered to represent three perfect
sinusoids, with exactly 120° between them, with a shared frequency matching exactly

that of the defined frequency.
« The end-effects of the LIM motors used were considered to have zero effect.
o Thermal effects were assumed negligible
o The rotor is presumed maintain structural integrity

o The effect of flux fringing is presumed to be negligible

5.2 Validation

To validate the analytical model, it was proposed that both a numerical FEM simulation and
experimental simulation be undertaken. An experimental design rig was designed and par-

tially constructed.

However, the analytical design tool results predicted significantly lower values of radial flux
and force production than had been anticipated, even with the assumptions made by the

analytical design tool.

Additionally, it was realised that the cost of the complete construction of the experimental

rig would use up a ssignificant portion of the project budget. The possibility that there would
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not be enough budget left over to complete construction of the final spherical drive system

was considered.

An alternative method of validation was sought instead. In the same time period as the
aforementioned quandary, a search for inexpensive sources of laminated electrical steel
and copper windings was being undertaken. The author’s search lead them to an electrical
motor repair shop on Eldon street, Sheffield. Here the author was furnished with a three

phase induction motor that would otherwise have been scrapped.

It was decided that validation of the analytical tool could instead be conducted through the
use of a flux density measurement as opposed to force production, as force production is

directly proportional to flux density equation 4.4.

Experimental validation of the experiment would therefore take place through the use of
the salvaged induction motor, the numerical and analytical models would both be adapted
to accurately reflect the design of the three phase induction motor. Validation would then

be conducted using the radial flux density measurement.

5.21 Analytical

An instance of the design tool was run with the validation design parameters. The airgap

radial flux density was found to be equal to 0.19887

5.2.2 Experimental

« 10 Magnetic Flux Density over Time in Induction Motor
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The method used to determine the magnitude of radial flux density is described in the Test-

ing and Methodologies section.
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The same operating parameters, including a frequency of 40H z and peak voltage of 12V,

were applied as were used in the analytical and numerical models

The peak magnetic flux density was found to be 4.50 x 10~*T

5.2.3 Numerical

An FEM model with representative parameters to the induction motor was constructed in
the ANSYS Maxwell FEM software. Both physical measurement and data sheet consultation
were utilised to generate design parameters for the model. The design parameters inferred
from the salvaged motor were combined with the output parameters from the Arduino

motor controller to accurately reflect the experiment scenario.

ssg Q2 [/0

(a) Magnetic Field Strength (b) Current Density in windings

The peak magnetic field strength was found to be 0.4277 and the residual of the numerical

simulation found to be 4.58 x 10~7.

5.2.4 Conclusion

During the validation process two of the quoted values for flux density agreed with each
other, within an order of magnitude. This was considered acceptable due to small differ-
ences in design between the numerical and analytical. However, the numerical validation

yielded a result which differed from the other two by multiple orders of magnitude.

The reasons for this are unclear. Though it was considered that the resolution required for
a40H z signal was too low for the motor controller to reproduce the correct signal, or else

that the power supply assumptions were incorrect.

The parameterised design tool was considered validated henceforth in the project timeline.
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6 ARDUINO MOTOR CONTROLLER

6.1 Motor Controller Design Specification

Through consultation of the relevant literature and theory, and in accordance with the

project scope, the following technical requirements were proposed:

Variable frequency output

AC output in three phases

DC power supply

Arduino Uno CPU

The motor controller and associated design criteria were initially considered as a single
system. However, in order to conduct the design, the system was broken down into com-

ponents associated with specific functions:

o Power Supply

e Inversion of DC signal

o Phase Shifting of AC waveform
Early on in the investigation it became clear that a significant factor in a successful design
would be the relative ease of use and understanding. To this end a process was employed
whereby promising components were purchased or borrowed until an insurmountable

dead end was perceived to have been met, in an iterative manner. This process is detailed

in Appendix A.

Ultimately, enough progress was made with the following components to warrant a transi-

tion to the motor controller development stage.

e Motor Controller: Arduino Uno
o Power Supply: 8 AA1.5V Batteries in Series

¢ Inverter: Arduino Motor Shield Rev 3.
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6.2 Code Development

Arduino code, written in the C programming language, was developed in order to turn the
proposed configuration of hardware into a three-phase variable-frequency inverter and

motor controller.

The primary objective in code development was to maximise the range of possible of fre-
quencies while maintaining a high level of signal fidelity. It was considered that this objec-
tive could be achieved if the execution time of any looped code was reduced as much as

possible.

The code used can be viewed in Appendix B.

6.21 SPWM Signal

A sinusoidal waveform was produced through modification of the duty cycle of the PWM
signal outputted to a analog pin on the Arduino. Modification was achieved by looping a
conditional instruction that would alter the PWM duty cycle after the duration of a prede-

termined PWM interval.

Figure 6.1 —1Hz SPWM test with Arduino

To reduce execution time, the duty cycle value to be assigned was read from a look-up
table, rather than being calculated afresh in each loop. The length of the PWM interval was

determined by the resolution specified, as described in equation 6.1.

A
PWM,, = —— Equation 6.1
Resolution

The frequency of signal produced by the inverter was therefore proportional to the resolu-
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tion specified and inversely proportional to the PWM interval. The limit to this relationship

is described in Appendix A.

A value of resolution was proposed on the basis that the duration of PW M,,,; must be

greater than the time to taken to execute the looped code t.,.

t. was measured, via an inbuilt Arduino function, to be equal to 7 pre-scaled timer clocks,

equal to 1.79ms.

A table of frequencies and corresponding maximum resolutions was produced in order to

inform code operating parameters.

In addition to maximising frequency, it was also considered important to maximise the
range of frequencies producible in order to enable a more extensive performance char-

acterisation process.

fr‘ange = fup - flo Equation 6.2

The lower limit of frequency exists as a result of the logic described in Appendix A. For same
conditions in which the upper limits of frequency were derived, f;, was found to approxi-

mately equal to THz.

6.2.2 Polarity Switching

A limitation of PWM techniques is that they cannot produce the negative current required
for an AC signal, only positive HIGH or LOW signals. However, negative current can be
achieved through use of additional hardware to change the direction of the PWM signals

through a given circuit.

This if often achieved in a motor controller setting through the use of a switching circuit,

such as an H-Bridge, shown in figure 6.2.

In order to alter the switch states in the H-Bridge, and thereby alter the direction of cur-
rent flow, timer interrupts were used. The mechanism behind the operation of the timer

interrupts is described in Appendix A.

Code was written to alter the direction of current flow and attached to specified interrupt
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Figure 6.2 — H-Bridge Circuit

functions in the form of an interrupt service routine (ISR). Two ISR were used per AC signal
period. The first was attached to an interrupt that was offset in timing by half a period
and would therefore switch the current direction at the central node of the sinusoid. The
second was attached to an interrupt that would fire at the end and beginning of each period,
switching the current direction at the end of the AC period and also clearing the timer

counter.

To ensure that the execution time of the main looped code was not overly affected when the
interrupts fired, the t., of the ISR contained only one or two actions and both were written

in assembly code. The actions are described as follows:

o An XOR (bit-flip) operation that directly altered the state of the pins associated with
the H-Bridge switches, featured on both ISRs.

o An operation to set the value of the TCNTn bit register to zero - featured only on one
ISR.

6.2.3 Adaption for Three Phase Inversion

Ultimately, a variable-frequency single phase AC power was produced from an assembly of

an Arduino Uno and an Arduino Motor Shield Rev3.

However, there was found to be a limiting factor in the hardware that was selected. This was
because it was assumed that any hardware that could produce an SPWM signal with con-

trollable frequency and phase could be scaled up in order to produce three phase power.

This assumption was found to be incorrect as it did not account for the collective need of

the three SPWM signals to be synchronized.
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Exploration of alternative methods to produce multiple phase-shifted and synchronized
SPWM signals with the Arduino Uno was not fruitful. Fundamentally, this was because the
Arduino Uno only contained one 16 bit timer that allowed only a limited amount of interrupts

per timer.

