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Abstract

The More-Electric Aircraft (MEA) and hybrid/all-electric propulsion concepts
have been introduced to improve the efficiency and reduce the environmental impact
of air travel. Within the MEA concept, it is proposed to replace heavy pneumatic,
mechanical or hydraulic driven elements with electrical systems, and to this end, an
increasing number of motor drives is required on-board. Likewise, within hybrid /all-
electric propulsion concepts, motor drives play a pivotal role in handling the drivetrain
electromechanical power conversions. However, the greatest challenge concerning
the wide employment of motor drives is in achieving high power density and high
efficiency in their design.

The main goal of this PhD thesis is to develop advanced models and multiob-
jective optimisation techniques for motor drive system-level weight and efficiency
optimisation. This holistic approach considers all components within a typical motor
drive, i.e. the electrical machine, and the power converter with its associated cooling
system and passive filter components. The novel contribution of this work is in
combining a comprehensive knowledge of machine and converter modelling, with
modern optimisation algorithms to form a practical system-level motor drive design
and optimisation tool.

The first part of the thesis presents a computationally-efficient analytical model

developed for a surface permanent magnet machine, to evaluate its multiphysics
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operation and performance. Detailed finite-element analysis and experimental tests
are carried out to validate the model’s accuracy. A similar analytical model is
also developed for the power converter, to predict its performance and size the
associated cooling system and passive components. The model’s accuracy is also
verified using time-domain simulations and experimental results. Next, the machine
and converter models (component-level) are integrated into one system-level model,
to comprehensively evaluate the motor drive’s performance and weight. To model
extra losses in the electrical machine due to power converter pulse width modulations,
a physics-based harmonic loss model is also proposed and incorporated within the
system-level model.

Owing to the availability and capability of modern computing, researchers and
engineers are increasingly turning to evolutionary algorithms to solve complex op-
timisation problems. The second part of the thesis discusses the application of
evolutionary multiobjective optimisation (EMO) algorithms for an optimisation-
based motor drive design, with the system-level model at its core. In particular, three
popular EMO algorithms, namely the Non-dominating Sorting Genetic Algorithm-II
(NSGA-II), Speed Multiobjective Particle Swarm Optimization (SMPSO), and Gen-
eralized Differential Evolution 3 (GDE3), are considered, and practical guidelines for
their implementations are provided. For illustration, a motor drive optimisation case
study is presented for a benchmark prototype motor drive, while visualisation plots
are employed to analyse the optimisation results. Finally, the three EMO algorithms
are compared against each other, and the SMPSO algorithm is found to be most

competitive for a multiobjective motor drive optimisation problem.
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Chapter 1

Introduction

1.1 Motivation

The global aviation industry produces 2% of global man-made COy emissions, and
its environmental impact is expected to increase further into the foreseeable future
considering the 4.5% annual growth rate in passenger air traffic [1]. For this reason,
the International Air Transport Association (IATA) has adopted the ambitious
target of reducing global aviation CO, emissions of 50% by 2050, while the European
Commission’s Flightpath 2050 targets a 75% reduction in CO4 emissions per passenger
kilometre by 2050 [2]. Increasingly stringent regulations to reduce COy emissions,
and an increasing focus on reducing operating costs have become strong incentives

for airlines to improve on the fuel efficiency performance of their aircraft.

1.1.1 Flight Electrification

Flight electrification allows new and exciting opportunities for aircraft optimisation
to help reduce its environmental impact. At a high level, flight electrification can be

categorised into two trends [3]:

e An evolutionary trend towards more-electric configurations, for conventional

mechanical, pneumatic, and hydraulic systems



CHAPTER 1. INTRODUCTION

—  Thrust power

c. 40 MW
Total non-thrust power
c. 1.7 MW
Electric generator ! High pressure bleed air ~ Hydraulic pump  Fuel & oil pumps
Electrical Pneumatic Hydraulic Mechanical Potential scope of
200 kW 1.2 MW 240 kW 100 kW More Electric Aircraft

Figure 1.1: The More Electric Aircraft concept considering an A330-sized aircraft,
according to [6].

o A disruptive trend towards hybrid-electric and all-electric propulsion.

Power is generated on traditional aircraft via gas turbines, and the majority of
this power is used for propulsion thrust. The remaining power is used to power
electrical, mechanical, pneumatic, and hydraulic loads on-board. The replacement of
non-electrical systems, with electrical components and equipment, to improve aircraft
fuel efficiency is commonly known as the More Electric Aircraft (MEA) concept [4].
The MEA concept is shown in Fig. 1.1. Other significant benefits from the MEA
concept are weight reduction, improved reliability, and simplified maintenance. While
an increasing amount of MEA-related research is still on-going, aircraft programmes,
such as the Airbus A380 and Boeing 787, have already exhibited greater use of
electrical power onboard [5].

The MEA concept considers the electrification of all on-board systems except
for propulsion. Going a step further, hybrid-electric concepts for aircraft are also
being researched, where a combination of the thermal engine (gas turbine or internal

combustion engine) and electrical power generation or storage system drives either a

2



CHAPTER 1. INTRODUCTION
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Figure 1.2: Electrical propulsion concepts: (a) parallel hybrid-electric (b) series
hybrid-electric (c) all-electric configurations.

fan or propeller for propulsion. All-electric concepts, on the other hand, wholly rely
on electrical power generated in fuel cells or stored in batteries. These configurations
are shown in Fig. 1.2.

In parallel hybrid-electric concepts, both the electrical machine and thermal
engine are mechanically connected to the fan or propeller on the same shaft. During
periods of high output demand, such as ‘take-off’, electrical power complements
the thermal engine in delivering additional propulsion thrust. When less output is
required, i.e. during cruising, the batteries can be recharged from the thermal engine.
An advantage of this configuration is that only one electrical machine is needed as it
operates as both a motor and a generator.

For series hybrid-electric configuration, all fossil fuel energy in the thermal engine
is transformed into electrical energy via a generator, and it is fed into a grid with
energy storage elements. The generated electrical energy is then distributed to
multiple fans or propellers driven by electric motors and is used to recharge the
batteries. With this configuration, the thermal engine is always operating at optimal

power and speed across the entire flight profile, allowing high efficiencies to be
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attained. Other inherent advantages of this configuration include flexibility in the
location of the engine and generator set, and simplicity in the mechanical drivetrain.

Lastly, the all-electric concept, where the thermal engine is completely removed,
and electrical energy generation or storage system provides all the propulsion energy,
is also being considered. This simple configuration emits no pollutants and is very
attractive for high population density areas. However, the highest achievable energy
storage density of current battery technology greatly limits its range and, thus, its
suitability for medium or long-range flights.

The mentioned hybrid-electric and all-electric propulsion configurations are similar
to what has already been adopted by the marine and automotive sector over the
past two decades, and in many ways, aerospace is pursuing a path already set in
these industries. Despite their similarities, however, there are several key differences:
low volume and weight is important for marine and automotive applications but is
extremely critical for aerospace, and aerospace has much stricter safety regulations

compared to the marine and automotive industry.

1.1.2 Role of Motor Drives in Aerospace

The motor drive is a key enabling technology to the realisation of all the mentioned
flight electrification concepts to convert power between mechanical and electrical
forms.

For MEA concepts, motor drives form an essential part of the electric compressors,
pumps, braking and actuation systems. For example, Fig. 1.3(a) shows an electro-
hydraulic servo-actuator used to actuate spoiler surface position of an Airbus A380
aircraft, while Fig. 1.3(b) shows an electric braking system on-board a Boeing 787
aircraft, replacing conventional hydraulic pistons with electromechanical actuators.

For hybrid and all-electric concepts, on the other hand, motor drives are a key
part of the drivetrain to supply mechanical power for propulsion and to generate

electricity on-board. Photos of a series hybrid-electric powertrain, developed for a
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Figure 1.3: More-electric aircraft motor drives application: (a) A380 electrohydraulic
servoactuator [7] (b) Boeing 787 electrical braking system [8].

(a) (b)

Figure 1.4: Hybrid-electric and all-electric aircraft motor drives application: (a)
series hybrid-electric powertrain [9] (b) all-electric power train [10].

Pipistrel plane under the project HYPSTAIR, and an all-electric powertrain, built
for an Extra 330LE two-seater acrobatic plane by Siemens, are shown in Fig. 1.4.
The most basic motor drive consists of a power converter and an electrical machine.
The converter employs power electronic devices to switch and regulate electrical
power going into the machine, while the machine converts this electrical power into
mechanical power. For aerospace applications, power density and efficiency are of
exceptionally high priority in motor drive designs in order to achieve high overall

aircraft efficiency.
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1.1.3 Multiobjective Optimisation-based Design

Engineering design, in general, is an enveloping process that includes analysis and
optimisation as subprocesses. Analysis provides an understanding of the real-world
system and models it to take in a set of input design parameters and, correspondingly,
calculate and output values of interests, such as performance and weight. Optimisa-
tion provides insight into possible designs that are optimal as defined with a set of
objective values.

The traditional design approach for motor drives relies heavily on ‘rule-of-thumbs’
and sizing equations formulated by experienced engineers, combining elements of
analysis and optimisation. With this approach, significant simplifications and as-
sumptions are usually in place, especially for complex problems that have many
design variables, constraints, and objective values.

With increasing availability and capability of computational power these days,
an optimisation-based design approach can be employed instead. In this approach,
modern optimisation algorithms are ‘taught’ about the real-world system by models,
to automatically perform the design, such that the best performance can be obtained.
In contrast to the traditional design approach, sizing equations are no longer necessary,
thus reducing the number of simplifications and assumptions needed to arrive at
good design [11].

For most motor drive designs, there are more than one important objective
values, and they are typically coupled such that improvements in one objective
value results in poorer performance in another. Consequently, there is often not one
unique solution but a set of compromised solutions. According to [12], a general
multiobjective optimisation problem can be formally defined as a problem of finding
a set of input parameters £ which minimises a set of objective functions f (Z) for

an evaluation function F', subject to o number of inequality constraints g;(Z) and p
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number of equality constraints h;(z). Mathematically, this can be written as:

—

find  ¥=[x1, 2o, ..., z,] for [f(Z¥)=F(Z),
such that  f(&) = min| f1(2), fo(@), ... fu(@)|,
subject to  ¢;(@) <0 for i={l,..,0}

and  hj(¥)=0 for j={1,..p} (1.1)

The set of compromised multiobjective solutions can be found using the Pareto
Optimality Theory [13]. This theory states that solutions #* for a minimisation
problem are considered to be Pareto optimal if there are no other feasible solutions &
which would decrease an objective function without causing a simultaneous increase

in at least another objective function. This theory can be mathematically written as:

reD <« H FeD,

such that f[i(@) < fi(z*) V i={l,..,n} (1.2)

The mathematical definitions above are shown in Fig. 1.5. The search space
is formed by all possible combination of input parameters, which can be mapped
onto the performance space (or objective function space) via an evaluation func-
tion. In performance space, the Pareto front is a set of objective functions for the
Pareto optimal solutions, and they represent the best achievable performances for a

multiobjective optimisation problem.

Optimisation Methods

The formulation of engineering design problems varies from problem to problem.
Some problems involve linear terms for objective function and constraints while
others have non-linear terms for them. Unfortunately, there is no single problem-
solving method (optimisation algorithm) that will work for all problems equally

efficiently. This explains why there are many available algorithms, each suitable for
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Figure 1.5: Illustration of a typical multi-objective optimisation problem (left: search
space, middle: evaluation function, right: performance space).

a particular type of problem. In general, optimisation algorithms can be divided
into two categories: deterministic algorithms, and stochastic algorithms, as shown in
Fig. 1.6 [14].

Deterministic algorithms follow a strict procedure and has ‘repeatable’ solutions
while stochastic algorithms incorporates an element of randomness. A third type of
algorithm has a mixture of deterministic and stochastic algorithms, but as it contains
a random component, it is often classified as a type of stochastic algorithm in the
optimisation literature.

Most classical algorithms are deterministic, for example: Simplex method in linear
programming [15]. Further, within the pool of deterministic optimisation algorithms,
some employ gradient information, for example: the well-known Newton-Raphson
algorithm [16] or Sequential Quadratic Programming [17]. Generally, gradient-based
methods work extremely well for smooth unimodal problems. On the other hand,
gradient-free algorithms are better if there is discontinuity in the objective function,
for example: Hooke-Jeeves pattern search [18] and Nelder-Mead downhill simplex
[19].

According to [12], stochastic algorithms can be divided into two types: heuristic
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linear programming
nonlinear programming

deterministic :
gradient-based
gradient-free
Optimisation
algorithms
heuristic
stochastic

population-based

metaheuristic
trajectory-based

Figure 1.6: Classification of optimisation algorithms.

and meta-heuristic. The term "heuristic’ refers to a ‘trial and error’ approach towards
problem solving, to produce good enough solutions in a reasonable time frame. The
simplest heuristic method is the pure Random search method which randomly sam-
ples the search space for solutions. This strategy, however, is not efficient for many
multiobjective problems and is hence rarely used for practical designs. Nevertheless,
further developments over the heuristic algorithms, by incorporating clever simplifi-
cations and problem domain knowledge, lead to the term ‘meta-heuristic’ algorithms
and generally provide good solutions to computationally complex problems.

Most meta-heuristic algorithms are nature-inspired and can be classified as
population-based or trajectory-based. Evolutionary algorithms, such as genetic
algorithms (GA) [20], are population-based as they are characterised by a popula-
tion of solution candidates that evolve towards optimal trade-offs. On the other
hand, simulated annealing [21] is an example of a trajectory-based method as it is
characterised by a single solution moving through the search space in a piecewise
style.

For complex multiobjective engineering optimisation problems, the use of evolu-
tionary algorithms are particularly attractive as they require little knowledge about
the problem being solved and are less susceptible to the shape or continuity of the

Pareto-front, easy to implement, robust, and can utilise parallelism for solving [12].
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1.2 Problem Statement

With a global push towards flight electrification, lighter and more efficient motor drives
beyond current state-of-art are needed. Research and development activities in power
electronics and machine technology can be grouped into two distinct vectors: innova-
tion vector, where novel components, topologies, and control schemes are introduced;
and optimisation vector, where activities improve on available technological building
blocks using advanced modelling, virtual prototyping, and machine-converter inte-
gration. Both vectors aim at enhancing motor drive performance, where innovation
unlocks new opportunities for optimisation and optimisation identifies performance
barriers of available technologies to stimulate further innovations [22].

Within the optimisation vector, it is common to see components of a motor drive,
such as the machine or converter, being designed and optimised independently from
each other. As a result, cross-coupling effects and various interactions between these
components are neglected, leading to poor compatibility and subpar performance
when they operate together in a system. To achieve optimal performance, the
motor drive design has to be approached from a system-level perspective, and its
components need to be design and optimised together. The challenge here, however,
is in developing suitable models for the system-level design, which can account for
the complex and multiphysics component interactions in a motor drive operation.
Besides, these models need also to be fast and accurate for them to be effectively
used in an optimisation-based design.

Evolutionary algorithms are particularly promising for complex optimisation
problems with many design variables, constraints, and objective values, and their
use for engineering designs, including that of motor drives, is increasingly popular.
Nevertheless, practical aspects relating to their implementation such as design variable
selection, constraint handling mechanisms, multiobjective consideration, and choice
of optimisation algorithms are often overlooked, resulting in inefficient utilisation of

computational resources, and, in worst-case scenario, un-converging solutions.

10
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1.3 Research Objectives

In this thesis, a holistic optimisation-based design approach for motor drives, consid-
ering machine and converter component and system-level designs, is presented. In
particular, advanced analytical models for a motor drive, which employs a Surface
Permanent Magnet (SPM) machine and Voltage Source Back-to-Back Converter
(VSBBC), are proposed together with an optimisation-based design framework, mak-
ing use of Evolutionary Multiobjective Optimization (EMO) algorithms. This work
combines an in-depth knowledge of machine modelling, converter modelling, and
modern evolutionary optimisation techniques, and should serve as a useful guideline
for motor drive engineers, not limited to the aerospace industry, to design optimal

weight and efficiency motor drives.

11
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1.4 Summary of Research Contributions

Novel contributions from this work are summarised in the following points:

e A SPM machine component-level model for use in an optimisation-based
design. Machine electromagnetic performance is characterised based on its
air-gap magnetic field distribution, and its thermal behaviour is predicted using
a simplified Lumped Parameter Thermal Network (LPTN). The model is fast,
simulating on a normal PC in approximately 3 x 1072 seconds, and its accuracy

is validated against Finite Element (FE) and experimental analysis.

o A VSBBC component-level model for use in an optimisation-based design. In
particular, the model evaluates the converter in terms of input current ripples,
transient performance, losses, and volume. The model is fast, taking an average
of approximately 1 x 10~% seconds to run on a normal PC, while its performance
analysis and loss calculations are verified to be accurate using time-domain

simulations and experimental loss measurements.

o A comprehensive system-level motor drive model, integrating the machine
and converter component-level models, with extra considerations of machine-
converter interactions. A new machine harmonic loss model is proposed to
account for effects of converter Pulse-Width Modulation (PWM) on machine
losses. Meanwhile, effects of converter DC-link voltage on motor drive loss

distributions at different operating points are also studied.

o Practical guidelines for the implementation of EMO algorithms in optimisation-
based motor drive designs, relating to search space definition, performance space
mapping, and constraint handling techniques. Using a case study, visualisation
plots to aid the interpretation of optimisation results are also proposed. Three

popular EMO algorithms (NSGAIIL, SMPSO, and GDE3) are benchmarked for

motor drive optimisations, and SMPSO is found to be most competitive.
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1.5 Thesis Outline

This thesis is structured into seven chapters, covering topics related to the optimisation-
based design of motor drives. Chapter 2 discusses the suitable machine and converter
topologies for aerospace motor drive applications and presents a review of previous
work done on the modelling and optimisation of motor drives at component and
system levels.

In Chapter 3, the development of an SPM machine analytical model is detailed.
A set of input parameters are firstly defined, followed by a modelling approach for
its geometry, winding, electromagnetic performance, and thermal performance. This
chapter concludes with finite element analysis and experimental verifications using a
prototype machine to validate the accuracy of the proposed model.

Similarly, Chapter 4 presents the development of analytical models for a back-to-
back converter. A set of input parameters are defined at first, followed by modulation
and control analysis of the converter operation. Next, analytical loss calculations
for the switching devices and a simple heat-sink sizing method are discussed. The
passive component sizing methods are also provided with detailed procedures. In
the final section of this chapter, time-domain simulations and experimental tests on
a prototype converter are performed to validate the model’s accuracy.

Chapter 5 addresses an approach towards motor drive system-level modelling,
integrating machine and converter models from previous chapters. A new machine
harmonic loss model is also proposed to account for extra losses due to pulsed
converter voltage. The system-level model is employed to evaluate performance
and loss distributions within the motor drive, under different converter modulation
parameters and load operating points. The analytical evaluation is validated by loss
measurements on an experimental back-to-back motor drive setup, to confirm the
system-level model’s accuracy.