It was considered that the CPU would require the same technology as the Arduino Uno, but
more of it. Attention was then turned to another member of the Arduino family, the Arduino

Mega.

The Mega runs on the ATMega2560 micro-processor chip. Unlike the ATMega328 chip, the
ATMega2560 contains three independent 16-bit timers, each with their own dedicated in-
terrupt functions. This solved the synchronization problem. However the Arduino Mega

does not directly interface with the chosen Arduino motor shields.

At the cost of compactness, a solution was found whereby the relevant Mega pins were
wired directly to the motor shields. This solution did not work as expected however, until
each shield was mounted on an Arduino Uno. The three Uno-shield assemblies were then

powered through the use of three Arduino plug-in power adapters.

6.2.4 Testing

Due to the lack of an oscilloscope after Covid-19, testing was performed at frequencies of
1Hz,5Hz and 10H z. At frequencies greater than these values it became difficult to distin-

guish a smooth sinusoidal curve of dimming and brightening with the author’s eye.

Figure 6.3 — Three-Phase Arduino Based Motor Controller LED test
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7 SYSTEM ANALYSIS

To provide aframework upon which the omnidirectional motor could be characterized, two

systems have been proposed. These are the specific metrics and the generic metrics.

o Specific Measurements are intended to characterize the motor qualities possessed

that are inherent to all motors of that technology.

o Generic Measurements are intended to characterize the motor on the basis of quali-

ties that are inherent to all omnidirectional motors.

71 Generic Metrics

The generic metrics were designed to quantify important characteristics of omnidirec-

tional drive design, regardless of the underlying technology.

Five metrics were proposed:

Inertia - Determinate of operating dynamics.

Peak Torque - Determinate of maximum operating load.

Efficiency - Determinate of operating efficiency.

Driving Frequency - Determinate of rate of work done .

Uniformity - Determinate of the extent to which performance can be replicated be-

tween two DoF.

The five generalised metrics have been defined as functions in terms of design parameters
and measurable outputs. It was found to be the case that some metrics had multiple meth-
ods of possible derivation associated with them. Where this was found to be the case the
derivation that was chosen would be the derivation that required the measurable outputs

associated with the most accessible testing methodologies.

The derivation of the five generalised metrics are described in the sections below.
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711 Inertia

The inertia metric was calculated through the use of the inertia formula for spheres of a
homogeneous composition.
2

I = SMRQ Equation 7.1

Separate calculations were performed for the shell and core of the spherical rotor and the

results added together.

71.2 Torque

Newton’s 2nd law, in respect to rotating bodies, is stated in equation 7.2.

T=1I« Equation 7.2

The torque metric would therefore be defined as the ratio between the inertia of the rotor

and the angular acceleration measured upon start up, a0

71.3 Driving Frequency

The driving frequency represents the angular velocity of the driving mechanism. The mea-
surement of driving frequency will vary based on the technology utilised by any omnidirec-
tional design. For the case of the two motors discussed in this report it will be represented

by the synchronous speed of the travelling magnetic field.

2
w = Vyn %f Equation 7.3
714 Efficiency
The expression for efficiency to be used is stated in equation 7.5.
WOU U
w= —output Equation 7.4
Winput

Woutput. OP useful power output, can be calculated as the product of torque and driving

frequency.
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Woutput =TW Equation 7.5

Winput €an be calculated as the product between Vzys and Igass.

Winput = VemsIrms Equation 7.6

71.5 Uniformity

Uniformity, as a ratio between two measurements of the same quality at different positions,
could be calculated with any vectored performance characteristic. For this project angular

acceleration was used for this purpose.

To calculate uniformity it was proposed that the magnitude acceleration be measured in
two defined locations, one measurement being made on a principle plane and the other
measurement being made on a plane that bisected the principle plane and an adjacent prin-
ciple plane. Principle plane is used here to describe a plane in which torque is applied to

the rotor by a stator or other similar construct.

7.2 Specific Metrics

Specific metrics will take the form of whatever parameters or metrics the maker believes
will help them design or optimise most effectively. Comparison between designs based on

similar technologies using specific metrics is plausible but not intended.

As both motor technologies operate on similar principles, the specific metrics proposed
for use in this project were developed to be applicable for both the linear induction and

permanent magnet synchronous variants of the eponymous spherical motor.

After consideration of theory & the academic literature it was decided that the quantities
of magnetic flux linkage ® and Goodness factor G would form the specific metrics for the

design process.

7.21 Goodness Factor

The Goodness factor was originally proposed by Laithwaite in a well-received 1965 paper,

"The Goodness of a Machine”. G is a dimensionless expression of efficiency for an electric
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motor, sometimes termed as the "magnetic Reynold’s number”. G was developed for ap-
plication to induction motors, both rotary and linear. However it is applicable to any motor
dependant on the principles of electromagnetism to actuate, representing a ratio between
the angular velocity of the travelling magnetic wave and the product of the operating elec-

trical resistance and magnetic reluctance.

w
G = — Equation 7.7
reluctance X resistivity

The exact manifestation of the equation for Goodness depends on the topology of the mo-

tor.

However, in all cases G is dependant on 5 parameters: w, g, p, p-, g, in the manner depicted

in equation 7.8.

2
G o ZHOP-
prg

Equation 7.8

For the case of a slow-moving linear induction motor, Boldea proposes that the motor is
designed to achieve a Goodness factor that has a value reciprocal to that of the intended
operating slip. [66]

SG =1 Equation 7.9

The objective of design process described in 7.9 is to reduce the amplitude of end-effects
that can significantly reduce the performance of linear induction machines. [66] However,
because the spherical motor has a secondary with an effectively infinite length, the assump-
tion can be made that end effects are significantly reduced and the design for Goodness

can be conducted as for any rotary induction machine. That being bigger is better.

7.2.2 Magnetic Flux Linkage

Magnetic flux linkage is the magnitude of flux, described by the magnetic vector field ? that
is acting normal to a surface. The change in this quantity over time is the driving mechanism

behind the principle of induction, as described in the theory section.

Therefore designing for maximum & is an effective method for producing an efficient elec-

tric motor.
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8 OPTIMISED DESIGN

81 Independent Design Parameters

The analytical design tool was used to propose optimal values for the key design parameters.
Values for the other design parameters were informed by the measurements described in

"Shell-like spherical induction motor” project conducted by Fernandos et al. [59].

In order to maintain consistency with the key parameter of Scale Factor, all imported design
parameters that denoted physical dimensions were scaled by a factor that represented the
ratio between the radius of the rotor in their original designs and the baseline rotor radius

in this project, defined as 50mm.

The values of all the design parameters can be found in the nomenclature section.

8.2 Dependent Design Parameters

In addition to the output performance characteristics, the design tool also outputs param-
eters that describe the form of the motor as implied by the given set of independent design
parameters. These dependant design variables are all functions of the independent vari-
ables, but will help to aid the actual design of any motor proposed by the use of the design

tool.

8.3 Optimisation of Key Parameters

The selection of key parameters in this manner would change the functions of performance

from equations of 16 variables.
T = f(la Rina ¢7p7 (Mirgap, be) (I>7 5shella W, ]peak7 V;)eak:a ROa Rloada SZOtwa SlOth7 R) Equation 8.1

To a function optimised in terms of four variables.

T = f(SF, MCOT'67 Mshella AWG) Equation 8.2

The design tool was used to find the combinations of key parameters that would maximise
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the function of 8.2. This was done manually, by observation of the graphs produced by
the design tool. Each graph presented 3 key parameters at any one time, the fourth key

parameter would be held constant.

8.31 Scale Factor and Rotor Material

Force vs Radius for Core and Shell Material Selection 25210° ‘Torque vs Radius for Core and Shell Material Selection

Torque INm

(a) Force vs Radius (b) Torque vs Radius

Acceleration vs Radius for Core and Shell Material Selection . Inertia vs Radius for Core and Shell Material Selection
10

10 10
Rotor Radius /m Rotor Radius Im

(c) Acceleration vs Radius (d) Inertia vs Radius

From figure 8.1a and figure 8.1b it can be seen that optimal results are achieved when the
rotor radius is approximately 25mm in radius and 50mm in diameter. Figure 8.1c indicates
that the acceleration characteristics will always favour a smaller radius, owing to the effect

on rotor inertia.

SF= 0.5 Equation 8.3

Likewise for rotor material it can be seen that optimal force and torque are both achieved
with a rotor of copper core and copper shell. Acceleration is more complex however, the

graphs produced imply that many rotors will perform better with no shell material (air).

This is maybe true, but such readings actually present a variation in rotor radius as opposed

to material and have been discounted.

Values of inertia were instead considered. Consulting figure 8.1d revealed that the motors

with the lowest inertia were the aluminium shell, air core and copper shell, air core.

37



M,re = Air Equation 8.4

Mpeny = Aluminium/Copper Equation 8.5

One note on the choice of M., is that the assumption of negligible flux fringing is only

considered valid in the presence of a ferromagnetic material.

83.2 AWG

The gauge of wire used will directly affect the number of turns that can used per coil winding,
and so directly affect the current density. However, an increased number of coil turns will
also increase the coil impedance, rendering the current density constant as seen in figure

8.5.

Figure 8.2 —Impedance, Reactance and Resistance Figure 8.8 — Torque, AWG and Rotor Radius Sur-
Ratio face

Figure 8.4 — Impedance Figure 8.5 — Current Density

8.3.3 Permanent Magnet Grade

The design tool was used to predict the difference between the contribution of each coil
on the stator to the magnetic field strength to the contribution from one N45 permanent

magnet measuring 5mms3.
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9 DESIGN FOR MANUFACTURE

91 Concept Generation and Design Selection

For the specified design parameters there are any number of physical manifestations. Four
design concepts were generated, drawing from both linear induction and permanent mag-

net synchronous technologies.

h |

RN
L ‘&\}\4’

\

Figure 9.1 — Porcupine stator

Figure 9.3 — Permanent magnet motor, for use
with any stator Figure 9.4 — Four 90 degree stators

Due to the difficult manufacturing circumstances however, all concepts that heavily re-

quired the use of 3D printing had to be removed from consideration.

In the selection process between the two 180° stators concept and the four 90° stators con-
cepts, the four 90° stators concept was ultimately selected by the virtue that the packaging
of the four 90° stators would have been simpler, as the stators could all be mounted on

identical braces.
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9.2 Covid19

On the 18th March the university closed down the IForge, and subsequently closed its doors

in line with the UK’s social distancing policy.

With few means of manufacture available it was decided to secure an increase in project
budget and enlist third party companies to fulfill the roles that the IForge laser cutter and
water jet cutter were supposed to have filled. The reminder of the manufacture was limited
to the tools and supplies typically found in a 4th year engineering student house, in addition
to local essential shops. The designs that were supposed to be produced can be found in

Appendix D.

In short the project scope did not change. The objective of the prototype model was to

provide a means to test the proposed omnidirectional performance characteristics.

9.3 Stator

The chosen design concept features four 90° stators. A primary focus of design was to en-
sure that the assumption that current would flow tangentially to the surface of the spherical

rotor would remain valid for a physical prototype.

To maintain the assumption of tangential current it was proposed that the inner surface of
the stator would always be tangential to the rotor also. To this end a 2D stator profile was
positioned tangentially to a 2D section of the rotor and then revolved around the vertical
axis of the rotor. To increase the positional tolerance of the stators within the final assembly,

a Boolean operation was performed such that the walls of the stator remained parallel.

(a) CAD Stator divided into sections (b) Covid-19 Manufacture

For manufacture, the stator design was divided into 20 sections, each of 2mm thickness,

such that profiles could be manufactured using the waterjet cutter in the IForge. The tech-
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nique used to bond the 20 steel sections together would be selected on the criteria of ad-
hesion and resistivity. A resistivity criterium was specified to allow the bonding method
to serve the dual-purpose of adhesion and lamination. This was considered to reduce the

amount of eddy current induction and associated losses, justifying the model assumptions.

9.31 Windings

16 AWG copper enamelled wire was used to construct the windings. The simple winding pat-

tern employed by Laithwaite in 1965 was employed. A deviation was made from this scheme

\

(a) Previous ANSYS Maxwell model detailing winding
arrangement

(b) Winding process during Covid 19

in order to connect the four stators into orthagonal pairs. This allowed the windings to be
continuous across pairs, at the cost of an irregular magnet field. During the winding pro-
cess it was found that only 12 turns of wire could be wound on to the stator, in contrast to

the specified 20. Future work might consider flexural rigidity as a wire parameter.

9.4 Rotor

The design and manufacture of the rotor would be split into two sections, the shell and the
core. For the rotor developed by Fernandes et al. in 2017 [67], both the core and shell sec-
tions of the rotor were constructed through the use of subtractive milling to construct two
approximately hollow hemispheres per rotor section. Each hemisphere was then grounded
to afine tolerance using a spherical ball mill. The rotor shell was constructed from copper
and the rotor core constructed from a Silicon-lron composite designed to reduce eddy

currents in all directions, at the cost of relative (.

For construction of the rotor for this project it was considered that any spherical machining
operation that involved metal would not be feasible for use in the project. However many

model assumptions and principles depended on the rotor being spherical in form.
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Requests were made to specialist companies such as MetalSpheres.com, but the quotes
were too expensive. It was decided that the rotor shell would need to be constructed from

a mass-produced commercial item.

The only item to meet this specification was a 4.5”( 115mm) copper float valve listed by BES

plumbing, retailed at £7.96.

An electric sander in the IForge was used to remove the seam of the float valve and thereby
create two copper hemispheres. A micrometer was used to take measurements of the
thickness of the wall-thickness, which was found to be approximately 1.5mm. A second

float valve was purchased in order to double the shell thickness of the rotor.

9.41 Rotor Core

Several rotor core substitutes were also considered, though none were considered feasible.
After discussions with Jamie Booth, a senior technician, a design was proposed whereby 57
cross sections of the hollow sphere would be cut out of 2mm mild steel using the waterjet
cutter in the IForge. Notches would be included in the design profiles to produce steel sec-
tions with a defined weld channel. This would allow the technicians to weld seams around

the steel sections and thereby create an approximate hollow sphere out of steel.

(b) 136 unlabelled profiles

(a) 56 slice 10mm thick rotor core

9.4.2 Support Structure

The support structure was designed to provide control over design parameters such as

airgap and rolling friction.

To reduce cost, the components were designed for production via an IForge laser cutter.
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The use of interference slots and mechanical fastening for assembly was justified by a low
predicted mechanical load. Specific bearing support blocks were also designed for additive
manufacture with the IForge 3D-printers. The support blocks were designed such that the
rotor could be suspended, at the airgap distance, above the stators with minimum friction

on five force transmission bearings.

9.4.3 Prototype

A prototype was produced. The pictures indicates a comparison a render and the finished

prototype.

(b) Prototype produced under lockdown

(a) Render of proposed design

9.5 Permanent Magnet Synchronous Motor

The scope of the project was originally expanded to include the construction of a perma-
nent magnet synchronous variant only on the condition that few additional resources would
be required. Therefore the spherical PMSM motor components were designed to be al-
most entirely common with components of the spherical LIM, with the exception of the

rotor.

9.51 Permanent Magnet Synchronous Rotor

The spherical PMSM design was adapted from the design of a rotary fractional-slot PMSM. A
teeth:pole ratio of 12 : 14 was adopted from an open-source design for a permanent magnet
DC motor for use in powered scooters.[68] The ratio was raised to the second power to

adapt it for use in a spherical motor.
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In the literature review it was discussed that Chirikjian et al. had been forced to overlay
platonic geometries over rotor sphere in order to approximate a uniform distribution of

points [49]. For this project it was decided to adopt an approximate numerical solution.