Next, Chapter 6 presents the system-level design of a motor drive design using

evolutionary optimisation techniques. Firstly, the operating principles of three state-
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of-art EMO algorithms are reviewed. Subsequently, practical guidelines are given
for a motor drive optimisation setup, regarding search space definition, performance
space mapping, and constraints handling. A multiobjective optimisation case study
is performed for a motor drive to illustrate these concepts, and new visualisation
methods are proposed to aid interpretation of the optimisation results. Lastly, the
EMO algorithms are benchmarked against each other, in terms of their performance
and suitability for motor drive optimisations.

To conclude the thesis, Chapter 7 summarises the contributions and findings, and
suggests potential future work to extend this research, in the area of multiobjective

motor drive optimisation.
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Chapter 2

State of the Art: Modelling and

Optimisation of Motor Drives

The previous chapter has provided an introduction and background to this thesis
by introducing flight electrification concepts, the role of motor drives in them, and
an optimisation-based approach for motor drive designs. This chapter will focus
on how the work carried out in this thesis relates to relevant work already done
and published by others in this research area. The contents in this chapter are
subdivided into two parts: firstly, machine and converter topologies for aerospace
motor drive applications are briefly discussed; secondly, a comprehensive summary of
past work in areas of machine and converter component and system-level modelling

and optimisation is presented.

2.1 Considered Motor Drive Topologies

The motor drive serves as a vital linking component between an electrical source
and a mechanical load, and it consists of an electrical machine and power converters.
For aerospace applications, power density and efficiency of the motor drive are key
metrics in the selection of suitable machine and converter topologies, as is discussed

in this section.
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2.1.1 Electrical Machine

The most important electrical machines in industry are squirrel cage induction
machines, traditional field-winding Alternating Current (AC) synchronous machines,
Permanent Magnet (PM) synchronous machines, Brushless DC (BLDC) machines,
Direct Current (DC) machines, and Switched Reluctance (SR) machines.

For the aerospace industry, there are strict requirements for electrical machines
to have high power and torque density, while other desirable traits include reliability,
efficiency, and availability [23]. Onboard a more electric aircraft, several types of
machine topologies have been used or proposed, such as BLDC and SR machines, due
to their lightweight and robust nature [24, 25]. An example of a BLDC application is
in Electro Hydrostatic Actuators (EHA) technology to operate flight control surfaces
for military and commercial aircraft, with an example shown in Fig. 2.1. This
provides many advantages, such as ‘power on demand’, ease of integration into the
aircraft system, and simplified maintenance [26].

Compared to other topologies, PM synchronous machines offer the highest power
density and efficiency, due to low torque ripples, absence of rotor copper loss, and
replacement of field windings by high-energy rare-earth magnets to provide excitation
[27]. Additionally, with the possibility of fault-tolerant designs and high performance
control, PM synchronous machines have been a popular candidate for aerospace
actuation, generation, and environmental control system application over the recent
years [28, 29]. Fig. 2.2 shows an example of a prototype 60-slot 50-pole PM machine,
for an airborne wind-turbine application, with a power density of ~6.2 kW /kg and
efficiency of ~95% [30].

Conventional internal rotor PM machines are categorised into Surface Permanent
Magnet (SPM) and Interior Permanent Magnet (IPM) types, according to the magnet
locations. As shown in Fig. 2.3, SPM machines have magnets mounted on the rotor
iron surface, while for IPM machines, their magnets are buried inside the rotor iron.

Compared to IPM machines, SPM machines provides an advantage of having low
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Inverter

(b)

Figure 2.1: (a) Photo of Moog Electro Hydrostatic Actuators (EHA) with dual-
redundant in-built brushless DC motor [26] (b) basic schematic of EHA system.

Figure 2.2: Photos of a high power density 60-slot 50-pole PM machine designed for
an airborne wind turbine application [30].

leakage flux and better utilisation of the permanent magnet material. For these
reasons, the SPM machine is an attractive option, especially for low-speed high-torque
drives, where losses in rotor surface magnets are low due to low rotor speeds [31].
PM machines can be classified as distributed and concentrated winding machines,
depending on their stator winding configurations, as shown in Fig. 2.3. Due to
their shorter end-windings, it is often advantageous for PM machines to employ
concentrated windings for lower copper losses. For concentrated winding machines,
design for fault-tolerance in aerospace applications generally favours single-layer

windings, due to their higher self-inductances and physical separation of phase
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Figure 2.4: PM machine stator topologies: (a) distributed winding (b) concentrated
winding (single-layer) (c¢) concentrated winding (double-layer).

windings. However, for higher torque density, double-layer windings are usually
preferred [32].

If the machine’s number of slots per pole per phase is a fraction, it is known as
a fractional-slot machine. Interestingly, many desirable attributes can be obtained
by having concentrated windings on a fractional-slot machine. They include high
power density, high efficiency, low cogging torque, flux-weakening capability, and
fault tolerance [33]. Based on literature study performed, recent high power density
machine, which are designed for aerospace applications, have always favoured a
fractional slot concentrated winding configuration, for the mentioned reasons.

In the remaining parts of this thesis, the chosen machine topology, considering a
high power density aerospace application, is a fractional-slot concentrated-winding

double-layer SPM machine.
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2.1.2 Power Converter

Onboard a more-electric aircraft, loads are supplied by an variable frequency AC-
distribution bus directly fed by a generator [34]. Power converters are thus required
to produce, from the three-phase input AC voltage with constant or variable voltage
and frequency, an output AC voltage or current to the machine with a controllable
amplitude and angular frequency.

For example, the Boeing 787 aircraft electrical system architecture is shown in
Fig. 2.5. Each gas turbine drive two starter/generators, which power a three-phase
230 VAC mains bus, with a variable frequency of 360 - 800 Hz. An Auxiliary Power
Unit (APU) can also generate power into the AC bus, in case of an emergency.
Although some loads are directly connected to the bus, a majority of the electrical
loads require rectification into either the +270 VDC, 115 VDC, or 28 VDC bus.
In particular, for adjustable-speed motors, for the hydraulic pumps, environmental
control system, etc, an Auto Transformer Rectifier Unit (ATRU) is employed to
generate the required DC bus [35].

A number of ATRU topologies have been proposed during the last decade and
they can be categorised into 12-pulse, 18-pulse rectifier type, etc., according to the
pulse numbers in the line current every fundamental cycle [37]. An example of the
12-pulse ATRU is shown in Fig. 2.6(a). The transformer unit placed on the AC-side
are used primarily for phase-shifting, to enhance input current quality. This choice
of topology is due to its simplicity, robustness, and high reliability [38]. Despite the
advantages, this topology requires a large and heavy line frequency auto-transformer
unit at its input. Moreover, the intermediate DC-link voltage with this topology is
dependent on the line-to-line voltage of the grid and can not be increased to a higher
voltage.

It is possible to use other AC-AC conversion topologies, such as the voltage
source back-to-back converter (VSBBC), for reduction in input filter sizes and to

allow voltage boosting capability. Although they allow bi-directional power flow, i.e.
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Figure 2.5: Modern More Electric Aircraft (Boeing 787) electrical power system
architecture according to [36].

energy regeneration back to the grid which is currently not allowed [39], a braking
circuit (also known as dynamic brake chopper) can be placed at the DC-link to
quickly dissipate this energy for compliance with electrical power quality regulations.
It is worth mentioning that this braking circuit is also needed for uni-directional
topologies, such as the diode rectifier-inverter configuration, to prevent the DC-link
voltage from rising, in the event of energy regeneration [40].

Conventional braking circuits are made of a large resistor with an active semi-
conductor switch to control the energy dissipation. This resistor is typically rated
for worst-case operation, which is why it is heavy and bulky. Wheeler et al. [41]
showed that by allowing regeneration for aerospace actuator applications, the impact
on network power quality is almost negligible, and braking circuits can be omitted to
reduce total system weight and volume. It is thus foreseen for future aircraft systems,
that regeneration of energy into the main bus might be allowed.

The two-level VSBBC, depicted in Fig. 2.6(b), is arguably the most popular and
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Figure 2.6: AC-AC power conversion topologies: (a) 12-pulse diode rectifier and
voltage source inverter (b) two-level voltage-source back-to-back converter.

{Ek ‘{EF :

C o— T
b

widely used bi-directional topology for AC-AC power conversion. This topology
consists of an input and output two-level converter, connected via a DC-link and
decoupled by a DC-link capacitor. The input stage converter, better known as the
Active Front-End (AFE) rectifier, interfaces with the variable frequency AC grid to
regulate input power factor and DC-link voltage, while the output VSI converter is
connected to the machine, to control its speed and torque.

This back-to-back configuration can also be implemented with multi-level con-
verters, to bring additional benefits, in terms of converter efficiency, lower machine
harmonic losses, and smaller filtering components [42]. However, multi-level power
conversion requires more switching devices and is more involved in terms of control

and implementation. Matrix Converters can also be employed for AC-AC power
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conversion, but compared to the two-level VSBBC, they are less flexible because of
their increased control complexity and smaller possible motor drive operating range
(due to their lack of boost capability and limited output voltage range) [43].
Aerospace electrification concept, in general, calls for a reduction in size and
weight, and thus a high power density of the electrical power systems are desirable. In
particular, active rectifiers allow a reduction of weight, as compared to conventional
passive multi-pulse rectifier systems, while improving input current quality to meet
stringent aircraft power quality requirements. Therefore, considering an aerospace
application, a two-level VSBBC topology is selected for modelling in the remaining

parts of this thesis.

2.2 Motor Drive Modelling and Optimisation

Motor drive design optimisation can generally be split into two independent parts:
modelling and optimisation. Modelling techniques include the use of analytical equa-
tions, lumped parameter models, and numerical analysis [44, 45], while optimisation
techniques are generally categorized into two types: deterministic, where solutions
are searched for systematically, and stochastic, where the search space is explored

randomly [12].

2.2.1 Component Level

Over the recent two decades, with drastic improvements in computing performance,
many combinations of modelling and optimisation techniques have been presented
for the component level design of electrical machine and power converters.

Machine Modelling and Optimisation

Practising machine designers know that although experience in obtaining good designs

are not to be underestimated, the multi-variable, non-linear and complex nature
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of how machine geometry relates to its performance makes it almost impossible to
optimise, without the help of a proper optimisation strategy.

Bianchi et al. [46] were one of the first to present a Genetic Algorithm (GA) based
design procedure for the constrained optimisation of an SPM machine. However,
only one objective function (cost) and two design variables (machine bore diameter
and axial length) were considered. Similarly, Wieczorek et al. also presented the use
of GA for efficiency optimisation of induction machine designs, but they focused only
on the optimisation technique and did not provide information about the machine
models employed [47].

In contrast to the stochastic GA, Messine et al. proposed the use of a global
deterministic Branch and Bound algorithm associated with interval arithmetic, for
a slotless PM machine design optimisation, to minimise its mass and volume [48].
In their paper, the authors argued that their approach is advantageous as it has a
guaranteed fast convergence towards a global optimum. In a later publication [49],
the PM machine model was improved to consider more details, such as magnetic
and thermal properties, along with discrete parameters, related to machine structure
and choice of materials. Finally, in [50], the authors described the use of the Branch
and Bound algorithm for the improved model. A limitation of this work is that the
models employed are based on traditional sizing equations, which inherently carry
many assumptions, and no experimental verifications were reported.

Sudhoff et al. [20] presented a structured analytical modelling approach to SPM
machine design, using single or multiobjective GAs, for it’s mass and efficiency
optimisation. The modelling approach begins with a physical description of the
machine, followed by its electromagnetic characterisation, in terms of flux density,
torque, and power loss. The proposed advantage here is the elimination of traditional
sizing equations for machine. In a later publication [51], the authors published
more details of the model and extended it to also include core losses, inductance
estimations, and axial flux leakage compensation. Different setups of the optimisation

problem were also studied by the authors in [52] to consider the effects of design
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variable encoding methods etc. However, the authors have only considered integer
slot distributed winding PM machines and assumed a fixed slot current density to
account for machine thermal performance in this work.

In [53], Duan et al. proposed a reduced-dimension electromagnetic model for SPM
machines, and applied a Particle Swarm Optimization (PSO) algorithm to optimise
five performance indices (volume, weight, efficiency, magnet weights, and torque per
ampere). As only a basic PSO was implemented, the five performance indices were
combined into one single objective using weighting factors. This model is expanded
by Semidey et al. [54] to also consider machine thermal behaviour and the effect of
different load profiles using a finite-difference thermal model. The main limitation
with both this work is that its fundamental electromagnetic model considers many
assumptions. For example, the authors assumed that the best machine designs will
have the highest possible current density, which is not necessarily valid from an
efficiency point of view.

Gammeter et al. [55] employed a comprehensive set of electromagnetic and
thermal analytical models for the design and optimisation of radial and axial flux
PM machines in an airborne wind turbine application. For optimisation, the authors
used an exhaustive (direct search) algorithm to evaluate the whole design space
deterministically, and from the resulting Pareto front, a solution is selected for
prototyping. The main limitation of this work, however, is in its direct search
optimisation algorithm, which has a ‘step-size’ problem. If the chosen step-size is too
small, this leads to excessive computational efforts, whereas if it is too large, optimal
points might be missed.

A closed-form analytical model for fractional slot concentrated winding SPM
machines was presented by Min et al. [56]. The model can accurately predict
the electromagnetic performance of the SPM machine, in terms of its open-circuit
and armature air-gap magnetic field distribution. The authors also demonstrated
the effective use of this model in a PSO optimisation environment to optimise

machine design for high power density and efficiency. The authors, in a later
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publication [57], also proposed a faster analytical model named Schwarz-Christoffel
subdomain and demonstrated its use with a Differential Evolution (DE) optimisation
algorithm. Similar to [20], this work has only considered the machine electromagnetic
performance, while machine thermal sizing simply assumes a maximum slot current
density.

The machine modelling and optimisation work discussed so far have only con-
sidered the use of analytical models. For SPM machines, analytical modelling is,
in most cases, sufficiently accurate, as saturation of the main magnetic flux path
in the machine is typically avoided during the design. To study effects of machine
non-linearities, several publications, such as Rottach et al. [58] and Beniakar et al.
[59], have proposed the incorporation of magnetic reluctance networks within the ma-
chine optimisation. Although an increased modelling accuracy can be obtained, this
approach requires additional computational time to solve the non-linear reluctance
network equations and results in significantly longer computational time.

For IPM machines, it is complicated to use analytical models or magnetic reluc-
tance networks to account for different rotor geometry and leakage fluxes due to
local saturation at the rotor bridges. Therefore, most IPM machine optimisations
incorporate FE analysis within the optimisation algorithm.

The challenge of including FE analysis is the drastic increase in computational
load. Ionel and Demerdash, in particular, have introduced a ‘computationally
efficient” FE modelling method, which uses Fourier analysis and a minimum number
of magnetostatic solutions to evaluate the performance of each potential solution
[60, 61, 62]. This method was then employed by the authors in a DE optimisation
environment to optimise different objective values. In a later publication, the authors
also investigated the use of a combined multi-objective optimisation with differential
evolution (CMODE) algorithm to improve the utilization of computational resources
during the optimisation process [63].

Similarly, Zarko et al. [64] defined a way of handling constraint functions in

a DE optimisation algorithm, which contains computationally intensive FE-based
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calculations. By using normalised IPM rotor geometry parameters, the appearance of
geometrically unfeasible candidates can be reduced, and by checking each solution’s
feasibility before evaluating it using finite element analysis, a significant amount of
computational time can be saved.

The optimisation and comparison of three PM machine types (SPM, IPM and
flux switching machine), using FE and multiobjective PSO, was also carried out by
Van der Geest et al [65]. In this paper, the authors’ main objectives to optimize were
weight and efficiency, and they provided detailed analysis and inspection of the large
quantity of data produced during the optimization, to gain insight of general trends.
The main downside of this approach is the significant amount of time needed (one or
two day runtime), as reported.

In this thesis, an analytical model is developed for the electromagnetic performance
of a fractional slot concentrated winding SPM machine, while a LPTN is used to
evaluate its thermal behaviour. Finite element analysis and experimental tests are
carried out on a prototype SPM machine, to verify the accuracy of this model, in
terms of modelling the machine’s electromagnetic performance. More details on the
model can be found in Chapter 3. Meanwhile, EMO algorithms are employed for
optimisation as is discussed more in Chapter 6. Compared to previous work, the
machine modelling approach presented in this thesis focuses on speed and modelling

accuracy, as compared to finite element and experimental analysis.

Converter Modelling and Optimisation

For power electronics modelling, there is always a trade-off between modelling accu-
racy and computational intensity. Unlike machines, power converters FE analysis
typically need to be carried out in 3-D and is time-consuming to perform. This mod-
elling method is hence never used during design optimisation. In contrast, analytical
models for power converters employ a set of algebraic or simple differential /integral
equations, which are much faster to evaluate computationally, and are thus more

frequently used in optimisations.
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Very early on, Blaabjerg et al. [66] described a design optimisation tool for a three-
phase VSI to maximise its efficiency, by varying gate-drive resistances, gate-drive
supply, and load current. The authors developed a complete loss model for the inverter
and deployed weight functions for the IGBT and diode losses. For optimisation, they
employed a deterministic hill-climbing local optimisation algorithm. However, no
sizing or volume-related converter modelling was mentioned in this work.

Busquets-Monge et al. [67] presented an approach to optimise the design of a
single-phase boost power factor correction front-end converter and its electromag-
netic interference (EMI) filter, for minimum total component cost. Cost data were
approximated using curve-fits of known data and the optimisation method employed
is a gradient-based deterministic approach. Again, this work did not consider any
physical sizing of the converter.

Kolar et al. [68] reported a multi-objective design optimisation performed for a
single-phase power factor correction (PFC) rectifier using very detailed analytical
models to estimate the size of each converter component. The objective functions
pursued here were efficiency and power density, and a deterministic global-local
optimisation method was employed. In this optimisation method, the switching
frequency was varied ‘globally’, while the components were optimised ‘locally’, based
on requirements propagated from the global level. This work was extended to also
consider cost as an objective function in a later publication [69].

The same global-local optimisation method was used in several other publications.
Wang et al. [70] employed this technique to optimise footprint area and losses for
different DC-AC converters, sweeping through a range of switching frequencies at a
global level, and optimising component designs at a local level for each switching
frequency. Similarly, the same technique was employed by these authors to optimise
the design of a two-channel interleaved Vienna-type rectifier, as reported in [71].

Laird et al. [72] presented a design tool to optimise the selection of devices,
heatsink and passive components for a three-phase VSI and its EMI filter, using a

deterministic branching optimisation method. The method exploits the interdepen-

27



CHAPTER 2. STATE OF THE ART: MODELLING AND OPTIMISATION OF
MOTOR DRIVES

dency of design variables and performs optimisation at multiple levels. Variables
with the most dependent variables branching from it are optimised in the outer loop,
while others are optimised in various inner loops. Based on the authors’ analysis
carried out for a VSI design, the same conclusions from the global-local method were
obtained, that is switching frequency should be optimised in the outermost loop and
other parameters related to each component model in the inner loops.