This was achieved through the use of Blender, a polygon based 3D-modelling software, and a
Python add-on for blender written by a StackExchange.com user with the alias of “Lemon”.
The python add-on, entitled "Homogenous Sphere.py”, would produce a sphere of a de-
fined radius and distribute points across it that would maintain an approximately isotropic

distance from each other.

The number of points added and the spacing between them was defined by the number of
points to be placed on the equator. This was considered analogous to the number of poles

on a stator. 187 points were specified for a sphere of 50mm radius and 28 teeth.

Figure 9.9 — Magnet layout (N/S) for PMSM

It was decided to use magnets of 5mm in diameter, to match the stator wall thickness. 5mm
Neodymium N45 cube magnets were purchased. A representative magnet geometry was
constructed in Blender, which incorporated a 0.2mm interference fit, and the geometry
was duplicated across all points specified by Lemon’s script. The model was adjusted such
that each magnet was embedded in the rotor, a face of each magnet was tangential to the

surface of the sphere and that a the outward faces formed a lattice of opposing polarities.

The file was converted to .STL file format, the intention being to manufacture additively with

the IForge printers. This limited material selection to ABS plastic.
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10 TESTING METHODOLOGY

In order to generate the metrics required for validation of the analytical tool and also char-
acterisation of the prototype, a number of required physical measurements were defined.
The methodologies used to obtain the required metrics, and selection thereof, are dis-

cussed in this section.

10.1 Sense Rig

Many of the measurement methodologies described in this section depend on the use of
sensors. For such measurements the sense rig was used to facilitate the measurements.
The sense rig, figure 10.1, consisted of a single Arduino Uno, connected to any relevant sen-
sor, with data output via a serial port to a data logging program in MATLAB and an LCD
Screen. The screen was included as a means for the experimenter to check readings in

real time for efficiency.

Figure 10.1 — Sense Rig

1011 Peak Current

The Arduino motor shields each posses a current sensing capability that outputs to an ex-

ternal pin.
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10.1.2 Peak Voltage

The assumption was made that peak AC voltage is equal to the rated voltage of the DC power

supply.

101.3 Flux Density

The measurement of flux density was achieved by locating a magnetometer in place on the

stator and the exciting the windings appropriately.

Two magnetometers were considered:

o SODIAL hall effect sensor.

¢ Paradisetronic MPU-9250 Drone IMU.

The hall effect sensor was selected. Calibration of the device proved difficult however, there

was significant drift in the readings given, the extent of which varied with time.

As a result the MPU- 6265 Drone IMU chip was chosen. The IMU contained a purpose built
magnetometer with the ability to sense a magnetic flux density of up to 480047 in accor-

dance with the datasheet. [69]

10.1.4 Angular Acceleration

A measurement of angular acceleration was obtained by measurement of the magnitude of
acceleration experienced by an element of the rotor at a defined radius R. The measure-
ment was achieved through the use of a mechanical fastening to attach an accelerometer

to the defined element.

The MPU-9250 chip also contained an accelerometer of suitable specification for the pur-
pose of motor characterisation. On those grounds it was decided that the GY-9250 ac-

celerometer would be used for the purpose of measuring acceleration.

For calculation of uniformity, the measurement of a would be obtained in the same manner
but with more defined placement. For a,,.i,.ipie the accelerometer would be attached to the
rotor directly above the central lamination of the stator. For ay;s...or the distance between
the centre lines of the stators would then be measured. The accelerometer would then be

fastened to the rotor at a point directly in line with the halfway measurement.
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11 RESULTS

In order to calculate the generic and specific performance characteristics of the prototype,
a series of tests were proposed in order to obtain the measurements specified in the Sys-
tem Analysis section. The methodologies proposed for use are discussed in the Testing

section.

Upon completion of the prototype and initial testing, it was discovered that the prototype

did not actuate, thereby preventing effective characterisation.

1.1 Characterisation of a Dysfunctional Omnidirectional Drive System

As a result of the dysfunctional motor, of the five generalised characteristics (Inertia, Peak
Torque, Efficiency, Driving Frequency & Uniformity), only Inertia and Driving Frequency

could be calculated.
Of the specific metrics, only flux linkage could be measured.

Consequently, it was decided to use the measurement of magnetic field strength calculated
for the prototype rotor in order to calculate the magnitude of force and the torque that
would have been generated if the prototype’s physical dimensions had not been altered

from the design parameter specifications, by way of the manufacturing process.

This was performed by, firstly, calculation of the magnetic field strength, B, that would give
rise to the value of flux density that was measured at at the distance of the air gap from the

inner radius of the stator.

Secondly, the value for B would be substituted back into the design tool, along with the
prototype design parameters. This was performed in order to predict the output charac-
teristics that could have been expected if the physical dimensions of the prototype had

exactly matched the intended design parameters.
Values for the generalised characteristics would then be proposed on that basis.

The largest value of flux density, found at a frequency of 5H z and a dairgap of 0.002m , was

2.8 x 1073T.

The value for B was substituted into a purpose-built section of the design tool
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Figure 11.1 — Prototype Flux Density at THz 12V AC Figure 11.2 — Prototype Flux Density at 5Hz 12V AC
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Figure 11.3 — Prototype Flux Density at 10Hz 12V AC Figure 11.4 — Prototype Flux Density at 30Hz 12V AC

B(Sairgap) = 2.8 x 107°T

Equation 111

Prediction of Prototype Performance Characteristics

Key Design Parameters

Notable Design Parameters

Generalised Characteristics

Mcore | Air dairgap | 0.002m 1 0.0094kgm?

M shell | Copper Sshell 0.003m T 2.93 x 1073 Nm
SF 1.15 Fiearing | ON Viyne | 0.7854rads™
AWdA 16 N 12 a 3.11 x 107 %ms—2
B(r) | 56x10°T U |1

f 5Hz

Table 1.1 — Predicted performance characteristics of a spherical drive system producing the same
airgap flux density as the prototype
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12 ENGAGEMENT WITH OPEN-SOURCE COMMUNITY

121 Hackaday

A Hackaday blog was started on the 9th January 2020 as means to provide both a convenient
method of project documentation and also to raise awareness of omnidirectional drive sys-

tems in the open source community, in line with an objective outlines in the project scope.

To this end the project blog received 898 views and 3 likes. Although these statistic are
not the largest on Hackaday they may be indicative of 898 potential engineers, designers
or makers who may now go on to consider the use of omnidirectional drive systems just a

little bit more seriously than they might otherwise have done.

The project page can be found at the web address:

https://hackaday.io/project/169355-open-source-spherical-motor

12.2 YouTube

To promote the Hackaday blog and enable more makers in the open-source community
to utilise the technologies that were researched and developed in this project, a YouTube

video was produced.

Entitled "DIY Spherical Motor: Arduino Motor Controller and SPWM”, the video was in-
tended to educate any viewer, specifically, about the principles of SPWM and how to con-

struct the motor controller.

Figure 12.1 — Frame from Video
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13 DISCUSSION

In summary,

1. A purpose for open-source, arduino-based omnidirectional drive systems was estab-

lished.
2. A configuration of omnidirectional motor, and appropriate technology, was selected.
3. Design was conducted with open-source and arduino-based replication in mind.
4. A prototype was manufactured.
5. The process was shared in the open-source community.

6. An attempt was made to characterise the prototype according to the generalised per-

formance characteristics that had been proposed.

It can be seen that although most of the aims and objectives laid out at the start of the

project were met, the production of an operational spherical motor was not achieved.

Additionally, it can be seen from the results in the previous section that, even if a perfect

manufacture had taken place, the produced motor would still likely not have worked.

Certain parameters necessitated by manufacture had some role to play, including the re-
duced shell thickness and limited number of coil turns, but fundamentally it is thought that

the power source and winding coil selected were not adequate for the purpose.