The converter optimisation techniques described above are considered as de-
terministic, and, as explained before, they can suffer from a ‘step-size’ problem.
Over recent years, there is an increasing amount of research interest in evolutionary
approaches for the optimisation, as they can explore the search space more efficiently
and are particularly useful for complex optimisation problems.

Wang et al. [73], proposed a design optimisation approach for a three-phase diode
front-end rectifier, using GA to minimise cost and volume of the system. Similarly,
Mirjahari et al. [74] described a design approach for a module-integrated inverter,
employing a multiobjective variant of GA (NSGAII) to optimise reliability, efficiency,
and volume. In this work, a ‘reduced-order modelling’ technique is applied to simplify
the component models without losing much accuracy. From a broader perspective,
looking at the grid and power distribution systems, D’ Antonio et al. [75] detailed
a multiobjective GA optimisation method for the design of a photovoltaic (PV)
microgrid system, which is composed of several modular DC-DC converters. The
objective functions are daily average deliverable power and total system mass, while
four design variables that characterise solar power based microgrids (battery voltage,
PV maximum power, PV maximum power point voltage, and the number of panels
per string) are optimised.

This thesis considers only analytical models to represent the power converter and
its components in the optimisation. Semiconductor loss models are used to estimate
losses of switching devices, while physics-based curve-fitted models, obtained from
commercially available products, are employed to size the heat-sink and passive

components. The power converter models are detailed in Chapter 4, while EMO
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algorithms used for converter optimisations are presented in Chapter 6.

2.2.2 System Level

Due to the close and synergetic interactions between machine and converter in
a motor drive operation, their designs are to be inseparable, to achieve optimal
drive performance. For instance, Lovelace et al. [76] looked at IPM motor drive
cost optimisations, considering magnetic saturation and inverter costs, and they
concluded that a larger and more expensive machine could be exchanged for low
power electronics cost.

Despite the above, significantly more research in motor drive modelling and
optimisation pay attention to improving performances at a component level rather
than at a system level, as discussed previously. There is noticeably less literature
for motor drive modelling and optimisation at a system level, where the design of
machine and converter are coupled and considered together.

Roos et al. [77] presented a simultanecous design and optimisation of the SPM
machine, mechanical gearhead, and converter power electronics for servo-application
motor drives. This work also considered the impact of load profiles and aimed to
design the smallest possible system. The main limitation with this work, however,
is that overly simplified machine and converter models were employed and that no
experimental verifications were carried out.

Interactions between machine and converter were investigated by Sarikhani et al.
[78] in a drive optimisation environment. In this work, a multiobjective optimisation
process, which employs a hybrid-GA-PSO optimiser and dynamic physics-based
phase variable machine model obtained from FE analysis, was proposed. For torque
ripple evaluation, the authors incorporated FE analysis within the optimisation,
slowing down the process considerably.

An SPM motor drive sizing optimisation methodology for a specific torque-speed

operating profile was proposed by Aubry et al. [79], for wave energy conversion
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applications. In this paper, the sizing parameters of the machine and current rating
of the power converter were optimised together using a multiobjective variant of
PSO, to lower system cost and maximise electrical energy. However, no details
on experimental validation was presented, to validate the accuracy of the models
employed.

De Andrade et al. [80] presented two optimal design approaches for a motor drive,
coupling the design of a high-speed PM machine, VSI and input filters. In this work,
the complete integrated optimisation approach showed significant improvements
over the local and sequential optimisation approach. A multiobjective GA is also
employed to minimise the combined weight and losses of the system. Nevertheless,
the authors have only discussed the optimisation approach in the paper, without
providing details about the models employed.

Rottach et al. [81] developed a comprehensive design tool to perform integrated
optimisation of a helicopter electromechanical actuator drive, for minimum weight.
A particular emphasis was placed on the consideration of machine non-linearities as
part of the optimisation, using magnetic reluctance network models. PSO algorithm
was employed in this work to optimise the main machine geometry and mechanical
gear ratio, while an exhaustive search algorithm was used to optimise the detailed
slot-opening and tooth-tip shape. However, only a basic tuning and implementation
of the optimisation algorithm was considered, resulting in less effective utilisation of
computational resource during its search.

Lei et al. [82] proposed a system-level design optimisation method for a PM
transverse-flux machine motor drive system. In this paper, the motor and control
design are optimised together to achieve steady and dynamic performances, using
single-level and multi-level implementations of the DE algorithm. This work was
later extended to consider also the robustness of the optimisation, i.e. taking into
account noise factors and uncertainties [83]. However, in this work, the authors did
not consider power converter volume or weight sizing as part of the optimisation.

Zarko et al. [84] presented the use of a mixed-integer distributed ant colony

30



CHAPTER 2. STATE OF THE ART: MODELLING AND OPTIMISATION OF
MOTOR DRIVES

optimisation for the multiobjective optimisation design of a traction motor drive
system, to minimise its total volume and losses in a single driving cycle. Notably,
in this work, an IPM analytical machine model based on 2-D maps of parameters
calculated with FE analysis, and neutral point clamped three-level VSI averaged
model are employed to represent the drive.

Overall, to the best of the author’s knowledge, there is no literature available for
the optimisation of an AC-AC motor drive with a back-to-back converter. Unique
to this converter topology is the optimisable intermediate stage DC-link voltage,
which significantly affects switching device losses and machine operating range, as
is discussed in Chapter 5. A motor drive system-level optimisation, using EMO

algorithms, is detailed in Chapter 6.

2.3 Chapter Summary

This chapter has presented an overview of different machine and converter topologies
suitable for high power-density aerospace motor drive applications. Comparing the
different topologies, the selected topology for further investigations in this work is
that of a fractional-slot concentrated-winding double-layer SPM machine controlled
by a two-level VSBBC.

A detailed review was also carried out and discussed for the research area of motor
drive modelling and design optimisation. An observation made is that significantly
more related work has been undertaken for machine and converter component level, as
compared to the motor drive at a system level. Besides, the system-level optimisation
of a back-to-back converter together with the machine design, specifically considering
the intermediate DC-link voltage as a design variable, was also not found anywhere
in literature. Finally, another contribution from this review points to the fact that
proper application and setup of EMO algorithms for motor drive optimisation is
often overlooked, resulting in an inefficient utilisation of computational resources.

These findings further motivate the need for a holistic optimisation-based design
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approach for motor drives at a system level, along with practical guidelines on the

implementation of EMO algorithms, as is presented in this thesis.
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Chapter 3

Electrical Machine Modelling

The problem of designing optimal electrical machines is challenging due to the
complexity and multiphysics nature of their operation. Computational methods to
evaluate their performances include the use of analytical models, LPTN models,
and FE models. FE models are most time-consuming to solve although they are
most accurate, while lumped parameter models are faster to solve, in comparison,
but are difficult to set up. Analytical models are fastest to solve and simple to
use, but their accuracy depends on their simplifications and assumptions. For the
SPM machine topology, analytical models for their electromagnetic performance
can be very accurate due to their consistent rotor shape and minimal leakage flux.
Simplified LPTN models, on the other hand, are suitable for its thermal modelling
due to machine slot symmetries.

This chapter presents a detailed multiphysics SPM machine model suitable for
use in an optimization-based design. Compared to other models, the proposed model
is remarkably systematic and straightforward, consisting of only three main parts,
as shown in Fig. 3.1. Besides, it is versatile, to consider many input parameters, fast,
to take only an average of only 0.03 seconds to run on a regular PC, and accurate,
as verified by FE analysis and experimental tests.

Section 3.1 firstly defines a comprehensive set of input parameters for the machine

model, and Section 3.2 describes a systematic method to parametrise the machine
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Figure 3.1: Organisation/flowchart of machine model.

geometry and winding properties. Next, Section 3.3 presents different analytical
modelling techniques to characterise the machine’s electromagnetic performance,
with high accuracy and speed. Section 3.4 follows on to propose the use of a simplified
LPTN model to evaluate machine thermal behaviour. Finally, Section 3.5 focuses
on model validation using FE and experimental analysis performed for a prototype

SPM machine.

3.1 Input Parameter Definitions

To evaluate the machine’s performance, it is useful to consider it as a simple model
with an input-output form. A set of input parameters D, 4, is firstly defined for the

machine model:
Dmach = {Dmata Dgeoa Nt57 Wdia; Nwpe;, We, id: iqa Tamb} (31)

where D,,.; is a set of vectors consisting of selected stator and rotor core, winding,
and PM material information, D, is a set of machine geometrical parameters, Ny,
is the number of coil turns in series per phase, wg;, is the wire diameter, 7, is the
number of wires per conductor, w, is the electrical speed, 7, and fq are the peak d

and g-axis machine currents, respectively, and T,,,; is the ambient temperature.
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Figure 3.2: Cross-sectional diagram of a surface permanent magnet machine: (a) full
stator geometry (b) detailed slot and tooth.

With reference to Fig. 3.2, the geometrical parameters contained in D, are:

Dgeo = {p, Ssa Trs, drb> dma g, dtt07 dttea dtb> d567 eta 9tt> 9pm7 l} (32)

where p is the number of pole pairs, S; is the slot number, 7., is the inner shaft radius,
d.p is the rotor back-iron thickness, d,, is the magnet thickness, g is the air-gap
thickness, dy. is the tooth-tip thickness at the centre, dy. is the tooth-tip thickness
at the edge, dy, is the depth of tooth base, dg, is the stator back-iron thickness, 6; is
the tooth fraction, 8 is the tooth-tip fraction, 6,,, is the magnet fraction, and [ is
the machine lamination stack length.

Together, input parameters in Egs. (3.1) and (3.2) provide essential information

for a full evaluation of the machine’s electromagnetic and thermal behaviour.
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3.2 Geometrical and Winding Models

Figure 3.2 illustrates the cross-section of a SPM machine, which, in this example,
has a 12-slot 10-pole configuration. For machines with a non-magnetic and non-
conductive sleeve around the rotor magnets, the sleeve is considered to be a part
of the air-gap. The surface magnets are considered here to have a curved uniform
height and are mounted directly onto the rotor back-iron. For simplicity, trapezoidal
slots, with curved-bottom stator slot shape and no corner radius, are assumed.

For geometrical modelling, this work adopts the approach proposed by Sudhoff
et al. [11]. For a fixed topological shape, as shown in Fig. 3.2, a systematic set
of equations governing all the geometrical relationships is developed. Given the
geometrical parameters in Eq. (3.2), the full machine geometry can be computed,
together with other quantities of interest, such as slot area and volumes.

Fractional-slot concentrated-winding configurations offer unique advantages, as
discussed previously in Section 2.1.1. Based on recommendations from Mitcham et al.
[85], if similar slot and pole numbers are selected for these machines, additional merits
of high torque density and low cogging torque can be gained. Further, to prevent
excessive vibration and noise, slot-pole combinations with unbalanced magnetic
pull are to be avoided. For these reasons, this thesis considers only the slot-pole
combinations of 6/4, 6/8, 12/10, 12/14, 18/14, 18/16, 18/20, and 18/22.

The choice of winding layout significantly affects the flux linkage between the
stator windings and the magnetic flux flowing within the machine. In most cases,
winding layouts which result in the highest fundamental winding factor k,,, are used
to obtain maximum air-gap magnetic flux linkage.

To calculate k,,, the method proposed by Farshadnia et al. [86] is employed.
Phase winding function W} is firstly defined as the air-gap Magneto-Motive Force
(MMF) produced by a single-phase winding coil around the stator, of 1 turn and
carrying 1 A of current. By applying a Fourier series transformation on W} across

the angular circumference, amplitude W = can be found for individual n'* harmonic
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Figure 3.3: Phase winding function plot of optimal winding layouts for the considered
slot-pole combinations.

components. Fundamental winding factor &, , is calculated as

- W;w B W;‘wmvﬁ 33
w, v T ";(base) - 258 ( ° )

where v is the operating harmonic, W;(base) is the amplitude of v*" order harmonic
component of a base winding function, and m is the number of phases. The base
winding function is a hypothetical winding function created by a phase winding
with Ss/m number of turns and spans 7 radians around the stator circumference.
Phase winding functions for the optimal winding layouts of the considered slot-
pole combinations are plotted in Fig. 3.3, and their Fourier series expressions and

fundamental winding factors are given in Table 3.1.
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Table 3.1: Fourier series expression of phase winding functions and the calculated
fundamental winding factors.

Slot-pole Slot per Fundamental

. Fourier series expression of . 1.
combina- pole per . 1. . X winding factor,
phase winding function, W}
9

tions phase, S, ky v
P2 nw
6/4,6/8 1/2,1/4 —— - sin| — 0.866
/4,6/ /2, 1/ — sm(ss)
P2 nmw nm
12/10, 12/14 2/5, 2 —— - sin{ — ) - |2cos .
/10, 12/ /5,2/7 e sm<55> { cos( S >] 0.933
P2 nmw 2nm
18/16, 18/2 1 —— - gin{ — | - [1—-2 .94
8/16, 18/20 3/8,3/10 o sm(SS) { cos( S ] 0.945
P2 nm 10nm
18/14, 18/22 11 —— - gin{— | - [1+2 .902
8/14, 18/ 37,3/ —= sm<55> { + cos( 5 )} 0.90

* ¢ is the denominator of Sp,,.

Unlike integer-slot distributed-windings, the fractional-slot concentrated-winding
MMF is rich with spatial harmonics. Their winding functions are, therefore, important
for calculations of their armature reaction magnetic field and machine inductances
in later sections.

Based on previous input parameters from Section 3.1, other winding-related
quantities of interest, such as slot fill-factor and phase resistance, are also calculated
at this stage. The maximum slot fill-factor (space-factor) primarily depends on the
slot-liner insulation requirements and practical manufacturability. For low-voltage
machines, the maximum slot fill-factor is typically between 0.5 to 0.6, while for
high-voltage machines, slot insulation takes more space and this factor is typically
between 0.3 to 0.45 [31]. The geometrical and winding model equations are provided
in Section A.1.

As winding losses are a function of phase resistance and current, they tend to
increase with the winding temperature. For simplification, a conservative approach is

employed in this work, where phase resistances assuming maximum allowed winding
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temperature are used for loss computations. Also, it is important to note that
winding high-frequency AC losses (due to skin-effect) are not considered here, as

they are assumed to be negligible compared to fundamental losses.

3.3 Electromagnetic Model

Knowledge of the field distribution is needed to evaluate machine electromagnetic
performance, as it reveals where the flux is concentrated, where electric potential is
created, and where force is produced. Although accurate field calculations can be
performed using an FE analysis, it is very time-consuming. Alternatively, analytical
models are faster and can also be employed to compute the magnetic fields in an

SPM machine, as will be discussed in this section.

3.3.1 Open-circuit Air-gap Magnetic Field

The SPM machine open-circuit air-gap magnetic field is firstly computed with the
technique proposed by Zhu et al. [87, 88]. Although the technique was first applied
to brushless DC motors, it is equally applicable to brushless permanent magnet AC
motors, as it is a general analytical technique for instantaneous air-gap magnetic
field distribution in radial-field topologies. For a slotless machine, its magnetic field
is modelled in 2-D polar coordinates, by solving the governing Laplacian/quasi-
Poissonian field equations within the air-gap region. The assumptions here are that
stator and rotor cores feature infinite permeability such that fluxes going through
the stator and rotor surfaces are perfectly radial, and that magnetic flux is uniformly
distributed across the magnet material. Detailed derivations of the slotless machine
magnetic field flux density are given in Table A.5.

Stator slotting effect in the air-gap, due to stator slot-openings, is undesirable as it
reduces the fundamental magnetic flux and distorts the field solution. Unlike integer-
slot distributed-winding machines, fractional-slot concentrated-winding machines

have smaller slot numbers for the same pole numbers and, consequently, larger
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Figure 3.4: Complex relative air-gap permeance of a slot-opening in the middle of
the air-gap: (a) real component (b) imaginary component.

slot-opening to pole-pitch ratios. Slotting effect is, thus, more pronounced and needs
to be considered for the latter machine topology.

Slotting effects are traditionally accounted for using an equivalent air-gap length
calculated by the Carter factor. In terms of computation time and implementation,
this method is fast and simple to use. However, it does not capture the radial and
tangential magnetic field variations.

As an alternative, this thesis employs a complex permeance method, based on the
conformal transformations of the stator slot-openings, to consider slotting effects [89].
This method is more accurate than the Carter factor method and its closed-form
solutions reduce computation time significantly, as concluded by Ramakrishnan et al.
[90]. In this method, a complex relative permeance function is derived and applied
as a masking function on the slotless machine air-gap magnetic field. An example of
the slot-opening complex permeance functions is shown in Fig. 3.4, while detailed
equations for its derivation are given in Table A.6.

Next, magnet flux flowing into or out of the stator is found by integrating air-gap
flux density over a tooth pitch, and the induced winding flux linkages can subsequently
be calculated from this flux information. By taking a negative derivative of the
induced flux linkages’ variation against time, not only the fundamental component,

but the full open-circuit Back Electro-Motive Force (BEMF) waveform can be

40



CHAPTER 3. ELECTRICAL MACHINE MODELLING

80 1 1 1 20 1 1 1

Winding Permeance (p.u.)
Winding Permeance (p.u.)

_80 1 1 1 _80 1 1 1
0 7.5 15 22.5 30 0 7.5 15 22.5 30

Mechanical Angle (°) Mechanical Angle (°)
(a) (b)

Figure 3.5: Complex relative permeance function for a slot-opening with current-
carrying conductors in the middle of the air-gap (in cylindrical form): (a) radial
component (b) tangential component.

obtained. Detailed derivation of these functions are given in Table A.7.

3.3.2 Armature-reaction Air-gap Magnetic Field

Armature-reaction can be defined as the effects of magnetic flux created by the
armature winding, which is located inside the stator for a PM machine. A similar
approach, proposed by Zhu et al. [91], is employed to calculate the armature-reaction
air-gap magnetic field, where the Laplacian equation is solved in the air-gap region
for current sheets of uniform current-density, distributed along the stator core air-gap
surface. These current sheets have lengths equal to the slot-opening, and they
represent slots containing current-carrying conductors. Again, the technique was
first applied to brushless DC motors but it is also applicable to brushless permanent
magnet AC motors with concentrated windings.

Subsequently, a conformal mapping technique, proposed by Zarko et al. [92], is
applied to compute complex relative permeance functions for these current sheets.
An example of the complex relative permeance function, for a slot-opening with
current-carrying conductors, is plotted in Fig. 3.5.

The single-coil air-gap magnetic field is found by assembling field solutions of

positive and negative current-carrying coil sections and shifting the waveform in
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amplitude, to ensure that average radial flux density around the air-gap circumference
equals to zero. For slot-openings without current-carrying conductors, the open-
circuit complex relative permeance functions from Section 3.3.1 are employed. To
obtain the total armature-reaction air-gap magnetic field, field solutions from coils of
all phases are super-positioned. Detailed equations for this derivation are provided

in Table A.8.

3.3.3 Machine Inductance

Machine inductance is a key parameter in the analysis of machine and converter
interactions. When calculating inductance, the three important magnetic field
regions to consider are air-gap region, slot region, and end-winding region. Portions
of the machine made of soft magnetic materials do not contribute to inductance,
assuming that their high relative permeability is maintained. Magnet flux also does
not contribute to inductance because coil inductance only relates its current to flux
linkages created by itself. In an inductance analysis, the magnets are simply blocks
of material with a relative permeability of p, [93].

Armature winding magnetising flux is defined as armature flux that crosses the
air-gap, and its fundamental component electromagnetically links with the rotor
magnetic fields to produce torque. This flux entering or exiting the stator is obtained
by integrating armature-reaction air-gap magnetic flux density over each stator
tooth surface. Subsequently, the induced magnetising flux linkage and corresponding
magnetising inductance is found by multiplying this flux distribution with the phase
winding functions from Section 3.2. Detailed equations for the flux computation are
given in Table A.9.

Armature winding leakage flux, on the other hand, is the armature flux that does
not cross the air-gap. The induced leakage flux linkage and corresponding leakage
inductance are calculated using the energy method, also known as the principle of

virtual work. In this principle, stored magnetic energy Wy in a closed volume of
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Figure 3.6: The four main leakage flux paths considered in this work, around the (a)
stator slot and (b) end-winding area.

V is equal to the field energy, which is created by the enclosed current-carrying

conductors. The magnetic inductance of this closed volume Ly can be calculated as:

oW, 1
Ly — :—/ﬁw 3.4
v i2 wiz Jv (3.4)

where 7 is the winding current, u is the magnetic permeability of enclosed volume,
and B is the magnetic field flux density. Assuming an infinite stator permeability,
slot inductances depend on the enclosed volume of air at the slot opening or coil
within the slot. In this work, the leakage flux is considered to only flow in four main
paths, as illustrated in Fig. 3.6:

o Path 1: Horizontally across inner slot walls.

o Path 2: Horizontally between tooth tips at slot opening.

o Path 3: Fringing between tooth tips at slot opening.

o Path 4: Circularly around end winding coils

Slot leakage inductances, due to flux flowing in paths 1, 2, and 3, are computed

with leakage permeance factors proposed by Ponomarev et al. [94], with rectangular

slot approximations as depicted in Fig. 3.6(a). In this approximation, rectangular
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inner slot width wg is fixed as the top width of the trapezoidal shape, while
rectangular slot depth dgp is varied to ensure that slot area is kept the same.

The concentrated-winding machine end-sections are considered as half solenoids
when viewed from the top, as illustrated in Fig. 3.6(b). Their inductances L, are

calculated using well-known inductance equations for solenoids [94]:

Nt2 Holbenv Asol

Lsol = I
sol

(3.5)

where N; is the number of winding turns per coil, Ay, is the cross-sectional area
of the solenoid, jien, is the relative permeability of the environment, and [, is the
solenoid’s axial length. In this work, for simplification, ., is assumed to be that
of air, which is 1. Nevertheless, due to the presence of high-permeability iron parts
in the machine housing and stator lamination stack ends, this representation is
inexact and it is expected to underestimate the actual end-winding inductance. For
a more accurate representation of the end-winding inductance, analytical equations,
parametrised with 3-D FE modelling results, can be implemented instead [95].
Finally, synchronous inductance Ly is obtained as a sum of magnetising inductance
L,, and all leakage inductances L;. Detailed equations for the inductance calculations

are provided in Table A.10.

3.3.4 Flux and Flux Densities

With the large effective air-gap of SPM machines, the rotor core flux consists mainly
of the magnet flux. Flux density distribution at the rotor core surface is integrated
across the surface area of a magnet pole, to calculate the magnet flux flowing into or
out of the rotor core.

Stator core flux, however, consists of both magnet flux and a considerable amount
of armature-reaction flux, as shown in Section 3.3.3. At any time instant, armature-
reaction flux distribution due to each phase is estimated with the phase winding

function, phase inductance, instantaneous phase currents, and the number of coil-
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turns in series per phase. Flux flowing through each stator tooth can be found by
super-positioning the total armature-reaction flux and magnet flux flowing into or
out of the stator core. For double-layer windings, stator tooth flux is assumed to
split equally in opposite tangential directions as it enters the back-iron.

Rotor back-iron, stator tooth, and stator back-iron flux densities are computed by
dividing the total flux flowing through these parts over the area perpendicular to the
direction of its flow. Flux density in the main magnetic path is typically constrained
by a maximum value, to avoid magnetic saturation of the core material. Detailed

equations for the flux and flux density calculations are given in Table A.11.

3.3.5 Fundamental Magnetic Losses

In general, under no-load conditions, magnetic losses contribute to a large share of the
machine losses, as compared to mechanical losses. However, they are difficult to model
accurately because they are microscopically dependent on the magnetic material
properties, and they are related to magnetic flux density, which is non-uniform,
time-varying, and non-linear.

To estimate fundamental magnetic losses in a soft ferromagnetic material, a
two-terms approach, based on the modified Steinmetz equation, is employed [96].
Assuming a sinusoidally varying stator flux density with an amplitude of B and
frequency of f, the specific loss parameter W5, with units W /kg, can be estimated

for a certain part of the machine as:
I/I/vloss(fa é) = Khysfaéﬁ +Keddy(stfé)2 (36)

where K,y is the lamination sheets stacking factor, Kj,,, o, 3, and Kc4q, are
Steinmetz coefficients for the material, obtained by curve-fitting manufacturers loss
data. Fundamental iron losses are then calculated by multiplying W,,ss with the
mass of the considered part. Magnetic losses from the stator tooth and back-iron are

calculated separately, as their flux density values and variation characteristics are
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different.

As air-gap magnetic flux fundamental component rotates synchronously with
the rotor, no fundamental magnetic losses are produced in the rotor back-iron and
magnets. However, for fractional-slot concentrated-winding machines, some eddy-
current losses can be induced in the rotor back-iron and magnets, by their rich
air-gap flux density spatial harmonics. Due to limitations in time, these rotor spatial
harmonic losses are not considered in this thesis, due to the complexity involved in
their modelling and measurements [97]. It is important to note that these losses

become increasingly dominant in high-speed applications.

3.3.6 Electromagnetic Torque

To calculate torque, an energy method can be employed, which is based on the
principle of energy conservation. According to this principle, since energy cannot be
created or destroyed, electrical input energy is equal to the sum of output mechanical
energy, stored magnetic energy, and losses in the form of heat energy. Average torque

T,, is thus calculated as:

Pou Pz _Pw_Pir un _Pm
T, = —22 = oJund : (3.7)

wrm wrm

where P,,; is the output mechanical power, w,,, is the mechanical speed in radians,
P, is the input electrical power, P, is the winding loss, P, fynq is the fundamental

iron loss, and P,,; is the mechanical loss. P, can be determined as:
3 A 2 N
P, = i(quq + Vgtq) (3.8)

where p is the machine pole pair number, 94 and 9, are the peak d and g-axis voltages,

respectively, and 74 and %q are the peak d and g-axis currents, respectively.
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3.4 Thermal Model

The main thermal limitations in electrical machines are typically the winding in-
sulation life and magnet demagnetisation. Copper winding insulation is sensitive
to operating temperatures and its life expectancy roughly halves for every increase
of 10°C, according to the Arrhenius law [98]. Magnets, on the other hand, have
decreased remanent flux densities as temperature increases, and they can ultimately
irreversibly lose their magnetisations above a certain temperature, which is known as
the Curie temperature. For machine designs, a thermal analysis is needed to prevent
machine performance derating due to over-temperatures.

In this work, a simplified LPTN with a reduced number of parameters is employed,
exploiting machine slot symmetries to consider only a section of the machine [99].
Power loss produced in different parts of the machine are considered to inject heat
flow into the relevant nodes, and the resulting node potential represents its physical
temperature.

The LPTN structure is illustrated in Fig. 3.7(a), while its parameters are described
in Table 3.2. The main assumption with this thermal network model is that heat flux
is conducted outwardly in the radial direction only, i.e. no heat is transferred axially
through the housing front/end covers. Further, as only the steady-state temperatures
are of interest, thermal capacitances are also omitted to speed up the analysis. Using
an open-source Matlab based tool [100], closed symbolic solutions are derived to
estimate the winding and magnet temperatures in the thermal network.

Besides, the main sources of losses incorporated within this LPTN are winding
conduction losses, stator back-iron losses, and stator teeth losses. As mentioned
previously in Section 3.3.5, rotor spatial harmonic losses are not considered in this
thesis, due to its complexity and mechanical losses on the shaft are also not included
in the consideration. For these reasons, the magnet temperature is expected to be
higher than predicted by this LPTN model.

Obtaining accurate values for the LPTN thermal resistances is challenging as
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Table 3.2: Description of LPTN symbols.

Parameters Description

Vi: Ambient temperature

I;:  Copper losses in stator winding

Iy:  Iron losses in stator backiron

I5:  Iron losses in stator tooth

I;:  Magnet eddy current losses

I5:  Iron losses in rotor backiron

Ry: Convection from housing to ambient

Ry:  Radiation from housing to ambient

Rs: Conduction in stator backiron (outer) + conduction in housing

R,: Conduction in slot liner 4+ conduction in stator backiron (inner)

R5: Conduction in stator tooth (outer)

Rg: Conduction through winding insulation

R;:  Conduction through slot liner (side)

Rs: Conduction in stator tooth (inner) + convection from tooth to air-gap
Ry:  Conduction in magnet (outer)
Ryo:  Conduction in magnet (inner) + conduction in rotor (outer)
Ry1: Conduction in rotor (inner), shaft + convection from shaft to ambient
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Figure 3.7: (a) Simplified LPTN with reduced number of parameters (b) Inho-
mogeneous slot area consisting of conducting material, insulation material, and
varnish.

it is difficult to measure and separate the cooling effects as a result of conduction,
convection, and radiation heat transfer.

Conduction heat transfer is the main mechanism by which power losses inside
the machine are transferred to its surface. This heat transfer mechanism takes place
within a body of material as a function of temperature difference, and its thermal
resistance Ry cond iS a reciprocal function of the material’s thermal conductivity
k. Radial conductive thermal resistances Rgﬂnd are calculated using well-known
heat transfer equations for hollow cylinders [101] according to Eq. (3.9), while
tangential conductive thermal resistances Rg,tfggnd are computed using parallel 2-D

heat conduction equations according to Eq. (3.10).

1 T
REW - L () 3.9
th,cond 27Tkthlaa: og T ( )
R(tan) ltan (310)

th,cond kthAtan
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where l,., 7o, Ti, lian, and Ay, are the axial length, outer radius, inner radius,
tangential length, and heat transfer area of the cylinder wall, respectively.
Conduction heat transfer inside the slots with winding bundles is complicated, as
the slot area is inhomogeneous, typically containing conductive material, insulation
material, and varnish. However, the method proposed by Pyrhonen et al. [31] is
used to homogenise the slot area and represent it as a ‘lumped’ effective material
with anisotropic properties. Assuming that the round wire conductors are placed
side-by-side, as illustrated in Fig. 3.7(b), the slot conductive thermal resistance

lot )
RSLZO)M can be approximated as:

slo Twi d'ms
Ri(fhl,cto)nd = kth,ins < + ) (311)

dins Two

where Ky ins, dins, Twi, and 7., are the thermal conductivity, thickness, inner diameter,
and outer diameter of the insulation material, respectively. It is important to note
that Eq. (3.11) is only a loose approximation, as in practice, with random-wound
machines, the round wire conductors are randomly placed.

Convection through air or liquid at the outer machine surface is usually the most
significant heat transfer mechanism, and it is an effective method to remove heat
from the machine to its ambient surrounding. Convection heat transfer takes place
between solid surfaces and moving fluid, and are of two types: natural convection,
where fluid circulation is purely due to thermal gradients, and forced convection,
where an external pump or fan drives the fluid movements. Convective thermal

resistance can be estimated as:

1

—_— 3.12
hcom} Ahs ( )

Rth,conv =

where Ao, is the convective heat transfer coefficient, and Ay, is the housing cylindri-
cal surface area. It is important to note that convection losses are strongly influenced

by the environment, i.e. air pressure due to changes in altitude, or the movement of
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air/fluid surrounding the machine for aerospace applications. As a simplification,
the changes in environment factors are not considered and a constant convection
heat transfer coefficient is assumed.

Radiation heat transfer also takes place at the outer machine surface, in the form
of electromagnetic radiation. Radiative thermal resistances can be estimated, again,

using a heat transfer coefficient:

1
hradAhs

Rth,rad - (313)

where h,.q is the radiative heat transfer coefficient. For temperature differences on
the order of 10°C, the proportion of radiation heat transfer is typically comparable
to that obtained by natural convection, especially when the outer machine surface is
anodised and painted black for high emissivity [102].

In practice, heony and h,.q4 are difficult to determine accurately as they are strongly
correlated to the ambient operating conditions. In this thesis, heat transfer models
to find these coefficients are not included, but, instead, they are fixed to approximate
values, obtained using a commercial electrical machine thermal analysis software
MotorCAD [103]. For natural-air convection-cooling with axial-fins rounded and
black anodised housing, the convection and radiation heat transfer coefficients are
calculated from MotorCAD to be hepny =~ 6 Wm 2K~ and hyeq =~ 6 Wm 2K !,

respectively, similar to values obtained from the empirical equations in [104].

3.5 Machine Model Verifications

Due to budget and time constraints, Finite-Element (FE) analysis and experimental
tests to validate the developed machine model are carried out on a prototype 12-slot
10-pole SPM machine, originally designed and built for servo applications. Key
parameters for the prototype machine are listed in Table 3.3. A limitation of using

this prototype test machine, as opposed to a typical acrospace machine, is its lower
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Table 3.3: Key parameters of prototype 12-slot 10-pole SPM machine.

Parameter Symbol Value Unit

Rated mechanical speed Wy 1500 rpm
Rated output power P, 1300 W
Rated rms phase current Ipn 9.3 A
Number of turns per coil N 30 -

Stack length [ 54 mm

Stator air-gap radius Tst 34 mm

Stator outer radius Tss 61 mim
Stator and rotor material - M235-35A -
Permanent magnet material - NdFe38-EH -

power density, reliability, and lack of in-built fault-tolerance characteristics. However,
as the main objective of this verification is to validate different assumptions in the
models before employing them in an optimisation-based design, these limitations are
not considered to be too significant.

In this section, details of the prototype hardware are firstly presented, followed
by a comparison of predictions from the analytical model and results from the FE

analysis and experimental tests.

3.5.1 Prototype Machine

Several photos of the machine stator and rotor, before and after assembly, are shown
in Fig. 3.8. The laminated stator core with its double-layer concentrated-winding
can be seen in Fig. 3.8(a) and Fig. 3.8(b). From Fig. 3.8(b), a slight offset in the end-
winding length can be observed. This is necessary for the process of inserting winding

bundles into the stator slots. In Fig. 3.8(c), the rotor magnets’ axial segmentation,
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Figure 3.8: Photos of the prototype machine: (a) front view and (b) side view of
stator after windings were inserted into the core; (c) rotor with axially-segmented
magnets before assembly; (d) fully-assembled machine in black anodised housing.

to reduce PM eddy-current losses, can be seen. Finally, in Fig. 3.8(d), the fully-
assembled machine in its black-anodised housing is shown. Type-K thermocouples

are embedded within the final machine assembly to monitor winding temperatures.

3.5.2 Finite Element Analysis

In the analytical models, local saturation effects are neglected and the soft magnetic
material is assumed to be infinitely permeable. Other assumptions were also made

regarding magnetic flux paths for leakage inductance calculations and boundary
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conditions for the air-gap magnetic field calculation. 2-D FE analysis, under static
and transient-with-motion conditions, using Infolytica MagNet is thus useful to check
the validity of these assumptions for the prototype machine.

To create the FE models in Infolytica MagNet, a Matlab script is written to
interface and populate the machine design parameters in Infolytica MotorSolve,
which contains ready-made templates for rotor and stator designs. The MotorSolve
design (full geometric model) is then exported into Magnet for solving and further
post-processing.

Figures 3.9 to 3.11 show static 2-D FE field solutions for the machine under
open-circuit, pure armature excitation, and rated load conditions, respectively, for
a particular time instant. For pure armature excitation condition, the magnet
material’s magnetisation is set to zero in the FE software. As shown in the figures,
the air-gap flux density components extracted from the field solutions, under all three
operating conditions, generally match well with the analytical model’s predictions
but exhibit some discrepancies in the tangential component. This is due to the
shape deformation of magnets and current carrying conductor slot openings, as a
result of the conformal mapping. The analytical model’s predictions of non-current
carrying conductor slot opening effects, especially, are shown to be very accurate,
allowing reductions in fundamental air-gap flux density, due to wide slot-openings of
fractional slot concentrated winding machines, to be taken into consideration.

From the static field solution under rated load conditions in Fig. 3.11(c), the flux
densities at point A, B, and C are also compared against analytical predictions. The
analytical model predicted a stator tooth flux density (Point A) of 1.46 T, while the
FE computed a value of 1.40 T (4.1 % difference); for the stator back-iron (Point B),
the analytical prediction was 1.15 T, whereas the FE calculation was 1.13 T (1.7 %
difference); finally, in the rotor back-iron (Point C), the analytical prediction was
0.71 T, while the FE prediction was 0.65 T (8.5 % difference). The differences can be
explained by local saturations, tooth tip fringing flux, and non-uniform flux density

distributions, which are neglected in the analytical model.
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Figure 3.9: Flux density plots and air-gap magnetic field radial and tangential
flux density components based on static 2-D FE analysis under open-circuit condi-

tions. For flux density component plots, the analytical waveforms are included for
comparison.
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Figure 3.10: Flux density plots and air-gap magnetic field radial and tangential
flux density components based on static 2-D FE analysis under pure armature

excitation. For flux density component plots, the analytical waveforms are included
for comparison.
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Figure 3.11: Flux density plots and air-gap magnetic field radial and tangential flux
density components based on static 2-D FE analysis under rated load conditions. For
flux density component plots, the analytical waveforms are included for comparison.
Flux densities at points A, B, and C are compared against analytical predictions.
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Figure 3.12: Comparison of analytical predictions against transient with motion FE
solutions under open-circuit conditions: (a) phase voltage against time and (b) FFT
of phase voltage waveform.

The machine BEMF and electromagnetic torque are computed in FE using
a transient-with-motion analysis. At rated speed and open-circuit conditions,
Fig. 3.12(a) compares the BEMFs from the analytical model and FE analysis,
revealing a good match. By performing a Fast Fourier Transform (FFT) analysis on
the waveforms, as seen in Fig. 3.12(b), their fundamental components are compared,
and a small difference of 2.0 % in their amplitudes is obtained. At rated speed and
rated load conditions, the analytical model predicts a mean torque of 8.49 Nm, while
the mean torque obtained from the FE analysis is 8.41 Nm (1.0 % difference).

Finally, machine inductances are calculated from the transient-with-motion results.
The analytically predicted end-winding inductances are added to the 2-D FE model’s
electrical circuit. The inductance value calculated by the analytical model is 2.22 mH,
while the FE analysis gives 2.28 mH (2.7 % difference). This good match confirms
the validity of assumptions made regarding the leakage flux paths around the stator

windings.