131 Future Work

The design tool proposed, as validated during the course of the project, is considered to be
an asset that was not fully utilised during the course of the project. Therefore, like the rest

of the project, it will be made available to the open-source community.

It is recommended that the design tool be combined with an optimising software such that

all design parameters can be altered, not just designated key parameters.

The first step is often the hardest and it is hoped that any future work can benefit from the

paths that have been journeyed upon and described throughout this project.
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14 APPENDIX A

141 Motor Controller Theory

The Arduino motor shield and Arduino Mega selected for the motor controller are both
micro-controllers. Reliance on electronic switches (transistors) dictates that all outputs
from the Arduino components are binary in form. The term used to describe a motor con-
troller that operates through the use of electronic switches and timer interrupts is chopper

drive.

A chopper drive can approximate a required waveform through the use of PWM. Over any
one PWM time period the duty cycle during that time period will correlate exactly to the
percentage of V,,.. present in the output signal. Therefore the change in duty cycle with
respect to time will be reflected in the change in output voltage with respect to time. How-
ever, only an approximate waveform can be generated because the duty cycle is a discrete

quantity i.e. the duty cycle is discontinuous between PWM periods.

Manipulation of the duty cycle such that that the change in duty cycle with respect to time
resembles a sinusoidal function results in an approximate output AC power signal of a fre-
quency that matches the frequency of an equivilent sinusoidal function. This provided the

basis for generation of an AC output.

The achievement of three phase AC power production initially required production of three
synchronous, but otherwise independent, SPWM signals. Once this had been achieved, the
+120° phase shift was achieved by adjustment of the relative start times of two of the sig-

nals.

1411 SPWM Production

An Arduino, capable of outputting either a HIGH (1) or LOW (0) signal is not capable of
generating an SPWM signal because it cannot enable production of the negative signal that
would be required for half of the waveform. The sign of the signal is dependant on the

direction of the flow of current, but in an Arduino all HIGH signals flow to GND.

The relative direction of current flow can be altered through the use of electronic switches

in order to alter the position of HIGH and GND relative to the circuit. The most common



configuration of transistors that is capable of performing this function is referred to as an

H-Bridge. So named due to the visual similarities the circuit shares with the letter 'H’.

The L298 Motor controller is widely used integprated circuit that features an H-Bridge that
utilises MOSFET transistors. The Arduino Motor Shield Rev 3 is itself an L298 Motor con-
troller that has been integrated into a Arduino shield for use of use with the Arduino plat-

form.

15 MICROCONTROLLER THEORY

The Atmel ATMEGA 328 is the microprocessor chip that forms the core of the Arduino Uno.
Within the microprocessor memory are contained the bit registers, each an 8-bit libraries
storing the 8 pieces of binary information. Bit register are used for storing variables, an 8-
bit register is capable of storing variables of size up to 2 ,256. Bit registers can be combined

to allow storage of variables up to 2%n, where n is the number of 8-bit registers involved.

Beyond the storage of variables, the bit registers are also used to change the behaviour of
the output signals. Specific bit registers are associated with a number of grouped functions.

Each function associated with an individual bit within the bit register.

The bit registers used were PORTX, DDRX, TCCRnA, TCCR1nB, OCRnA, OCRnB, TIMSK and
TCNTn.

15.0.1 Lower Frequency Limit

The PWM signal relied on the the Arduino inbuilt 16-bit timers to operate. However, in de-
fault operation of the ATMEGA328, the timer counts with each each complete clock cycle
of the 16MHz crystal oscillator within the Arduino. The 16 bit Timerl can store variables of
up to 65,536. It was clear that in this setting the timer would roll over before one AC time
period had elapsed. This was resolved by assigning a value of 1to the CS12 bit and 0 to the
CS11 & CS10 bits contained within the the TCCRI1B register. This applied a prescaler of 256
to the internal clock and caused Timerl to count after 256 systems clocks had elapsed. This
meant that just over 1 second would elapse before Timerl rolled over. This would allow for

a minimum frequency of THz.



15.0.2 Upper Frequency Limit

The upper limit of frequency for the approximated AC power signal is determined by the
time taken to access and assign the new duty cycle to the PWM output pin and the time

taken for PWM interval to occur.

Resolution of the PWM signal can be increased, and consequently the PWM interval de-
creased, without significant loss of signal accuracy, until the point where the time taken to
execute the loop exceeds the PWM interval. The output signal will no longer approximate a
sinusoidal function at this point. The optimum resolution per frequency can be calculated
by determining the resolution that corresponds to a PWM interval exceeds 1by the smallest

margin.

15.0.3 Interrupts

Interrupts enable the microprocessor to interrupt the actions executed by the main body

of code and execute their associated ISR actions in place of the looped actions.

The ATMEGA 328 microprocessor supports three types of timer interrupts. These are Ex-
ternal Flag, Overflow and Input/Output Compare Match interrupts. Each interrupt is trig-
gered by a different stimuli. External Flags interrupts are triggered by the detection of a
signal on a specific pin, Overflow interrupts are triggered in the event of a specific timer
exceed its count limit and rolling over to zero. Input/Output Compare Match interrupts
continually compare the value of the timer value, stored in TCNTn, with the value stored in

the the Output Compare register, stored in OCRnA.

A design matrix was created to select the type of interrupt that would be used to initiate

the change in current direction. The Input/Output Match Compare interrupt was chosen.

15.0.4 Component Selection

Xi
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16 APPENDIX B

#define Divisions (200)// Sub divisions of sisusoidal wave.

static unsigned int lookUp A[Divisions];

static unsigned int lookUp B[Divisions];

static unsigned int lookUp C[Divisions];

//Preparing each look up table as an array with ”Divisions” number of

entries.

//Defining values that will be used later

static int MHz = 16; // Micro clock
frequency

static int freq = 10; //
Sinusoidal frequency

uint32 t DutyCycle; // The
length of each PAMM Duty Cycle

uint32 t period; // Period of
each sinosoid waveform

uint32 t halfperiod; // Half of
the period of each sinosoid waveform

uint32_t Third; //Also known
as 1/3 AKA 0.3333333333333333333333

uint32_t TwoThirds; //Also known
as 2/3 AKA 0.666666666666666666667

uint32 _t X; //Used as a
counting variable in the loop for Phase A

uintd32_t v; //Used as a
counting variable in the loop for Phase B

uintd2 t Z; //Used as a
counting variable in the loop for Phase C

float ClocksperSecond = 62500:; // Including
pre—scaler , how many system clocks will occur each second

float ClocksperPeriod = ClocksperSecond / freq; // How many
clocks will happen per period of sinosoid waveforn

float ClocksperCycle = 65536; //System

clocks per system cycle. Will only change with the pre—scaler.

float PeriodClockFraction = ClocksperPeriod / ClocksperCycle; //What is
the fraction of the duty cycle against length of the system cycle?
Measured in system clocks.

const double currentFactor = 2 / 3.3; // 3.3V per
2A which is 0.909

// Uno Pins
//1f you want to run single—phase AC on an Arduino Uno (and Arduino
Motor Shield Rev 3)

//[Physical Pin Number] & Pin as denoted on Arduino IDE
//const int MotorPinA = PB4; //Pin [18]
12

//const int MotorSpeedPinA PD3; //Pin [5] 3
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//const int MotorBrakePinA = PB1; //Pin [15]

//const int CurrentSensePinA = AO; //Current
Sensing
//Mega pins

//1f you want to run three—phase AC on an Arduino Mega (and three
Arduino Unos and three Arduino Motor Shields Rev 3’'s )