3.5.3 Experimental Analysis

Apart from the FE analysis, the analytical model is also validated experimentally. A

photo of the test bench, with the prototype machine, high-precision torquemeter,
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Figure 3.13: Photo of test bench for experimental analysis of prototype machine.

and associated load machine, is shown in Fig. 3.13.

Stator DC resistances are measured using a Valhalla Scientific 4300B Digital Micro-
Ohmmeter at ambient temperature. Initially, the analytical model underestimates the
phase resistance as the end-winding offset length was neglected. When an offset end-
winding length is included, the predicted and measured resistances are found to match
better. At room temperature (20°C), the analytical model predicts a phase resistance
of 202.5 m(2, while experimentally, it is measured to be 232.8 m{2. The remaining
differences are due to the random wound coil bundles in the prototype machine,
extra terminal contact resistances, and overly-simplified end-winding geometry in
the analytical model.

Machine inductances are also measured under static conditions, using a QuadTech
1730 LCR Digibridge high-performance passive component tester. The rotor is
electrically aligned to the d-axis using a low voltage DC-supply, and it is mechanically
locked in position before the d-axis inductance is measured. The d-axis inductance
is calculated by the analytical model to be 2.22 mH, while experimentally, it is
determined as 2.29 mH. Due to the low test current of the measuring equipment,
the measured inductance value is expected to be lower than this value, especially
when the machine is loaded. This is because soft magnetic material’s permeability
is low at low excitation, thus reducing the measured inductance. Instead, a better

approach is to excite the machine with a variable magnitude AC current source and
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Figure 3.14: Comparison between analytical prediction and experimental values for
(a) no-load power loss against speed (b) open-circuit back-electromotive force (rms,
phase) against speed.

measure the corresponding input RMS voltage. However, due to a lack of time and
suitable equipment in the lab, the more accurate inductance measurement test was
not carried out.

For measurements of the machine’s fundamental magnetic loss, its rotor shaft is
allowed to rotate freely, i.e. it is decoupled from any external loads. A power converter
is employed to control the machine’s speed up to several speed set-points. At each
speed set-point, the input power is measured with a Kinetiq PPA2530 precision
power analyser, which has a bandwidth of 2 MHz and watts accuracy of 0.08%.
For consistent measurements, the machine is left running at its maximum speed
(3000 rpm) for 45 minutes, before the power measurements are taken, consecutively,
as speed is stepped down in steps of 300 rpm. This is because bearing friction losses
are usually high at first, and as bearing grease heats up to its operating temperature,
these friction losses are significantly lowered.

As no load is connected to the machine and its stator current is close to zero,
winding losses are negligible. The analytical model loss predictions, therefore,
contain only fundamental magnetic losses. However, when machine no-load losses are
compared against the analytical values, as shown in Fig. 3.14(a), they are observed

to be much larger.
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One of the reasons for this deviation is because a significant amount of no-load
losses are, contrary to expectations, actually mechanical. A precise modelling of
bearing friction and windage losses is complicated, and these losses are typically
determined experimentally, using a dummy rotor without magnets. In this thesis,
these mechanical losses are estimated using empirical constants and mechanical loss

relationships found in [31]:
Pml = kfm'cwm + kwindwfn (314)

where k¢, is the friction loss coefficient and kyinq is the windage loss coefficient,
calculated to be 2 x 1073 W/rpm and 3.3 X 107% W /rpm?, respectively, while wy, is
the mechanical speed in rpm. In Eq. (3.14), the first term represents bearing friction
losses, while the second term is for windage losses.

The other reason for the observed deviation in no-load losses is that the analytical
magnetic loss calculations employ manufacturer loss density data, obtained from
Epstein tests performed on single lamination sheets. As explained by Al-Timimy et
al. [105], core material machining process has a significant impact on the assembled
machine’s iron losses and can cause them to be much larger than losses measured for
single lamination sheets. Based on the authors findings, to correct the analytical
iron loss estimations, a correction factor keoyrip= 1.5 can be added to Eq. (3.6)
for fundamental magnetic loss calculations [27]. With the mechanical losses and
correction factor included, the corrected loss predictions are again compared to the
experimental measurements and a much better match is obtained.

For open-circuit and rated-load tests, the prototype machine is coupled to an
external load machine, with a high-precision torquemeter installed on the shaft
between both machines, as shown in Fig. 3.13. Firstly, the prototype machine’s
input terminals are disconnected from the power converter, and its BEMEFs are
measured at different mechanical speeds, controlled by the external load machine.

The measuring equipment used is a Picotech TA057 differential oscilloscope voltage
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Figure 3.15: Comparison between analytical prediction and experimental values for
(a) torque against i, current; (b) Plot of machine temperatures against time under
rated load conditions.

probe (bandwidth of 25 MHz), and a Yokogawa DLM2024 mixed-signal oscilloscope
(bandwidth of 200 MHz). The measurements for the BEMFs match very well with
the analytical model, as shown in Fig. 3.14(b).

Next, the prototype machine is reconnected to the power converter and it is
operated under current control, as the load machine regulates its speed. At rated
speed, the machine torque is measured for different i, current set-points, and its
torque-current relationship is plotted in Fig. 3.15(a). The measurements are shown to
match well with the analytical predictions, up to the rated operating point. Beyond
this point, the output torque begins to deviate from the analytical predictions, as
expected due to magnetic saturations in the machine.

Lastly, to validate the thermal models, type-K thermocouples are employed to
measure the winding and stator housing surface temperatures. From non-operating to
rated load conditions, the temperature measurements are recorded and plotted against
time in Fig. 3.15(b). At steady-state (i.e. defined to be when temperature change
is less than 2 °C/hour), recorded temperatures for the stator housing surface and
winding temperatures are 59.5 °C and 85 °C, respectively, while analytical predictions
are 64.0 °C and 90.2 °C, respectively. This is a very good match, considering the

rough approximations for thermal resistances in the LPTN model.
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Table 3.4: Comparison of key performances predicted by the analytical model,
calculated in finite element, and measured for the prototype machine.

Key performance Analytical FE Cal- Measured Unit
metrices Model culations Results n
Phase resistance 202.5 217.4 232.8 mS)
Inductance 2.22 2.28 2.29* mH
Rated speed open-circuit
BEMF (rms, phase) 48.93 47.96 46.32 \Y
Rated output torque 8.49 8.41 8.33 Nm

* Less accurate as it was measured using a passive component tester.

A comparison of key performance metrics, predicted by the analytical model,
calculated by finite element software, and experimentally measured for the prototype
machine, is summarised in Table 3.4. Overall, a reasonably accurate match is obtained
for the various aspects of machine performance evaluated, thereby validating the

machine modelling approach employed in this work.

3.6 Chapter Summary

This chapter presented a fast and accurate multiphysics model for the SPM machine.
To evaluate electromagnetic performance, the model computes the machine’s air-gap
magnetic field distribution under open-circuit and pure armature-reaction conditions.
The field distributions are employed to calculate the BEMF, inductance, flux densities,
magnetic losses, and torque. For thermal behaviour analysis, a simplified LPTN
model is included, exploiting machine slot symmetries to reduce its number of
parameters. The combination of different modelling techniques results in a fast
evaluation of the machine performance, taking only an average of 0.03 seconds to

run on a normal PC. The model’s accuracy is finally verified using FE analysis and
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experimental measurements, for a prototype 12-slot 10-pole SPM machine.

The developed model allows for a computationally efficient evaluation of the
SPM machine electromagnetic and thermal performance due to its simple structure.
Versatility is also a key feature of the model making it easy for it to be combined

with the converter model proposed in the following chapter.

64



Chapter 4

Power Converter Modelling

As well as the machine, the power converter, with its associated cooling system
and passive components, also forms a considerable proportion of the motor drive’s
total weight and volume, and their losses are a significant part of the total system
losses. The main challenge in power converter modelling is in accounting for its
multiphysics operation and the complex interactions between its components. For
example, converter modulation affects semiconductor losses and heat-sink volume,
while also producing high-frequency switching harmonics, which need to be managed
with filter components.

In Chapter 3, a detailed machine model and its validation was discussed. This
chapter follows up by presenting a back-to-back converter model and its validation.
The focus is to evaluate converter performance quickly and accurately, and thus, a
simple structure of the converter model is considered, as shown in Fig. 4.1.

To begin with, Section 4.1 defines a set of input parameters for the model, and
Section 4.2 presents an in-depth modulation and control analysis for the converter in
motor drive applications, considering its operation and electrical properties. Next,
in Section 4.3, semiconductor loss models and a simple heat-sink sizing model are
presented. In Section 4.4, sizing models for the main converter passive components
are also proposed. Finally, Section 4.5 presents a time-domain simulation study and

the experimental tests carried out to validate the model’s accuracy.
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Figure 4.1: Organisation/flowchart of converter model.

4.1 Input Parameter Definitions

For the purposes of converter analysis, it is useful to consider it as a simple model
with an input-output form. The main task of the model is to represent the real
converter system by considering the coupled impact of different input parameters on
its output performance. In this work, the considered set of input parameters for the
converter model is:

Dconv 2> {Dmaty Dgrich Dmach7 ‘/dc; f(VSI)v fs(zﬁFE)u Cda Lbu Tamb} (41)

sSw

where D, is a set of vectors consisting of switching device, cooling system, inductor
core material, and capacitor type information, Dg,;q and D,,qcn are sets of grid and
motor-related parameters, respectively, V. is the intermediate DC-link voltage, fS(XSI)
and fAFE) are the switching frequencies of VSI and AFE, respectively, Oy, is the

DC-link capacitance, L; is the converter boost inductance, and Ty,,;, is the ambient

temperature. The grid-related parameters contained in D4 are:
Dygria 3 {0y, wge, Ry} (4.2)

where 94, wge, and R, are the peak voltage, electrical frequency, and phase resistance

of the input grid, respectively. On the other hand, the motor-related parameters
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contained in D, ., are:
Dmach = {Wea ida iqa Rpha Lpha \de} (43)

where w,, 74, fq, Ry, Ly, and U, are electrical frequency, peak dg-axis currents,
resistance, inductance, and peak d-axis flux linkage of the machine at converter
output, respectively. These input parameters provide the required information for

further evaluation of the converter’s performance.

4.2 Modulation and Control Analysis

This section considers the modulation and control strategies that are typically

employed for two-level back-to-back voltage source converters.

4.2.1 Converter Modulation

Converter modulation is the process of switching semiconductor devices within a
power converter from one state to another, and it significantly affects the converter
operation, electrical properties, and semiconductor losses [106]. In this section, a
mathematical model for the fixed switching frequency modulation of two-level voltage
source converters is first discussed, followed by an analysis of the currents passing
through different components.

For the two-level converter shown in Fig. 4.2(a), a switching function j can be
defined for each phase leg. When j; is ‘p’, the high-side switch of phase leg i is
turned on, while its complementary low-side switch is turned off. When j; is ‘n’, the
opposite is true. A combination of switching functions for all three phases is known
as the converter switching state k. For example, when switches Spa, Sy, and Syc
are turned on, k is (pnn).

Two-level converters with three phases have 23 = 8 number of switching states

and they can be plotted as stationary vectors on a complex plane. This plot is also
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Figure 4.2: (a) Circuit diagram of a two-level voltage source converter. (b) Standard
space vector diagram with 6 sectors and 8 switching states. (¢) Magnified view for
Sector 1 of space vector diagram. (d) Modified space vector diagram with 12 sectors
for the DPWM1 modulation.

known as the space-vector diagram, as shown in Fig. 4.2(b). The stationary vectors

can be written, in a complex form, as:

L2 1 1N\ ex T\ jax
Uk = ngc [(Sa - 2) + (81; - 2) &5 + <3c - 2> ¢ ] (4.4)

where V. is the DC-link voltage, s; is ‘1”7 when j; is ‘p’, and ‘0" when j; is ‘n’. Based
on this equation, the switching states ¥y, and Unn, have zero magnitude, and hence
they are known as zero vectors, while the others have a magnitude of 2/3V}, and are
known as active vectors.

At any point in time, an arbitrary target output voltage vector ¥,.; can be formed
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by the summation or averaging of at least two active vectors within a switching time

period Ty,. As shown in Fig. 4.2(c), the geometric summation of ¥ is:

1

TS'LU
Upef = /0 Updt = di1 U1 + dpoUpe + d.U, (4.5)

sw

where dj1, dis, and d, are the relative turn-on times of active vectors vy, Uk2, and

zero vectors v, respectively. The required relative turn-on times for 0. are:

dp1(0) = ?M oS (0 + g) = \/idi)ref Cos (0 + g) (4.6)
da(6) = ?Msm(e) _ V?/d“f sin(6) (4.7)
d(0) =1 — di1(0) — dy2(0) (4.8)

where M is the modulation index to describe the relationship between 0, and V.,
and 6 is the instantaneous reference voltage vector angle.

After calculating the relative turn-on times for the switching state vectors, the
sequence, in which they are realised within each switching period, is determined by
the modulation scheme. Standard converter modulation schemes are mostly contin-
uous, such as sinusoidal PWM and symmetrical Space Vector Modulation (SVM),
or discontinuous, such as 60°-Clamping Discontinuous Pulse-Width Modulation
(DPWM1). This work considers symmetrical SVM, due to its simple implementation,
and DPWMI1, due to its low switching losses.

Symmetrical SVM is based on the standard space vector diagram, where six
sectors are defined based on two active vectors nearest to ¢, as it rotates around.
With this modulation method, in each sector, the two active vectors and both
zero vectors are utilised to output .. in the switching period. For example, in
Sector 1, the two nearest active vectors are (pnn) and (ppn) and the determined
switching states sequence is (nnn)-(pnn)-(ppn)-(ppp)-(ppn)-(pnn)-(nnn), involving
six commutations per switching period.

For DPWM1, on the other hand, twelve sectors are defined in the space vector
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diagram, by the two active vectors nearest to the ¥,.s, and zero vectors, which
alternate every /3 interval. The twelve sectors space vector diagram can be seen in
Fig. 4.2(d). The main difference between symmetrical SVM and DPWMI1 is that,
in each sector, the latter utilises the two active vectors and only one zero vector to
realise ¥,.; in the switching period. For the same Sector 1 example, the DPWM1
switching states sequence is (pnn)-(ppn)-(ppp)-(ppn)-(pnn), where switch S,4 is
effectively clamped. The number of commutations per switching period is therefore
reduced from six to four. Further, if input or load power factor is close to unity,
clamping periods coincide with when the switches conduct maximum current. The
lower number of commutations per switching period and clamping of devices at
maximum currents result in a significant reduction of switching losses.

In practical implementations of the modulation scheme on a digital microcontroller
unit (MCU), duty-cycle phase references dpp, ., averaged over each switching period,
are calculated and directly employed to modulate the phase leg switches appropriately.
Analytical expressions for d,, ,.; are provided in Section B.1.

For example, Fig. 4.3 shows the duty-cycle phase reference, phase voltage, and
phase current waveforms of a VSI powering a resistive-inductive (RL) load, with

unity modulation index and unity power factor operation.

Device Average and RMS Currents

Considering an alternating duty-cycle and phase current, device average and rms
squared currents (Ig/p, qng and I3 / Dvrms), calculated over a fundamental period, are
needed to determine the semiconductor conduction losses. The average current
considers the DC-component of the current whilst rms current takes into account its

time-varying function.

1 21 )
IsyDany = 5 /0 is/p(0)d0 (4.9)

1 27 ]
Ig'/D,rms = %/0 ZS/D<0)2d0 (410)
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Figure 4.3: VSI duty-cycle phase reference (top), phase voltage (middle), and phase
current (bottom) under (a) Symmetrical SVM (b) DPWM1 modulation schemes.
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Figure 4.4: VSI device current averaged over each switching period for upper-leg
IGBT (top) and upper-leg diode (bottom) under (a) Symmetrical SVM (b) DPWM1
modulation schemes.
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Figure 4.5: VSI DC-link current under (a) Symmetrical SVM (b) DPWM1 modulation
schemes.
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S where ig/p is the device current averaged over each switching period, which can be

calculated as:
isyp(0) = dpnrer(0)  ipn(6) (4.11)

where %ph is the instantaneous phase current. An example of ig/p passing through
upper leg devices of phase A for the same VSI-RL load operation is shown in
Fig. 4.4. Closed-form analytical expressions for Is/p 4y and I3 /D,rms CaN be derived,

as presented in Section B.2 for VSI and AFE operations.

Maximum Input Current Ripple

When connecting the AFE to grid, boost inductors are needed at its input to attenuate
switching ripples in the current waveform, to ensure power quality compliance with
industry standards, such as the DO-160E electrical specifications for aerospace
applications [39]. To meet further regulatory standards regarding high frequency
conducted Electro-Magnetic Interference (EMI), an additional LC-filter is typically
appended to the boost inductors, forming a cascaded second-order filter for high-
bandwidth filtering. The LC-filter has to be designed carefully, to avoid resonances
and instability issues [107]. In this work, only boost inductors are considered at the
converter input.

Switching ripples in the currents are caused by discrete changes in the voltage
drop across the boost inductors, as a result of the converter modulation. At any

point in time, the peak-to-peak current ripple Ay, can be calculated as:
Ay, = Lo Vrd 4
o = — t 12
pp L, /0 L (4.12)

where L is the boost inductance, and V7, is the inductor voltage drop that is applied
for a continuous ‘turn-on’ period of t,,. As Vj switches between +V,./2 and —Vj,./2

for a varying t,,, Aipp, also varies significantly across the fundamental period.
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Figure 4.6: Current ripple and modulation analysis at 6, = 0° for the (a) symmetrical

SVM and (b) DPWM1 modulation scheme.

To simplify the analysis, phase A peak-to-peak current ripple at reference voltage
vector angle § = 0° is considered to be the maximum peak-to-peak current ripple
Aipp max- This simplification is justified, as for unity input power factor operation,
0 = 0° corresponds to the phase A peak fundamental current, when inductance drop
from its nominal value is expected to be most significant, especially for powder core
inductors with soft magnetic saturation characteristics, leading to current ripples
being largest at this time instant.

When 6 = 0°, the voltage drop across phase A inductor is

2
VL@(OO) = @pnn — 0y = g‘/:ic — U (413)

where Upy, is the voltage magnitude of switching state (pnn), and 9 is the peak
AC-grid voltage. For symmetrical SVM, V; , is applied for a continuous time period
of ton, = (dpnn/2)Tsw, while for DPWML, it is ¢,,, = dpunTsw, due to their modulation

sequences, as illustrated in Fig. 4.6.
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DC-link Capacitor RMS Current

It is important to evaluate the DC-link capacitor rms current, for appropriate thermal
sizing of the component. Figure 4.5 shows an example of the converter DC-link
current for a VSI-RL load operation. Using the analytical method proposed by Kolar
et al. [108], average and rms value of DC-link current over each fundamental period

14 is found as:

3v2.
Licave = szhM cos(¢) (4.14)

Ticrms = iph\/z;/gl\/[ (i + COSQ<¢)> (4.15)

where i, is the rms phase current, and ¢ is the power factor angle. The DC-link
capacitor rms current ., is then calculated as the squared difference of /¢ yms and

Idc,avga as:

V3 V3 9

[c,rms - \/Igc,rms - Igc,avg - iph\l 2M [47{_ + COSQ(QS)(? - EM) (416)

The above calculations assume a sinusoidal current at the AC-side and a constant
voltage at the DC-link, neglecting high-frequency switching harmonic components.
They are, therefore, applicable to all modulation schemes, as their fundamental
current and modulation index components are the same.