//[Physical Pin Number] & Pin as denoted on Arduino IDE

const int MotorPinA = PH1; //Pin [13]
16 MotorPinA for MotorShield switches the direction of the current
and generates the negative component of the waveform

const int MotorSpeedPinA = PHG6; //Pin [18]
9 MotorSpeedPinA for MotorShield provides a PAM signal, and will
allow modulation of the duty cycle

const int MotorBrakePinA = PH5; //Pin [17]
8 MotorBrakePinA for MotorShield provides will cut the signal if
necessary (i.e. Circuit breaker with CurrentSensing)

const int CurrentSensePinA = AO; //Current
Sensing

const int MotorPinB = PA5; //Pin [73]
27

const int MotorSpeedPinB = PB7; //Pin [26]
13

const int MotorBrakePinB = PAO: //Pin [78]
22

const int CurrentSensePinB = Al; //Current
Sensing

const int MotorPinC = PL7; //Pin [42]
42

const int MotorSpeedPinC = PB6; //Pin [25]
12

const int MotorBrakePinC = PL6; //Pin [41]
43

const int CurrentSensePinC = A2; //Current
Sensing

uint32_t compA = PeriodClockFraction * ClocksperCycle / 2;

//Interrupt compare value A, (halfway through cycle

)

uint32 t compB = PeriodClockFraction * ClocksperCycle;

//Interrupt compare value B, at the end of the

cycle

uint32_t TimerBStart = PeriodClockFraction * 0 * ClocksperCycle;
// Offset for Phase A

uint32_t TimerCStart PeriodClockFraction * ClocksperCycle % 1 / 3;
// Offset for Phase B

uint32 t TimerAStart PeriodClockFraction * ClocksperCycle * 2 / 3;
// Offset for Phase C
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// Counter and Compare Values

//For Mega

uint32 t t3 load = TimerAStart;
uint32_t t3_compA = compA;
uint32 t t3 compB compB;

uint32 t t4 load
uint32_t t4 _compA
uint32 _t t4 compB

TimerBStart;
compA;
compB;

uint32_t t5_load

uint32_t t5_compA = compA;

uint32_t t6 compB compB; //seems you can only really trust a
uint32_t, dunno why int const in and float didnt work :/

TimerCStart;

void setup() {
cliO; //stop interrupts while we set up
the timer
Serial.begin(9600); //seial monitor initialized , use
Serial.print to see what is happening to variables within the sketch.

double temp; //Double varible for <math.h>
functions.

period = ClocksperPeriod;

halfperiod = period / 2;

DutyCycle = period / Divisions; //Period in Microseconds, remember
it has a resolution of 4.

//Lookup Table for Phase 1/A
for (int i = 0; i < Divisions; i++) { // Filling
each value in the array as its corresponding index. i.e. [1] = 1 [2]
= 2 [3] = 3 etc.
temp = abs(sin((i * 2 * M_PlI / (Divisions)))) % 255; //Values in
array now correspond to a sine wave where the peak values is now 255.
255 later corresponding to 100% duty cycle

lookUp A[i] = (int)(temp + 0.5); // Round up to
integer.

lookUp B[i] = (int)(temp + 0.5);

lookUp C[i] = (int)(temp + 0.5);

Serial.print(i);

Serial.print (™ : ");

Serial.printin (lookUp_Ali]);
}

//DDRX is a bitmap oriented register that controls the Data Direction
of each bit on Port B. i.e. O for Read and 1 for Wprite

DDRH |= (1 << MotorPinA);

DDRH |= (1 << MotorSpeedPinA);
DDRH |= (1 << MotorBrakePinA):
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103

104 DDRA |= (1 << MotorPinB);

105 DDRB |= (1 << MotorSpeedPinB) ;

106 DDRA |= (1 << MotorBrakePinB);

107

108 DDRL |= (1 << MotorPinC) ;

100 DDRB |= (1 << MotorSpeedPinC):

o DDRL |= (1 << MotorBrakePinC);

m

2 //PORTB is the register the code uses to set the port pins of Port B
if writing, i.e. 0 for LOW and 1 for HIGH

13

114 //Mega

115 PORTH |= (1 << MotorPinA);

16 PORTH |= (1 << MotorSpeedPinA); //This acts like analogWrite(255) i.e.
100% duty cycle

7 PORTH |= (0 << MotorBrakePinA);

18

19 PORTA |= (1 << MotorPinB);

120 PORTB |= (1 << MotorSpeedPinB):

2 PORTA |= (0 << MotorBrakePinB) ;

122

123 PORTL |= (1 << MotorPinC);

124 PORTB |= (1 << MotorSpeedPinC) ;

125 PORTL |= (0 << MotorBrakePinC) ;

126

127 //Mega

128 TIFR3 |= (1 << OCF3B);

129 TIFR3 |= (1 << OCFSA);

180 //Enabling Timer Flags for Outut compare A and B. i.e. the type of
interrupt we will be using.

131

132 TCCR3A = O;

133

134 // Clearing TCCR3A

185 //Bits in TCCR3A can be set to do a bunch of things, but we don’t need
any of them for this.

136 //

137 TIFR4 |= (1 << OCF4B);

138 TIFR4 |= (1 << OCF4A);

139

140 // Clearing TCCR4A

141 TCCR4A = O0;

142

143 TIFR5 |= (1 << OCF5B);

144 TIFR5 |= (1 << OCF5A);

145

146 // Clearing TCCR5A

147 TCCRbHA = O0;

148 // Reset Timer3 Control Reg B

149 TCCR3B = 0;

150 // Reset Timer4 Control Reg B

151 TCCR4B = 0;
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184
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187
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192

193

194

195

196

197

198

199

200

201

// Reset Timer5 Control Reg B
TCCR5B = 0;
//Just making sure this zero before we set any bits

//set pre—scalar to 256

//Arduino clock operates at 16,000,000 Hz. 16 bit timers roll
like 1Hz or 50

after 65536 clocks (2716). In order to use frequencies
Hz a prescaler is applied.

//This means that 256 system clocks will pass everytime a single clock

is counted by any of the timers
//Timer3B
TCCR3B |= (1 << CS32);
TCCR3B |= (0 << CS31);
TCCR3B |= (0 << CS30);
// //Timer4B
TCCR4B |= (1 << CS42);
TCCR4B |= (0 << CS41);
TCCR4B |= (0 << CS40);
// //Timer5B
TCCR5B |= (1 << CS52);
TCCR5B |= (0 << CS51);
TCCR5B |= (0 << CS50);
//Setting these bits correspond to pre—scaler of 256

// //TCNT3 is Timer3
TCNT3 = t3 load;

OCR3A = t3 compA; //Comp A
OCR3B = t3 compB; //Comp B
//

/777 //TCNT4 is Timer4d
TCNT4 = t4 load;

OCR4A = t4 compA; //Comp A
OCR4B = t4 compB; //Comp B
////

/777 //TCNT5 is Timerb
TCNT5 = t5 _load;

OCR5A = t5 _compA; //Comp A
OCR5B = t5 compB; //Comp B

sei(); //enable global interrupts

// //Timer3

TIMSK3 = 0;

TIMSK3 |= (1 << OCIE3A);

TIMSK3 |= (1 << OCIE3B);

////Specifically allows Timer 3 to intitate interrupts
//// //Timer4

TIMSK4 = 0;

TIMSK4 |= (1 << OCIE4A);

TIMSK4 |= (1 << OCIE4B);

////Specifically allows Timer 4 to intitate interrupts
////Timerb

TIMSK5 = 0;

TIMSK5 |= (1 << OCIE5A);
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237

TIMSK5 [= (1 << OCIESB); //Disable or enable sets of timers using
this timsk stuff
//Specifically allows Timer 4 to intitate interrupts

void loop () {

double currentSenseA map(analogRead (CurrentSensePinA), 0, 1024, O,

5000) ;
double currentSenseB = map(analogRead (CurrentSensePinB), 0, 1024, O,
5000) ;
double currentSenseC = map(analogRead (CurrentSensePinC), 0, 1024, O,
5000) ;

double CurrentA = currentSenseA * currentFactor;

// get channel A current from voltage and current
factor (from data sheet)

double CurrentB = currentSenseB * currentFactor;

// get channel A current from voltage and current
factor (from data sheet)

double CurrentC = currentSenseC * currentFactor;