For the back-to-back converter considered in this work, ‘worst-case’ rms current
stress on the DC-link capacitor Ic(fﬁg;“) is assumed to be an average of the rms

currents from both converters:

I(VS[) +I(AFE)
](worst) _ c,rms c,rms (417)

c,rms 2

This approach is conservative, as with appropriate synchronisation, the current

ripples from the converters can be made to cancel out each other [109].
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4.2.2 Control Strategies

Besides modulation, selected motor drive control strategies have a significant impact
on converter performance. This section describes the control analysis of a back-to-
back converter in motor drive applications. The simplicity and robustness of the
back-to-back converter control, due to its two-stage implementation, makes it an

attractive topology, as compared to direct AC-AC power conversion topologies.

VSI Machine Control

The VSI controller provides the converter modulators with appropriate target output
voltage vectors, to meet the machine output torque and speed demand. For field-
oriented vector control, the sinusoidal abc current and voltage components are
transformed into constant dg-components in a rotating frame, to enable zero steady-
state error tracking of the current references with simple Proportional-Integral (PI)
compensators. Assuming that sampling, filtering, and PWM switching frequencies are
at least an order of magnitude faster than the closed-loop current control bandwidth,
only fundamental current and voltage components need to be considered in the
controller design. For non-salient SPM machine control, the system is first modelled,

in dg-form, as:

Ve , di .
Md Qd = VUsd = Rsld + Lphditd - perpth (418)
Ve _ di .
Mq7d = Usq = Rqu + Lphditq + perpth + pwr\pd (419)
3

T, — Epiqud (4.20)

dw, 1
_im-T, 4.21
7 load) (4.21)

where R, is the machine phase resistance, L, is the phase inductance, p is the
number of pole pairs, U, is the d-axis flux linkage, J is the combined shaft inertia,
Tjoaaq is the load torque, T, is the machine torque, and w, is the mechanical speed.

From the machine’s point of view, My and M, are considered as inputs, while 44, 7,
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T., and w, are outputs.

In a cascaded control scheme, the overall system is treated as a cascaded com-
bination of independent sub-plants, with the inner sub-plant closed-loop control
bandwidths being at least an order of magnitude faster than the outer sub-plant
open-loop time constant. For VSI control, machine current is controlled in the inner
loop, and its speed in the outer loop. To ensure that converter voltage limits are not
exceeded, a field-weakening strategy is required and, in this work, a ‘direct current’
field-weakening method is employed [110]. To prevent a windup effect caused by the
integrator action of the controller when its output is limited, anti-windup controllers
are also in place [111]. The overall VSI control scheme is shown in Fig. 4.7.

(ref

The g-axis current reference i ) is provided by the outer speed control loop,

while d-axis current reference iéref) is fed from the field-weakening controller and it

) is non-zero, a dynamically

is only non-zero when |M| exceeds M{U™  When i
calculated limit, based on maximum allowable current (™ is placed on i((]ref).

By implementing feed-forward terms, cross-coupling effects between the d- and
g-axis components are removed, allowing the machine inner current sub-plants, from

Eqgs. (4.18) and (4.19), to be simplified into a first-order linear plant as:

idq_(?) 1 :<2>1 (4.22)
My, Vie! (Lpn/Rs) - s+1 Vi) 7 s+1
where 7; is the current sub-plant time constant, which dictates its responsiveness.
The current controller PI parameters are manually tuned based on its open-loop
frequency response, for a desired phase margin at a specified cut-off frequency. An
example of the inner current control i,/ ig”ef ) open and closed-loop frequency response
is shown in Fig. 4.8(a).

Machine outer speed sub-plant time constant 7, is dictated by its rotor mechanical
inertia. If inner current control dynamics are at least an order of magnitude faster

than 7, they can be ignored in the outer loop control design, and the speed sub-plant
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can also be simplified into a first-order linear plant, as:

W 1 1
— = 4.23
ig  (2J/3p¥y) s T, s (4.23)

Figure 4.8(b) shows an example of the outer speed control w,/w() open and

closed-loop frequency response.

AFE DC-link Voltage and Unity Power Factor Control

At the input stage, the AFE controller regulates the power factor at grid terminals,
while maintaining a constant voltage at the converter DC-link. For controller design,
the grid is assumed to be infinitely stiff, outputing a balanced, sinusoidal, and fixed
frequency three-phase AC voltage, while the load at the DC-side of the converter
is represented by a simple resistance. In a back-to-back converter, the AFE output
impedance has to be lower than VSI input impedance, to ensure a stable operation
[112]. Similar to the VSI control, a rotating-frame approach can also be implemented

for the AFE, and the system can be written, in dg-form, as:

Ve . ds .
Md ; = VUtd = Rbld + Lbdigl - wgeLbzq + Vsd (424)
Ve . di :
Mqu = Vyg = Ryiqg + Lbd7£1 + wge Lpla + Vsq (4.25)
3 . . ‘/;lc dVdc
(M M = I = — — Cyo—— 4.2
4 ( dld + qu> d Rdc d dt ( 6)

where L, is the boost inductance, Ry is the boost inductors’ resistance, Cy. is the
DC-link capacitance, and Ry is the DC-link load resistance.

For a cascaded control, the AFE input current is controlled in the inner loop,
and its DC-link voltage in the outer loop. To synchronise the AFE controllers to the
grid, a phase-locked loop (PLL) is employed to track the rotating reference angle,
which is controlled such that the g-axis voltage component Vj, is kept at zero [113].
An extra power control stage is also included to manage the real and reactive power

exchange between the converter and grid. Based on power reference signals from the

7



CHAPTER 4. POWER CONVERTER MODELLING

wy.

yref

s

~ A

wr

. . ; ield- i VSI
Outer Speed Control with Field-weakening Motor
Inner Current Control Vie| Cac
VSI Plant _I | ]
T 1
N
Mty 1 it |16 My Ay 11
| > A > Salsp]se
Limiter| Vige
VMG Mz porLyiq/(Vae/2) —»| svM
-(ref) Jig| (ref,lim j& ;
1, PR 1, M, (lim)
x| Limiter 9+ *| + q M,
PI " »( O —p
A 7'5 A + 5
) ] 0 < A S
f g (pwrLaiq + pwrVa)/ (Vac/2) v I ‘
i(tim))2 _ [;(re2 abc
Vitmz — i§<D) i
<
«—
PR
<
dq

*with anti-windup controller

Figure 4.7: Structure of VSI control scheme, with inner

speed control with field-weakening.

Magnitude (dB)

kbbbt B B LL B L B B L
401 — Open-loop — - Closed-loop T
20 -
f.o=718 Hz
0 e = — —— —
20k .
40k .
60— sl sl v vl
10 10" 10 10> 10" 10° 108
Frequency (Hz)
O bbby o ""!'\"'.'I ML B, B LI
\.\ — Open-loop
\ — - Closed-loop
‘\‘
\
45k \ .
\\
\Q
PM =91° \,
-0 2 ;1
10° 10" 10> 10* 10t 105 10°

Frequency (Hz)

(a)

10°

100 p—rrrm—rrrrm— T
— Open-loop — - Closed-loop
o S0 E
= feo=71.8 Hz
)
]
=
5
b=
)
<
=
10 100 10> 100 10t 10°
Frequency (Hz)
O b b B I LA DL
"\ — Open-loop — - Closed-loop
-45 N -

10° 10°

10
Frequency (Hz)

(b)

10!

current control and outer

10°

Figure 4.8: Examples of VSI open and closed-loop frequency response characteristics:
(a) inner g-axis current control i,/i{™" (b) outer speed control w, /wD.

78



CHAPTER 4. POWER CONVERTER MODELLING

outer loop controller, current references i&ref) and i[(]ref) are calculated and fed into

the inner current controller. As Vj, is zero at steady-state, only the d-axis voltage

component Vi, is used to calculate the current references, as:

. (ref) _ ip(ref) 427

Zd 3‘/Sd ( * )
2

- (ref) - __~ (ref) 4.28

it 79 (4.28)

where PC) and Q) are the real and reactive power reference signals, respectively.
For unity power factor operation at the grid terminal, Q) is typically set to zero.
The overall AFE control scheme is shown in Fig. 4.9.

It is important to consider DC-link voltage variations in the AFE current controller
design, to ensure its stable operation. By linearising the AFE model about a steady-

state operating point, the following small-signal model is derived, in state-space form,

as:
- R, My > Vie
d Zd Lb wge 2Lb Zd 2Lb 0 ~
~ ~ d
_ — _ Ry My ; Va
at | b Wae 12 2L ig | T 0 21, ~
t b b b oy
o 3 (Mg _3(Mg\ __1 ~ 3 (1 _3(I I
de 4 Cdc 4 Cdc Rdccdc de 4 Cdc 4 Cdc
1
YT~
1 Vsd
+l0 L (4.29)
Lb ~
Vsq
0 0

where I, Mgy, and V. are the steady-state current, modulation index, and DC-
link voltage parameters, while ( ~ ) represent their small-signal variations. With

decoupling terms, the cross-coupling components between the d and ¢-axis can be
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removed, and Eq. (4.29) can be rewritten as:

; _ Ry My ; Ve
q td o 0 2L, td 2L, 0 i
~ ~ d
— i | = 0 _ Mq i+ 0 Ve
dt a Ly 2Ly q 2Ly Tﬁ
Vg _3 (Mg _3(Mg) _ o _3 (L) _3 (1 a
de 4 Cdc 4 Cdc Rdccdc de 4 Czic 4 Cdc
1
- 0 N
1 Vsd
10 ] . (4.30)
/Usq
0 0

Similar to the VSI, the AFE current controller PI parameters are also manually
tuned, using the open-loop frequency response, to obtain a desired phase margin at
a specified cut-off frequency. An example of the inner current control i,/ i&ref ) open
and closed-loop frequency response is shown in Fig. 4.10(a).

As mentioned previously, the DC-link voltage controller provides the power
control stage with the real power reference signal to regulate the DC-link voltage.
The control strategy is based on the principle of power balance [114] and the DC-side

power balance dictates that:

2

dE.  d [1 d
{ o (P = Pu)  (431)
de

Pez_Pc::CcV2:| 7‘/2:
e~ P = = g 3GV | = Ve

where P.,; and P, are the external load and converter DC-link power, respectively,
and E, is the instantaneous energy of the DC-link capacitor.
If V2 is regulated and a feed-forward power signal is used for P..;, the DC-link

voltage sub-plant can be simplified into a first-order linear system, as:

V2 1 1
QLN 4.32
Py (Cy/2)s  Tps (4:32)

where 7, is the DC-link voltage sub-plant time constant. Figure 4.10(b) shows an

(ref)

example of the outer DC-link voltage control V2 /[V, “"’]> open and closed-loop

frequency response. It is important to note that this simplified model does not
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account for the instantaneous power in the boost inductors and, thus, can result in
poor dynamic performance [113]. To overcome this, advanced control methods are
usually implemented but they are not considered in this work as the system is not

sized here for transient operations.

DC-link Voltage Overshoot

In a back-to-back converter, the DC-link capacitor acts as an energy damper that
absorbs and supplies power during output load transients. During a worst-case load
transient (defined as an externally-triggered step removal of the rated output load),

the d-axis current reference igef) of the AFE controller reacts almost immediately,

owing to the implemented feed-forward power signal. This fast response in igef)
saturates the AFE current controller output for some time, during which energy
stored in the boost inductors continues to flow into the converter, causing the DC-link
voltage to rise (or ‘overshoot’).

During the short period of time when the AFE current controller output is
saturated, the boost inductors and DC-link capacitor act like an uncontrolled,

second-order LC-circuit, as illustrated in Fig. 4.11, and the maximum DC-link

voltage overshoot Vi . is calculated as:

. 2Ly [ Py\? .
Viewmas = | (Vie — V/30,)2 + ( ) V304 (4.33)
3C’dc Vsd

where 044 is peak grid-side d-axis voltage and Fj is the output power delivered to
load just before the transient. It is important to note that this method does not
account for any delays, due to sampling and PWM dead-times. In practice, Vicmaaz

is expected to be slightly larger than the calculated value using equation Eq. (4.33).
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4.3 Semiconductor Losses and Heat-sink Model

In most motor drive applications, semiconductor switching devices produce the
largest portion of losses in the converter, and an adequate cooling system is needed
to dissipate these losses and avoid overheating [115]. This section first presents an
analytical model to predict semiconductor losses, followed by descriptions of a simple

heat-sink sizing model.

4.3.1 Semiconductor Losses

Despite increasing research attention towards silicon carbide Metal Oxide Semicon-
ductor Field Effect Transistors (MOSFET), silicon Insulated Gate Bipolar Transistors
(IGBT) remains the most popular device choice for low voltage (up to 1200 V) motor
drive applications, mainly because of its cost and availability (as of 2018 [116]). The
non-punch through concept with field-stop layer and trench-gate structure of Infineon
IGBT4 devices enables higher current densities, lower conduction and switching
losses, and higher breakdown voltages to be achieved, as compared to planar gate
structures. For the mentioned reasons, this work considers Infineon IGBT4-T4 chips

and EmCon4 diodes as the reference device technology.
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Figure 4.12: Infineon FS50R12KT4B15 power module device characteristics with
V4=600 V and T,=125°C: (a) on-state voltage drop (b) switching energies.

Semiconductor losses are typically divided into conduction and switching losses.
Conduction losses occur during device on-state and are a function of its on-state
resistance, while switching losses occur during device on-off switching transitions and
are due to its parastic capacitance and inductance. Manufacturers typically provide
device loss characteristics in their datasheets. For example, Fig. 4.12(a) shows the
IGBT and diode on-state conduction characteristics for the Infineon FS50R12KT4B15
power module at junction temperature 7; = 125°. To model the device on-state
characteristics, a linearisation is performed about its operating current, giving an
approximate forward voltage drop V; and on-state resistance R,, parameter. Thus,

device on-state voltage drop is modelled as:
Uf,S/D@) - Vf,S/D + Ron,S/D ) (434)

V¢ and R,, parameters then allow device conduction losses, averaged over each

fundamental period, to be calculated as:
Pcond,S/D = Vf,S/D ’ IS/D,avg + Ron,S’/D ’ ]g'/Dﬂ«ms (435)

where Ig/p vy and I3 /D.rms re obtained previously in Eq. (4.9).
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Switching loss is the energy dissipated when the device voltage and current
overlap during switching transitions. For IGBTs, both turn-on and turn-off energies
(Eons and E,ffg) are significant, but for diodes, turn-on energy is negligible and
only turn-off energy E,, p needs to be considered [117].

For the same junction temperature, the dissipated energies are a function of device
current and blocking voltage. Their current dependency is usually provided in the
manufacturers datasheet, as shown in Fig. 4.12(b) for the Infineon FS50R12KT4B15
power module, but their blocking voltage dependencies are not. Assuming a constant
junction temperature, the following equations are used to model the blocking voltage

dependency of the device switching energies:

K'u S
. . . v ’
Buns(i0) = [Bons0) + Eupss@)] - (3 (436
v KU,D
Esw,D(iav) = Esw,D<i) ’ ( ) (437)
‘/ref

where K, is the blocking voltage dependency coefficients, V,.s is the rated blocking
voltage, and E,, g, Eyrrs, and E,, g are directly interpolated from manufacturer
provided data, based on current i. Based on recommendations from the Semikron
manual [117], K, ¢ and K, p are set as 1.2 and 0.6, respectively. For improved
accuracy, however, they can be calibrated for specific devices using experimental loss
measurements.

Device switching losses averaged over each fundamental period can be determined

as:
Lw | 27 B o (ion(0), Vige) dO], for i,,(8) > 0;
P o — 4 5 U7 Py lion(0), Vao) 0] for i (6) > s
07 fOI‘ th(H) < O,
0, for i,,(6) > 0;
Psw,D = ph( ) (439)
Lo [ 5™ Eawsy (ipn(6), Vae) 0], for ipn(6) < 0;

85



CHAPTER 4. POWER CONVERTER MODELLING

where f5,, is the switching frequency, 7, is the instantaneous phase current, and
Vi is the DC-link voltage. For symmetrical SVM modulation, the devices are
continuously switched and they thus dissipate switching energies all the time. For
DPWMI1 modulation, however, the devices are clamped for 60° intervals at every
120°, during which they do not dissipate switching energies. DPWM1 modulation
switching energies are, therefore, discontinuous, as:

0, if(@—¢)<ZorX<(9—¢)<ix

Eégﬁs?;rgd)(e) = .or (0 —¢) > 15 (4.40)

)

Eoos/p(0), else;

where ¢ is the system power factor.
Finally, total losses in each fundamental period for a two-level voltage source

converter can be calculated as a sum of conduction and switching losses, for all six

IGBTs and diodes, as:

Rfot =6 - (Pcond,S + Pcond,D + Psw,S + Psw,D) (441)

The loss models are verified with time-domain simulation software and experimental

tests in Section 4.5.

4.3.2 Semiconductor Heat-sink Model

Heat generated within the power module due to semiconductor losses need to be
efficiently dissipated, to prevent the semiconductor devices from overheating. A
heat-sink can spread the heat flow at the device chip junction across an expanded
surface, to facilitate good convection and radiation heat transfer to the ambient air.
However, the heat-sink contributes to a significant portion of the total converter
weight. In general, the larger the heat-sink, the better its heat dissipation capability,

but at the cost of an overall system weight increase.
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Figure 4.13: Photos of (a) outer view and (b) internal structure of Infineon
FS50R12KT4B15 power module. (c) A simplified lumped parameter thermal network
of the power module.

This work assumes that the semiconductor switching devices are housed in a
power module with an Infineon EconoPACK?2 packaging form factor, as shown
in Fig. 4.13(a) and Fig. 4.13(b). Inside the modules, the semiconductor chips are
soldered onto a direct-bonded copper aluminium dioxide Al,O3 substrate for electrical
isolation. Heat is conducted away from the substrate via a standard copper baseplate,
and dissipated through the heat-sink. The reason for selecting this module type is
that six-pack IGBT devices for a wide power range of 15 to 100 A nominal current
at 600/1200/1700 V are available as commercial products in EconoPACK2 from
many packaging manufacturers, such as Infineon, LittleFuse, Fuji Electric etc., and
it serves as a useful volumetric benchmark for the VSI or AFE realisation.

A simplified LPTN model, as shown in Fig. 4.13(c), is employed to describe the
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power module’s thermal behavior. Thermal resistances between chip-junction and
heat-sink surface mainly depends on chip area, and they can be lumped together as
Ryh js. Meanwhile, thermal resistances between the heat-sink surface and ambient
air depends mostly on the cooling system, and they can also be lumped together
as Ripsq. The simplified model assumes that heat energy dissipates only in one
direction and that thermal coupling between devices due to heat spreading across
the surface is negligible, i.e. devices share the same junction temperature.