// get channel A current from voltage and current factor (from data
sheet)
if (CurrentA > 2000

[| CurrentB > 2000
[l CurrentC > 2000
)

X = int (((TCNT3) / DutyCycle)); //X
represents the number of DutyCycles that have passed on the current
Timer 3 clock cycle
analogWrite (9, lookUp A[X]): //
Assigns the corresponding sine value to analogwrite, changing the
duty cycle as appropriate

Y = int (((TCNT4)/ DutyCycle));
analogWrite (13, lookUp _B[Y]):

Z = int (((TCNT5) / DutyCycle));
analogWrite (12, lookUp C[Z]):

} //end loop
//Interrupts — These are called when the interrupt conditions establish

previously are met

//Mega
ISR (TIMER3_COMPA vect) {

PORTH A= (1 << MotorPinA); //Current direction changed
// PORTH A= (1 << MotorSpeedPinA) ;
// PORTH ~A= (1 << MotorBrakePinA);

ISR(TIMER3_COMPB _vect) { //Current direction changed

PORTH A= (1 << MotorPinA);
PORTH A= (1 << MotorSpeedPinA) ;
PORTH A= (1 << MotorBrakePinA);
TCNT3 = 0; //There are more for timer 4 and 5 but appendix page limit
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17 APPENDIX C

for k = 1:SF_num
%Variation of Scale Factor, SF denotes array.
Scale_Factor = Scale (1,k);
b SF{k} = b * Scale Factor;
Slot_Distance SF{k} = Slot Distance * Scale Factor;
R SF{k} = R % Scale_Factor;
Shell Thickness SF{k} = Shell Thickness % Scale Factor;
StatorWidth _SF{k} = 0.06 * Scale Factor;
Airgap SF{k} = Airgap * Scale Factor;
StraightWire Length SF{k} = StatorWidth SF{k};
Coil _Circumference SF{k} = Coil Circumference * Scale Factor:;
Rotor_Diameter_ SF{k} = R _SF{k};
MaximumCoilCrossSection_Area SF{k} = MaximumCoilCrossSection_ Area =*
(Scale_Factor”2);

for AWG = 1:AWG_num
N SF{k}{AWG} = round (((MaximumCoilCrossSection Area SF{k}/
WireCrossSectional Area{AWG}) *MaximumCirclePackingDensity) —0.5); %
Number of Turns per Coil
%Number of coil turns that will fit into stator cross sectional area
for K = 1:Kcoil
%Slots contribute to the magnetic field by virtue of position as well as
%time .

%Current, Voltage and Resistance of Coils
%Current as a function of position and time (Itk)
Coil _Resistance SF{k}{AWG} = (N_SF{k}{AWG} =*
Coil _Circumference SF{k} * rho c) / WireCrossSectional Area{AWG}: %
should probably include Inductance/ Reactance tbh
XR{k}{AWG} = Coil Resistance SF{k}{AWG} +
DC_Internal_Resistance + Additional_Resistance;
Coil_Current SF{k}{AWG}{K} = V_Load / XR{k}{AWG};
| RMS_SF{k}{AWG}{K} = Coil Current SF{k}{AWG}{K}/(270.5) ;
Itk SF{k}{AWG}{K}=(270.5) *N_SF{k }{AWG}*| RMS_SF {k } {AWG} {K} *
sin((—w % t +ThetaA0)+PhaseA+(((2xK)+1) *((bn*pi)/(P_pairxTau)))):%
Current in terms of t and k, currently the same everywhere, should be
changed per phase

%Approximate indication of Magnetic Field produced by stator
windings.
B Coil {k}{AWG}{K} = (u0 = Itk SF{k}{AWG}{K} * us) / (2 * pi);

%Inductance , Reactance and Impedance

%L{k }{AWG}{K} = (N_SF{k}{AWG} * B_Coil {k}{AWG}{K}) /Itk SF{k}{AWG}{K
b
L{k}{AWG}{K} = (N_SF{k}{AWG}*2 x WireCrossSectional Area{AWG} * u0 *
us)/StatorWidth SF{k};

XL{k }{AWG}{K} = 2 % pi * f = L{k}{AWG}{K};

XiX



" Z{k}H{AWG}{K} = complex(XR{k }{AWG}, XL{k}{AWG}{K}) :

40 %Preparing variables for iteration. Used to converge on impedance.

a Coil_Current_SF_t{k}{AWG}{K}{1} = Coil _Current SF{k}{AWG}{K};

42 | RMS_SF t{k}{AWG}{1} = | RMS_SF{k}{AWG};

43 Itk SF_t{k}{AWG}{K}{1} = Itk SF{k}{AWG}{K};

44 B _Coil t{k}{AWG}{K}{1} = B_Coil {k}{AWG}{K};

45 L t{k}{AWG}{K}{1} = L{k}{AWG}{K} :

46 XL t{k}{AWG}{K}{1} = XL{k}{AWG}{K};

a7 Z t{k}{AWG}{K}{1} = Z{k}{AWG}{K};

9 % Self — contained iterative process to find impedance

50 for iter = 2:30

51 Coil_Current SF_t{k}{AWG}{K}{iter} = V_Load / abs(Z_t{k
HAWGHK}{iter —1});

5 | RMS_SF t{k}{AWG}{K}{iter} = Coil Current SF_t{k}{AWG}{
K}{iter}/(2720.5);

53 Itk _SF_t{k}{AWG}{K}{iter}=(2720.5)*N_SF{k}{AWG}*

| RMS_SF t{k}{AWG}{K}{iter}*sin((—wxt+ThetaAO)+PhaseA+(((2*K)+1) *((bn
xpi)/(P_pair«Tau)))):

54 B Coil t{k}{AWG}{K}{iter} = (u0 * Itk SF_t{k}{AWG}{K}{
iter} * us) / (2 * pi);

55 L t{k}{AWG}{K}{iter} = (N _SF{k}{AWG} * B _Coil t{k}{AWG}{
K}{iter —1})/I1tk_SF_t{k}{AWG}{K}{iter };

56 XL _t{k}{AWG}{K}{iter} = 2 % pi = f = L_t{k}{AWG}{K}{iter
}:

57 Z t{k}{AWG}{K}{iter} = complex(XR{k}{AWG}, XL_t{k}{AWG}{
K}{iter}):

58 Zabs t{k}{AWG}{K}{iter} = abs(Z t{k}{AWG}{K}{iter}):

59 end

61 Coil Current SF{k}{AWG}{K} = Coil Current SF_t{k}{AWG}{K}{iter};

62 | RMS_SF{k}{AWG}{K} = | RMS_SF t{k}{AWG}{K}{iter};

63 Itk SF{k}{AWG}{K} = Itk SF_t{k}{AWG}{K}{iter};

64 B Coil {k}{AWG}{K} = B_Coil t{k}{AWG}{K}{iter};

65 L{k}{AWG}{K} = L _t{k}{AWG}{K}{iter}:

66 XL{k }{AWG}{K} = XL_t{k}{AWG}{K}{iter};

67 Z{k}{AWG}{K} = Z t{k}{AWG}{K}{iter}:

68 Zabs{k }{AWG}{K} = abs(Z t{k}{AWG}{K}{iter}):

70 %There are two current limits. One dictated by the motor
controller

7 %(4A) and one dictated by the breakdown voltage of the enamelled

72 %wire being used. The value of | _load reflects this.

7 Required Resistance {k}{AWG}{K} = V Load / | _Load;

74 Resistor {k}{AWG}{K} = Required_ Resistance {k}{AWG}{K} — Zabs{k}{
AWG}H{K};

75 | load final {k}{AWG}{K} = V_Load./(Zabs{k}{AWG}{K} + Resistor{k
HAWG}{K}) ;

7 Itk SF{k}{AWG}{K} = | load final {k}{AWG}{K}: %current limited to
4A

77 end

79 %AIll current contribution to flux summed across one stator. Will later
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%needed for summing across all stators

B_Stator{k}{AWG} = O0;
Itk _Stator SF{k}{AWG} = O0;:

for K = 1:Kcoil
B Stator{k}{AWG} = B_Stator{k}{AWG} + B_Coil {k}{AWG}{K};
Itk _Stator SF{k}{AWG} = Itk_Stator SF{k}{AWG} + Itk SF{k}{
AWG}H{K};
end
end
for i = 1 : Material_Number
Core_Volume_Sphere{k}{i} = (4xpi*(R_SF{k}"3) / 3);
Shell Volume_Sphere{k}{i} = (4*%pi*((R_SF{k}+Shell Thickness SF{k
D7A3) / 3) — (4%pix(R_SF{k}*3) / 3);:
Core_Mass_Sphere{k}{i} = Core Volume Sphere{k}{i} * Density{i}:
Shell _Mass_Sphere{k}{i} = Shell Volume Sphere{k}{i} * Density{i

}s

Core_Inertia_Sphere{k}{i} = (2/5) % Core_Mass Sphere{k}{i} =*
R SF{k}"2;

Shell Inertia_Sphere{k}{i} = (2/5) * ((Core_Mass Sphere{k}{i} *
(R_SF{k} + Shell _Thickness SF{k})”"2) — (Core_Mass_ Sphere{k}{i} * R_SF
{k}*2)):

Core_Volume_Cylinder{k}{i} = pi * (R SF{k}"2) * 2 % (
StatorWidth SF{k}/2) ;

Shell Volume_ Cylinder{k}{i} = ((pi*(R_SF{k} + Shell Thickness_ SF
{k})A2) x 2 % (StatorWidth SF{k}/2)) — ((pi*(R_SF{k})*2) * 2 x (
StatorWidth _SF{k}/2)):

Core_Mass Cylinder{k}{i} = Core_Volume Cylinder{k}{i}*Density{i
}s

i};

Shell Mass_ Cylinder{k}{i} = Shell Volume_ Cylinder{k}{i}*Density{

Core_Inertia_Cylinder{k}{i} = (1/2) % Core_Mass_Cylinder{k}{i} =
R_SF{k}" 2;

Shell Inertia_Cylinder{k}{i} = ((1/2) % Core_Mass_Cylinder{k}{i}
* (R_SF{k}+Shell Thickness SF{k})”"2) — ((1/2) % Core_Mass_Cylinder{k
Hi} = R SF{k}*2);

for AWG = 1:AWG_num

%EMF generated by changing magnetic field

E ind{k}{AWG}{i} = B_Stator{k}{AWG} * cos(2 % Theta Z) *
Relative V * 2 x Stator Width;

%Eddy currents assumed to flow along the contours of the
electric

%field flux. No laminations in rotor so there would be
significant

%eddy current losses, but that is assumed not to be the
case here.

dl_ind{k}{AWG}{i} = E_ind{k}{AWG}{i} / ((N_SF{k}{AWG} =*
Coil_Circumference SF{k} * Resistivity{i}) / (WireCrossSectional Area
{AWG}) ) ;

XXi



n2

3
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18

9

120

121
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134

135

%differential form of force acting over an element of
the rotor

Lorentz_Forces{k}{AWG}{i} = B_Stator{k}{AWG} * dl _ind{k
HAWG}H{ i} * Stator Width;

Flux_Normalized_Function_Radial_Core{k} = @
theta variable) (log( b SF{k} ) — log( b _SF{k}.~2 — 2.xb_SF{k}.*(R_SF
{k} — Shell Thickness SF{k}).*cos(theta variable) + (R _SF{k} —

Shell _Thickness SF{k})72)) .x cos(1 .* theta variable)

Flux_Normalized_Function_Tangential _Core{k} = @(
theta variable) (log( b SF{k} ) — log( b _SF{k}.~2 — 2.xb_SF{k}.*(R_SF
{k} — Shell _Thickness SF{k}).*cos(theta variable) + (R _SF{k} —

Shell _Thickness SF{k})"2)) .% sin(1 .x theta_ variable)

Flux_Normalized_Function_Radial_Shell{k} = @(
theta variable) (log( b SF{k} ) — log( b _SF{k}.~2 — 2.xb_SF{k}.*R_SF{
k}.xcos(theta variable) + R SF{k}*2)) .x cos(1 .* theta variable):

Flux_Normalized_Function_Tangential_Shell{k} = @
theta variable) (log( b SF{k} ) — log( b _SF{k}.~2 — 2.xb_SF{k}.*R_SF{
k}.xcos(theta_ variable) + R _ SF{k}"2)) .x sin(1 .%* theta variable);

%Simple numerical integration

Flux_Integral_Radial_Core{k} =integral (
Flux_Normalized Function_Radial Core{k},—thetalimit _core,
thetalimit_core);

Flux_Integral _Tangential Core{k} =integral (
Flux_Normalized_Function_Tangential_Core{k},—thetalimit_core ,
thetalimit _core);

Flux_Integral Radial_Shell{k} =integral (
Flux_Normalized Function_Radial_Shell{k},—thetalimit_shell,
thetalimit _shell) — Flux_Integral Radial Core{k};

Flux_Integral_Tangential_Shell {k} =integral (
Flux_Normalized Function_Tangential Shell{k},—thetalimit_shell ,
thetalimit_shell) — Flux_Integral_Tangential _Core{k};

%Total force acting on Shell and Core of Rotor.
Unsurprisingly

%Tangential contribution is negligible.

Force_Shell TANG{k}{AWG}{i} Lorentz_Forces{k}{AWG}{ i}
* Flux_Integral _Radial_Shell{k};

Force Shell RADI{k}{AWG}{i}
* Flux_Integral _Tangential _Shell{k};

Force _Core TANG{k}{AWG}{ i}

Flux_Integral Radial_Core{k};
Force Core RADI{k}{AWG}{ i}
Flux_Integral _Tangential Core{k};

Lorentz Forces{k}{AWG}{i}

Lorentz Forces{k}{AWG}{i} =*

Lorentz_Forces{k}{AWG}{i} =*

%Contribution from both tangential and radial is summed.

Total Force Shell RADI{k}{AWG}{i} = Force_Shell RADI{k}{
AWG}{ i}*2xStraightWire_Length SF{k};

Total Force Shell TANG{k}{AWG}{i} = Force_Shell TANG{k}{
AWG}{i}*2*StraightWire Length SF{k};

Total Force Core RADI{k}{AWG}{i}
AWG}{i}*2xStraightWire Length SF{k};

Total Force Core TANG{k}{AWG}{i}
AWG}{ i}*2xStraightWire Length SF{k};

Force Core RADI{k}{

Force Core TANG{k}{
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%Performance Characteristics are calculated

Torque_Shell{k}{AWG}{i} = R SF{k} =*
Total Force_Shell TANG{k}{AWG}{i };

Torque_Core{k}{AWG}{i} = (R_SF{k} — Shell Thickness_ SF{k
}) * Total Force Core TANG{k}{AWG}{i };

%Forces is multiplied by number of stators or total
stator

Force Total{k}{AWG}{i} = ((2%pi)/Stator_ Pitch) * (
Force_Core TANG{k}{AWG}{i} + Force Shell TANG{k}{AWG}{i});

Torque_Total {k}{AWG}{i} =((2%pi)/Stator_Pitch) * (
Torque_Shell{k}{AWG}{i} + Torque Core{k}{AWG}{i}):

Inertia_Total Sphere{k}{i} = Core_Inertia_Sphere{k}{i} +
Shell Inertia_Sphere{k}{i};

Acceleration_Sphere{k}{AWG}{i} = Torque_Total{k}{AWG}{ i
}/ Inertia_Total Sphere{k}{i}:

end

end

Fritzing Diagram of 3 Phase Motor Controller
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Figure 17.1 — Three-Phase Arduino Based Motor Controller
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(b) Alternative PMSM design

(a) Full Induction CAD that was ultimately produced.

(¢) Flux Measurement
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