For a maximum steady-state junction temperature 7} 4., the maximum allowable

cooling system thermal resistance R, sqmaz 1S:
T; —Tomb
Rinsamar = |22 — Ry, (4.42)

where T, is the ambient temperature, P, is the total semiconductor losses, and
Ry js is the junction to heat-sink surface thermal resistance.

A forced-air convection setup is considered in this work, with ducted airflow from
the fan through the heat sink channels, creating a self-contained cooling system.
Compared to natural air convection systems, forced-air convection systems have
thermal resistances typically up to 5-15 times lower for a similar weight and volume
[117]. Liquid cooling systems, on the other hand, provide cooling capabilities superior
to that of air-cooling but their main disadvantage is a need for maintenance, potential
leaks, and extra weight of heat-pipes and external heat-exchangers.

The use of forced-air system with a electric fan in practical aerospace applications
is usually avoided, due to reliability issues. Onboard an aircraft, forced air cooling
may instead be provided to the heat loads by direct ram air ducting and direct air
cycle Enviromental Cooling System (ECS) cooling. Further, hybrid cooling schemes
are also commonly employed, for example: fan cooling might be provided for ground
operations of normally ram air cooled heat loads [118]. Here, a forced-air convection,
driven by electric fan, is only considered to get appropriate levels of airflow and is

therefore representative.
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Figure 4.14: Forced-air convection cooling model based on Fischer Electronics (a)
LA 6 (b) LA7 (c¢) LAS cooling systems. (d) Plot of heat-sink thermal resistance
against axial length. (e) Plot of heat-sink thermal resistance against volume for fixed
height and length-width aspect ratio.

A simple forced-air convection model is developed based on commercially available
LA 6, LA 7, and LA 8 forced-air convection cooling systems from Fischer Electronics
[119]. As shown in Fig. 4.14(a-c), these systems employ a similar optimised air-flow
channel design, but have different width and number of fans. Besides, they are
also available in different axial lengths. In Fig. 4.14(d), the cooling systems’ axial
length are plotted against their thermal resistances, based on data provided by the
manufacturer.

Based on the thermal relationships proposed by Drofenik et al. [120], the thermal

resistance of a forced-air convection cooling system is modelled as:

Rinsa = Rinpp + Rin g + Rinaf (4.43)
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where Ry, p, is the baseplate thermal resistance, [, ¢ is the ‘fins’ thermal resistance,
and Ry, oy is the thermal resistance to account for the average temperature rise of air,
flowing from channel inlet to channel outlet. These thermal resistances are related

to the heat-sink’s geometry, in terms of height wy,s, width wy,, and length [, as:

1 1
R 4.44
thibp > Abp > whslhs ( )
R ! ! (4.45)
X — X — .
th,f Af lhs
1 1
Ripap o x (4.46)

where Ay, is the baseplate surface area, Ay is the total fin area, and Vol is the
volume of air flowing across the channel ducts. For a fixed height of hps = 74 mm
and length-to-width ratio of [, : wps = 1 : 0.6, a thermal resistance against volume

model is derived for the Fischer Electronics cooling systems:

Rth,sa(VOZhs) = kl,hs (447)

I
Volps Vol
where coefficients ky s, kons, and ks s are determined to be 6.16x1075, 7.09x 1074,
and 7.09x 1074, respectively, by performing a curve-fit on the manufacturers data.
Figure 4.14(e) shows a plot of this relationship, and compares it against customised
forced-air convection cooling systems with a Cooling System Performance Index
(CSPI) of 17.7 WKdm ™3, reported by Drofenik et al. [121].

The minimum heat-sink volume can be interpolated from this figure, given a
maximum allowable heat-sink thermal resistance. Finally, to calculate its weight, the

heat-sink volume is multiplied by a mass density estimate of pj, = 0.86 g/cm? [119].

4.4 Passive Components Modelling

Besides the semiconductor heat-sink, passive components also contribute to a sig-

nificant portion of the total converter’s weight and volume. For the back-to-back

90



CHAPTER 4. POWER CONVERTER MODELLING

converter, the main passive components are the input boost inductors and DC-link
capacitor. In this section, sizing models for the boost inductor and DC-link capacitor

are presented.

4.4.1 Boost Inductor

Popular inductor shape and architectures for boost inductor applications are mainly of
two types: discrete-gap cores with laminated ferrite/iron-based alloys, or distributed-
gap cores with powdered iron-based alloys. For different applications, it may be
more important to select the correct type of technology rather than to optimise the
size and weight of the inductor component.

Discrete-gap cores are often characterised with better inductance tolerance, lower
core losses, and higher effective permeability under low bias conditions. For discrete-
gap cores, amorphous alloys typically allow the highest saturation flux density, while
nanocrystalline alloys feature very low hysteresis losses.

In comparison, distributed-gap cores have higher hysteresis losses but they offer
the advantage of having soft magnetic saturation characteristics, allowing a gradual
drop in inductance as DC-bias current is increased, allowing them to have a smaller
physical size [122, 123]. Their soft saturation characteristics are also desirable
regarding converter control [124]. They are, however, more difficult to wind and
assemble, due to their physical geometry. In this thesis, only distributed-gap toroidal
cores are modelled, as reference and to consider the different trade-offs in the sizing
process.

Figure 4.15 shows a photo of the distributed-gap toroidal core inductor and
its simplified geometrical model. The inductor design has to consider thermal,

geometrical, and magnetic constraints, described as follows:

1. Thermal constraints: A minimum inductor wire diameter d,, i, is required for
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Figure 4.15: (a) Hardware photo and (b) Simplified geometrical model of a distributed-

gap toroidal core inductor.

acceptable winding losses and temperature, and it can be calculated as:

dw,min =2

7rers * ( )

where [, is the rms inductor current, J,.,, is the rms current density of inductor
winding, and h;,s is the winding insulation thickness. In this work, J..,s is
chosen to be 5 A/mm?, considering natural-convection cooled copper windings,
while h;,s is 0.05 mm, assuming working AC voltages of no higher than 230 V
RMS [125].

2. Geometrical constraints: The physical space of inner core window limits the
number of winding turns allowed Ny ., for a toroidal core inductor. If a
single-layer winding approach is employed, Ny 4, is limited by the inner core

circumference divided by wire diameter d,,, as:

m (di,core - dw)

Nt,ma:c = d
VspcQuw

(4.49)

where d; core 1s the inner core diameter and 7,,. the wire spacing ratio (if v,
is 1, no spacing is allocated between wires). If a multi-layer winding approach

is taken instead, Ny 4, is limited by a maximum winding factor £, ¢, which is
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defined as the ratio of total conductor cross-sectional area to the core window

area. N¢mq, can be calculated as:

kwfdzg,core
d2

w,min

Nt,maac = (450)

kyy is typically set as 0.3 to 0.45 and it is a trade-off between fully utilizing
the available inner core window area and having an excessive manufacturing
cost. The advantages of using single-layer windings are lower parasitic capaci-
tances and better cooling, but they have reduced power handling capability, as

compared to multi-layer windings.

3. Magnetic constraints: As magnetic force H within the toroidal core increases,
magnetic permeability i drops due to saturation of the magnetic material. This
relationship between permeability drop 7, and H is specific to the core material,
and it can be found from the material data-sheet. For a maximum permeability
drop of ¥y, mas (fixed as 0.8 in this work), the corresponding maximum magnetic

force H,,q, can be found.

To design the inductor, manufacturer data of commercially available cores of a
selected material are first compiled and stored inside a database. Custom cores are
not considered here as they are more difficult to design and are more expensive to
manufacture. For each commercial core, a nominal inductance factor Ay, o, which is

often provided by the manufacturers, determines the required number of turns N; to

[ L, [ L,
N, = = 4.51
! AL,r AL,O% ( )

where Ay, is the inductance factor at rated current and v, is the magnetic perme-

obtain an inductance L,., as:

ability drop. If A, is not given by manufacturers, it can be simply calculated as
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follows, for a simplified case of a uniform magnetic circuit:

TAC
Apg="1 Oﬁl‘ (4.52)

where A, is the core cross-sectional area and [, is the magnetic path length. Perme-
ability drop 7, is initially set to be 1, and the resulting magnetic force within the

core is:

NI

H
le

(4.53)

where [, is the magnetic path length, and I}, is the rms inductor current. Based on
H, a new 7, can be interpolated from the material’s ,(H) relationship, and it is
substituted into Eq. (4.51) to recalculate the required number of turns. After several
iterations, the required core design’s N; and H are evaluated against constraints
Ntmaz and Hi,q,, respectively, to determine its feasibility. This process is repeated
for all the commercially available cores, and the core with smallest volume is selected
from the set of feasible designs.

For the Mega Flux 60 core material (Chang-Sung Corporation) [126] with single-
layer windings, volumes of smallest core designs are plotted against inductance
and current in Fig. 4.16(a). In this figure, the circled dots represent discrete core
designs with the highest inductance-current product per volume LI/Vol. Assuming
a thermally limited inductor design with fixed magnetic properties, the inductor
volume Vol is modelled as a linear function of L, and a squared function of I I,

according to Friedli et al. [124], as:
VOlL<fL, L) = (k‘l’va% -+ k'Q’vaL + ]{3371)[/)[/ + (]{74’va% + k5,vaL + kﬁ,v[) (454)

where coefficients k;_¢ 1, are determined to be ky,;, = 1.0X107%, ko, = 5.2X 1073,
kngL = 13.3)(1073, k4,UL = -2.3X 1078, kS,UL = 6.4)(1077, and kG,UL = -5.8X 1077,

by performing a least-square approximation fit on the discrete core designs with
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Figure 4.16: For single-layer toroidal inductors based on Mega Flux 60 core material,
(a) volume against inductance and current for discrete core designs. The circled
dots represent core designs with highest inductance-current per volume. For contin-
uous model based on circled dots, volume against (b) inductance and current, (c)
inductance and (d) current.

the highest LI/Vol. This allows a continuous model for the inductor volume to
be derived based on the ‘best’ discrete core designs, as plotted in Fig. 4.16(b). As
shown in Fig. 4.16(c) and (d), a good fit for volume against inductance and current
is obtained.

Finally, inductor core weight is estimated by multiplying core volume with its

material density peore, usually provided by manufacturers.
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4.4.2 DC-link Capacitor

For DC-link capacitor applications, the two most popular capacitor types are alu-
minium electrolytic capacitor and polypropylene film capacitor. The correct type
of capacitor technology are often argued a priori. Although electrolytic capacitors
feature a high energy density, they suffer from relatively high dielectric losses, making
them a good choice for transient energy storage purposes. However, the voltage
ratings of available electrolytic capacitors are currently limited to ~ 450 V [127].
Film capacitors, on the other hand, are able to withstand higher voltages and have
much lower dielectric losses, and hence better temperature characteristics and current
ripples tolerance [128]. In this thesis, only physics-based models of film capacitors
are provided, to estimate the minimum required weight in an efficient and quick
manner and to describe the basic trade-offs in their sizing.

The physical size of a film capacitor is primarily a function of its energy storage
requirement (capacitance and voltage), and an energy related scaling method can
be employed to estimate its volume [129]. A simplified model for the parallel
plate film capacitor is shown in Fig. 4.17(a), consisting of dielectric volume Vol,,
electrodes/plate surface volume Vol,, isolation volume Vol;s, and interfaces volume
Vol;. Considering their individual dependencies on capacitance C' and voltage V', the

minimum capacitor volume, based on energy storage requirements, is modelled as:

Voleenergy(C, V) = Volg(C, V) + Vol .(C,V) + Voliso(C, V) + Vol;,(C, V)
= kl,vCCVQ + k2,vCCV + kS,vCV + k4,vC (455)

where coefficients k;_4,c are found by performing a least mean square curve
fit on commercially available capacitor data, as shown in Fig. 4.17(b). For the
MKPB32778G film capacitors, these coefficients are found to be ky ,c = 4.54x1077,
kawe = 1.5X1072, k3 o = -2.51x 1078, and kg o = 3.03Xx107°.

Besides the energy storage requirement, the capacitor design is also thermally

constrained and, therefore, its current-carrying capability needs also to be considered.
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Figure 4.17: (a) Simplified model for parallel plate film capacitor. (b) Volume against
capacitance and voltage, (¢) Volume against equivalent series resistance and voltage,
and (d) Volume against rms current limit modelled based on MKPB32778G film
capacitors (TDK).

Resistive losses are generated in the capacitor due to its inherent parasitic equivalent
series resistance R.g.. Keeping with the parallel plate capacitor model, its equivalent
series resistance consists of the dielectric resistance Ry, electrodes/plate resistance
R., and interfaces resistance R;. Taking into account the individual dependencies of
these resistances on capacitance C' and voltage V', the total capacitor resistance R,

is modelled as:

Resr(C> V) = Rd(07 V) + RE(Cv V) + RZ(C7 V)
1 1

=ki,c=+koo=—+k 4.
l,rCC + 2,rC oV + 3,rC ( 56)
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where coefficients ki_3,c are found by curve-fitting commercially available ca-
pacitor data, as shown in Fig. 4.17(c). For the MKPB32778G film capacitors,
these coefficients are determined as: ki ,c = 1.55X1077, ky,c = 1.08x107*, and
k3rc = 2.65X107%,

Power losses P. in the capacitor is calculated as:

p=1 Res (4.57)

c,rms,worst

where 1. ;s worst 15 the worst-case DC-link capacitor rms current calculated previously
in Eq. (4.17). To ensure that sufficient heat dissipation is available, maximum
power loss per surface area Pperareq is fixed as 215 W/m?, and it is used as a
limiting parameter for the capacitor design. Considering a box-shaped capacitor, its
surface area A, is proportional to Volg/ 3 and capacitor rms current limit Iermsiim 18

calculated as:

12 RGS’I’

‘ P, rArea lc 2/3
PperArea - % — Ic,rms,lim(C; V) = kiC . \l perA [VO (07 V)]

Resr <O7 V)

(4.58)

where the coefficient k;c is calculated from commercially available capacitor data,
as shown in Fig. 4.17(d). For the MKPB32778G film capacitors, this coefficient
k1,0 = 2.48. Rearranging Eq. (4.58), the thermally constrained minimum capacitor

volume is found to be:

(4.59)

12, Re(C,V) ) 32
VOlc erma Ca V7 Ic rms) — o
o l( ' ) ( k?cpperArea

To size the DC-link capacitor, the minimum capacitor volume due to energy
storage requirements, Vol¢ energy, and minimum capacitor volume due to thermal
constraints, Vol thermar, are first calculated using Eq. (4.55) and Eq. (4.59), respec-

tively. The final required capacitor volume is then taken as the larger of these two
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constrained volumes, as:

VOlc - maX([VOZc,energy7 VOlc,thermalD (460)

Finally, capacitor weight is estimated by multiplying capacitor volume with

average capacitor mass density p.q,, typically available in manufacturers data sheet.

4.5 Model Verifications

In this section, verifications of the converter modulation and control analysis using
time-domain simulations are first described, followed by a discussion of the experi-
mental prototype system used to validate the semiconductor loss models. Due to
budget and time constraints, similar to the machine verifications, a standard power
converter is employed for verifying the models, as opposed to an aerospace power
converter. The main limitation with this test-rig is also its lower power density, lack
of in-built reliability and fault-tolerance characteristics. However, considering the
main objective of the verification, which is to check the assumptions in the models
before using them in an optimisation-based design, these limitations are considered
acceptable.

Besides, as the physical sizing models for heat-sink, inductors, and DC-link
capacitor are derived from data of commercially available products, no further

verifications are deemed necessary.

4.5.1 Time-domain Simulation Study

Time-domain simulations of the back-to-back converter driving a PM machine are
carried out using PLECS standalone simulation tool. The purpose of the simulation
study is to quickly verify the implemented control and modulation strategies, con-
verter current ripple and transient performances, and also validate the analytical

calculations for semiconductor losses dissipated during the converter operation. To
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Table 4.1: System parameters for time-domain simulation study.

Parameter Value Unit
DC-Link Voltage 200 \Y
DC-Link Capacitance 0.5 mF
Input grid peak phase voltage 100 \%
Input grid electrical frequency 50 Hz
Input grid resistance 0.01 Q
Boost inductance 0.5 mH
Load torque 8.5 Nm
Output mechanical speed 1500 rpm
PM machine no. of pole pairs 5 -
PM machine dq inductance 2.2 mH
PM machine stator resistance 0.27 Q
PM machine peak flux linkage 0.088 Q
Combined shaft inertia 7.3x1077 kgm?
Converter switching frequency 10 kHz
Converter modulation method Symmetrical SVM -

calculate average and total converter losses, thermal descriptions for the Infineon
FS20R12KT4B15 power module are specified within the simulation tool, by means of
look-up tables. Other parameters for this simulation study are provided in Table 4.1

Figure 4.18(a) shows the start-up response of the motor drive. Initially, at
t = 0.0 s, all controllers are disabled, the modulating pulses to both VSI and AFE
are blocked. The input grid voltage is ramped up from zero to 100 V, while the AFE
operates in diode rectification mode, charging the DC-link capacitor to about 173 V.
The AFE is enabled at t = 0.1 s, and it boosts the DC-link voltage to a reference
value of 200 V. Subsequently, the VSI is enabled at ¢ = 0.2 s, and it also controls
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machine speed to a reference value of 1500 rpm. During this process, the current
limit is briefly enforced, and the acceleration torque is limited, as shown in the figure.
At t = 0.3 s, a load torque of 8.5 Nm is added to the PM machine in a step, and the
converter controllers respond to maintain machine speed and DC-link voltage. Due
to the limited control bandwidths, a slight dip in rotor speed and DC-link voltage is
observed. Finally, the load is removed in a step at ¢ = 0.4 s, simulating a trip of the
VSI converter (worst-case transient).

At rated torque and speed, phase A and DC-link currents for the VSI and AFE
are shown in Fig. 4.18(b) and Fig. 4.18(c), respectively, while current flowing into
the DC-link capacitor is given in Fig. 4.18(d). In calculating average and rms
currents for the switching devices and DC-link capacitor, the analytical model does
not consider high-frequency switching harmonics. Therefore, a comparison between
calculations from the analytical model and simulated results for the converters is
made in Table 4.2. A good match is obtained, verifying the accuracy of the analytical
calculations.

The analytical prediction of semiconductor losses is also compared to the simula-
tion results in Table 4.2 and some discrepancies are observed. These discrepancies
are expected because, in the simulation study, losses are calculated based on the
instantaneous currents and on-state voltages, which are directly interpolated from
the datasheet loss characteristics, while for the analytical model, average current
over each switching period is employed, along with a linearised model to represent
the device on-state voltage and current relationship.

At t = 0.45 s, when load is removed in a step, the simulated voltage overshoot
and saturation of AFE modulation index are shown in Fig. 4.18(e). The converter
analytical model computes a maximum overshoot of 202.30 V, while the recorded
value in the simulation is 203.61 V. The small differences are due to PWM delays in
the switching model, which are not considered in the analytical model.

Finally, the phase modulating signals and input phase A current waveform are

analysed over one switching period in Fig. 4.18(f). The peak-to-peak current ripple
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Figure 4.18: Simulated motor drive operation: (a) DC-link voltage, machine speed,
and torque response. (b) VSI phase A and DC-link currents, (¢) AFE phase A and
DC-link currents, and (d) DC-link capacitor current, at rated torque and speed
output. (e) DC-link voltage and AFE modulation index response to VSI trip at
t = 0.45 s. (f) Modulating signals and maximum input current ripple at ¢ = 0.36 s.
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Table 4.2: Comparison of analytical against time-domain simulation results at rated
operating point (¢t = 0.4 s).

Converter Parameters VSI AFE Unit
Ana. Sim. Ana. Sim.

IGBT average current 3.22 3.22 0.32 0.34 A
IGBT rms squared current 26.59 26.59 0.22 0.23 A
Diode average current 0.88 0.88 2.66 2.67 A
Diode rms squared current 1.78 1.77 18.00 18.01 A
DC-link average current 7.01 7.01 7.01 7.01 A
DC-link rms current 8.98 8.98 7.76 7.78 A
Conduction loss (per IGBT) 3.19 3.44 0.21 0.30 W
Switching loss (per diode) 0.67 0.83 2.33 2.41 W
Conduction loss (per IGBT) 2.57 2.56 2.02 2.05 W
Switching loss (per diode) 2.14 2.06 1.66 1.42 W

Other Parameters Analytical Simulation Unit
Max:ﬁgjﬂinﬁg;gk'pk 2.50 2.44 A
DC—linkC::ljfeaIftitor rms 448 445 A
Maximum DC-link voltage 902.30 903.61 v

overshoot at t =0.45 s
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at 0° reference voltage vector angle, i.e. when ¢t = 0.36 s, is determined as 2.50 A in
the analytical model, matching well with simulation model calculations, which give

244 A.

4.5.2 Experimental Analysis

To experimentally verify the semiconductor loss and heat-sink thermal models, a
prototype converter is constructed in the lab, based on a reference converter design
from Texas Instrument [130].

The converter design employs current shunts to measure the phase currents, and
has in-built hardware over-current and over-voltage protection. Instead of isolated
gate-driver supplies, the gate drivers are powered by bootstrap power supplies, for
lower cost and reduced board space. This gate driver configuration, however, poses a
limitation on the converter modulation: the bootstrap capacitors do not have enough
electrical charge to sustain the turn-on of upper leg switches during ‘clamp-on’ periods
of the discontinuous DPWM1 modulation. This is not a problem for continuous
Symmetrical SVM modulations, as there are no extended ‘clamp-on’ periods for the
upper leg switches. For digital control, a C2000 Delfino F28379D micro-controller in
a Texas Instrument LaunchPad is used.

The converter semiconductor switches are realised with an Infineon FS50R12KT4B15
power module directly mounted onto a Fischer Electronics LA6 high-performance
forced-convection cooling system. These switching devices, rated at 50 A, are con-
siderably oversized for the power levels considered in this work, but as the main
objective of this experimental analysis is to validate losses and thermal models, this
is not a significant concern. Photos of the converter hardware are shown in Fig. 4.19.

As the main objective of the experiment here is to characterise the converter
semiconductor loss, a machine-load is not required at this stage and a simple
Resistive-Inductive (RL)-load with representative inductance and resistance values

are employed to represent the machine. The prototype converter is operated as a
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Power module baseplate
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Figure 4.19: Photos of prototype two-level voltage source converter: (a) top view (b)
bottom view (without heat-sink) (c) angled view.
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Vab (V)

Figure 4.20: Measured line-to-line voltage v,, and phase current i, of VSI (with
Vie =250 V, f. =100 Hz, and ¢, = 15 A).

VSI to power a RL-load (L,, =3mH, R, = 5.3Q2), and it is supplied by an EA-PS
9360-40 DC-power supply at its DC terminals.

For a DC-link voltage V. of 250 V, fundamental electrical frequency f. of 100 Hz,
g-axis current reference %Zef of 15 A, and using symmetrical SVM modulation, Fig. 4.20
shows the converter output line-to-line voltage v,, and phase A current, analysed
using a Yokogawa DLM2024 mixed signal oscilloscope with 200 MHz bandwidth.

Converter losses are measured at various DC-link voltages, switching frequencies,
and currents using a Kinetiq PPA 2530 precision power analyser, with a bandwidth
of 2 MHz and watts accuracy of 0.08%. These Vj., fqw, and gph parameters are
modified in real-time, and the loss measurements are taken when junction temperature
T; = 60 £ 5°C, monitored using the power module internal NTC thermistor.

The loss measurements are shown in Fig. 4.21. Initially, loss estimations from
the analytical model were found to be lower than the measured values. There are
several reasons to this: firstly, parasitic DC-link and emitter inductances in the
commutation circuit greatly affect switching losses, and, consequently, real switching
energy dissipated in the implemented converter circuitry can differ from the data-

sheet specifications [117]. Secondly, the impact of junction temperature on switching
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Figure 4.21: Comparison of losses predicted by the analytical model against mea-
surements (before and after correction) for different (a) DC-link voltages Vg, (b)
switching frequencies fy,, and (c¢) current references ggef (at junction temperature
T; = 60+ 5°). (d) Temperature measurement locations of the converter system.

losses is not accounted for in the model. Lastly, the contact and cable resistances in
the test setup can add to the ohmic losses measured.

To consider the extra switching and conduction losses, device switching energies
calculated in Eqgs. (4.36) and (4.37) are corrected with a correction factor of 1.5, and
additional ohmic losses, due to an approximated contact resistance of 0.05 €2, are
included in the analytical loss calculations. The corrected loss model, as shown in
Fig. 4.21, is more accurate in predicting the converter losses.

To verify the thermal model, the prototype converter cooling system’s thermal
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resistance is calculated from loss and temperature measurements as:
Rth,hs - (T; - Ths)Ploss - Rth,js (461)

where Ry, s is the junction-to-baseplate thermal resistance provided by the device
manufacturer, 7} is the junction temperature measured using the internal thermistor,
and T}, is the heat-sink surface temperature measured using a type-K thermocouple
at a location shown in Fig. 4.21(d). A thermal resistance of 0.25 K/W is calculated
from the analytical model, while experimentally, it is 0.28 K/W. This is a good

match, considering the simplifications and assumptions made in the thermal model.

4.6 Chapter Summary

A comprehensive model for the evaluation of a back-to-back converter was presented in
this chapter. The chapter began with an in-depth analysis of the converter modulation
and control. Next, semiconductor loss models and a simplified cooling system sizing
model were proposed. The cooling system model is based on commercially available
products and it highlights the inverse relationship between cooling system thermal
resistance and volume. To size the boost inductor and DC-link capacitor, different
physics-based approximation methods were also introduced, considering toroidal core
inductors and film capacitors. Finally, the converter modulation and control analysis,
and semiconductor loss models were verified using a time-domain simulation study
and experimental tests.

The combination of different analytical techniques in the model allows for a quick
evaluation and sizing of the converter, taking only an average of approximately
1 X 10~* seconds to run on a normal PC. Similar to the Chapter 3 machine model,
the converter analytical model also has a simple framework and is very versatile. It
can be, therefore, easily combined with the machine models for a holistic evaluation

of the motor drive system, as will be discussed next in Chapter 5.
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Chapter 5

System-level Motor Drive

Modelling

The motor drive is a complex system composed of the machine and converter
components, which are independently considered in the previous chapters. Due
to the close and synergetic interactions between their operations, the motor drive
components need to be modelled together to evaluate the motor drive performance
holistically. This is particularly important for aerospace applications, where every
bit of weight and efficiency has to be optimised.

When considering the motor drive performance at a system-level, detailed machine-
converter effects, such as machine harmonic losses due to converter pulse width
modulation (PWM) voltage waveforms, are important to model as they can be of the
same order of magnitude as converter losses for low voltage applications under light
loads. Compared to air-gap spatial harmonic losses due to fractional-slot concentrated
winding machine slot-pole configurations, these machine PWM harmonic losses can
be reduced by optimising the converter modulation parameters [42]. Besides, the
converter voltage limitations need also to be considered, as it affects the operating
range and field-weakening requirements of the machine.

This chapter begins by describing the implementation of a system-level model for
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( System Model )

Machine Model
System
[ Geometrical and winding model ] evaluation

[ Electromagnetic model ]
[ Thermal model ]
System input R ) L, System weight
parameters, Dy g lLoad information & performance
Converter Model
[ Modulation and control model ]
Semiconductor Boost DC-link
losses and inductor capacitor
heat-sink model model model
N\ J

Figure 5.1: Organisation of system-level motor drive model.

the motor drive in Section 5.1. To account for machine harmonic losses due to the
converter PWM, a harmonic loss model is proposed and validated experimentally
in Section 5.2. Finally, the system-level model is employed to consider effects of
converter modulation and machine operating point on system loss, and experimental
tests are carried out on a back-to-back motor drive system to verify its findings in

Section 5.2.

5.1 Motor Drive System-level Model

The individual machine and converter models are integrated into one system-level
motor drive model, as shown in Fig. 5.1. This approach is rather simple and
straightforward, where machine electrical properties are directly fed into the converter
model as load parameters. The proposed system-level model accepts input parameters
Dyys, consisting of elements from D,4en, and Deop, (from Egs. (3.1) and (4.1)), and
it combines the machine and converters’ performance and weight at the output.

More details of the motor drive system-level model, with links to its software
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Figure 5.2: More details on system-level motor drive model, linking with relevant
software validation tools.

validation tools, are shown in Fig. 5.2. As the analytical models are coded entirely
in Matlab, the interfacing between the converter model and SPM machine model is
done without significant effort.

The main feature of this system-level model is simplicity, ensuring that the speed
and accuracy of the machine and converter component-level models are retained.
The system-level model only takes, on average, approximately 3 to 4 x 1072 seconds
to run on a normal PC and its accuracy is validated using an experimental testbench
in Section 5.3.

Prior to any further evaluations of the system-level model, it is important to also
consider harmonic losses that occur in the machine, as a result of its system-level
interactions with the converter. This effect is studied with more details in the

following section.
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5.2 Machine Harmonic Losses

When power converters are used to control the machine, pulsed voltages with high
harmonic content are supplied to the machine. This results in distorted stator currents,
which induce high frequency harmonic losses in the machine. This was shown by
Boglietti et al. in [131], where iron losses in magnetic materials are compared for
purely sinusoidal voltage and for PWM inverter output voltage excitation. The
authors showed that losses measured for the latter setup are considerably higher,
due to the high frequency harmonic losses.

To date, researchers have published different methods to model these PWM har-
monic losses, and the majority of them is based on combining theoretical relationships
with experimental coefficients calibrated for a specific machine.

Bradley et al. [132] presented a harmonic injection method to determine PWM
harmonic losses for induction machines. In their paper, the authors assumed that
eddy-current losses are dominant over conduction and hysteresis losses at high har-
monic frequencies, and their method employs a ‘loss-factor’ curve, which is determined
experimentally through a series of harmonic voltage injections. Harmonic losses at
each frequency are first calculated by multiplying the square of harmonic voltage
amplitudes with a loss-factor corresponding to its harmonic frequency, as obtained
from the loss-factor curve. Assuming that harmonic loss can be superpositioned
for a given stator voltage spectrum, the total harmonic losses P} ;. is calculated by

summing the individual harmonic losses, as:

Ph,tot = i Klf(fh) ’ Vh2 (5-1)

h>1

where Kf(.) is the loss-factor at a specific harmonic frequency f;, and V}, is the
harmonic voltage amplitude. The impact of different modulation techniques or con-
verter topologies on machine harmonic losses can, thus, be quantified and compared

using this method. Examples of its application can be found in [133] and [42] to
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evaluate machine harmonic losses for matrix converters and three-level converters,
respectively.

Boglietti et. al [134] proposed a different approach where the total machine iron
losses P, 40t (including both fundamental and harmonic loss components), with PWM

excitation, is modelled as:

B 2
V. V,
-Pir ot — (wg> ’ Ph s,sin T (TmS) ’ Pedd sin 5.2

ot <V:wg,fund v ‘/;“ms,fund . ( )

where 3 is a Steinmetz coefficient of the material, Ppyssin and Pegaysin are the
hysteresis and eddy-current losses with a sinusoidal supply, respectively, V,,, and
Vims are the average and rms of stator voltage, respectively, and Vgug, fund, and
Vims,fund are the average and rms of fundamental stator voltage, respectively. The
losses Phys sin and Peqqy, sin are calculated with the same parameters from the modified
Steinmetz equation in Eq. (3.6). It is later proven by Schweizer et al. in [42] that
this approach gives the same result for PWM harmonic losses as the previous method
in Eq. (5.1), if assumptions such as high switching frequency, dominant eddy-current
losses, and negligible harmonic hysteresis and harmonic ohmic losses are valid.
The comprehensive set of work described thus far has considered only induction
machines harmonic losses. In this thesis, a new model is proposed to approximate PM
machine harmonic losses as a function of switching frequency and applied harmonic
voltages. The theory and derivation of this model are first provided, followed by its

experimental verifications.

5.2.1 Proposed Model

With a distorted stator winding current, eddy-current I,.; induced in conductive
parts of the machine is:
dqjh 1 Ih,rmsf h

Iach = - : — Iach xX —
’ dt Rac,h ’ Rac,h
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where U, is the harmonic flux component created by stator winding harmonic
currents Iy, .,s at frequency fj, and R, is the AC resistance of these conductive

parts at harmonic frequency fj,. Thus, eddy-current losses P, due to I,.p, are:

]2 2
Paqh = Rathsch X M (54)
’ Rac,h
For a round conductor, R, is proportional to v/f;, due to skin effect, as:
1 1
Rac o e 55
,hocshocdhoc fn (5.5)

where S}, is the cross-sectional area of conduction, and dj, is the skin depth of the
round conductor. For the complex geometry of machine conductive components, in
which eddy-currents are induced, it is proposed to consider R,.; to be proportional
to fi instead, where z is determined experimentally.

For different modulation methods, closed-form solutions for Ij, s of a two-level
voltage source converter are derived by integrating the average squared value of
instantaneous current ripples over a fundamental cycle. According to Holmes et al.

[106], I}, ,ms can be calculated as:

Vi ) 1
B = (1) 4500 (5.6)

where function f(M) is the harmonic distortion factor specific to different modulation
methods, M is the modulation index, Lj is the machine inductance at f,, and V. is

the DC-link voltage. For symmetrical SVM modulation, f(M) is:

3 44/3 93 9v3
F(M) = 2 M2 A3 s 93 9V3Y (5.7)
2 ™ 8\2 8
while for a DPWM1 modulation, it is:
45 43 27 273
f(M)=6M?— —+—f M3+ —Jr—£ M* (5.8)
2 m 8§ 327
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Substituting Eqgs. (5.5) and (5.6) into Eq. (5.4) gives Eq. (5.9).

V2 1 12
Pac,h 8 (L%Ldfh> ZSf<M) <f:%> (59)

Simplifying Eq. (5.9) and considering only switching frequency harmonic compo-

nents, the following harmonic loss model is proposed:
Poc = KV f (M) fhe + K, (5.10)

where coefficients K,, K;,, and K. are determined experimentally for a specific

machine.

5.2.2 Experimental Analysis

To verify the proposed model, harmonic losses are measured for the prototype SPM
machine from Chapter 3, in a no-load test setup, i.e. rotor shaft is allowed to rotate
freely, with a power converter controlling its speed. A Kinetiq PPA2530 precision
power analyser, with a bandwidth of 2 MHz and watts accuracy of 0.08%, is placed
at the machine input terminals and it is programmed to calculate harmonic losses
Py o, by automatically subtracting fundamental input power Pf,,q from the total
measured input power Py, 1+ [42]. The measurement window is set to 800 ms, and
linear averaging over every ten measurement values is performed. The harmonic
losses are measured for a range of converter switching frequency and DC-link voltage
parameters, varied in real-time without stopping the machine’s rotation, to ensure
similar thermal conditions.

For a fixed speed of 1500 rpm and using symmetrical SVM modulation, the
measured losses are plotted against switching frequency and DC-link voltage in
Fig. 5.3. From the loss measurement points, a curve-fitting surface is then constructed
based on the proposed model in Eq. (5.10) using a least-squares approximation

technique. The resulting curve-fitting coefficients are K, = 0.01943, K, = -0.3168,
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and K. = -2.676 with an R-Square of 0.9973. The good fit verifies that the proposed
model can accurately account for the effect of converter modulation parameters on
machine harmonic losses.

This harmonic loss model is added to the machine model for the remaining motor

drive system-level performance evaluations in this thesis.

116



CHAPTER 5. SYSTEM-LEVEL MOTOR DRIVE MODELLING

P = KuV2F(M) f5r + K.

where: K,= 0.01943,
Ky,=-0.3168,
K.=-2.676
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Figure 5.3: Plot of harmonic loss measurements for prototype PM machine: (a)
against switching frequency and DC-link voltage, (b) against switching frequency,
and (c) against DC-link voltage.
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5.3 Analysis of System-level Model

The system-level model can be used to evaluate the comprehensive motor drive
performance, including various machine-converter interactions. In this section, two

specific aspects of these machine-converter interactions are studied using the model:
« Effects of converter modulation on system loss.

o FEffects of load profile operating points on system loss, with different converter

DC-link voltages and field-weakening enabled at higher machine speeds.

Additionally, experimental tests are also performed to verify and support the
findings. The testbench setup is first discussed, followed by detailed analysis of the

mentioned machine-converter interactions.

5.3.1 Experimental Setup

For the experimental tests, a pair of identical motor drive systems are connected at
their electrical and mechanical interfaces (back-to-back), to form a closed-loop power
transfer. The setup employs two 12-slot 10-pole SPM machines (from Chapter 3) and
prototype converters (from Chapter 4). A photo of the experimental setup, along
with its schematic diagram, is provided in Fig. 5.4.

At the DC-link connection, a DC supply supplies constant voltage power to Conv,
which controls Mach;. In turn, Mach; mechanically drives Machsy, which is controlled
by Convs, to regenerate power back to the DC-link. An advantage of this setup is
that the DC supply effectively only supplies losses that occur in the power transfer
loop, due to the converter, machine and mechanical drivetrain.

For loss measurements, Convi{-Mach; pair is considered as the drive under test
and it is operated under speed control to regulate shaft speed; while Convy-Machs
pair is considered as the loading drive and it is operated in current control to set the

loading torque. Another advantage of this back-to-back motor drive test setup is
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that the motor drive operating points can be easily varied, in real-time, by providing

the converters with different current and speed references.

5.3.2 Impact of Converter Modulation

Assuming that the fundamental load current has negligible impact on machine
harmonic losses, the system-level model considers the effects of converter modulation,
under loaded conditions, using the harmonic loss analytical model described in the
previous section.

With torque and speed of 8.5 Nm and 1500 rpm, losses predicted by the system-
level model are plotted against DC-link voltage V. and switching frequency fg, in
Fig. 5.5(a). This figure shows that the least amount of system losses is produced
when DC-link voltage is lowest, as expected because converter switching losses
and machine harmonic losses are positively correlated to the DC-link voltage. A
less obvious observation, however, is that the least amount of system losses is also
produced when switching frequency is lowest despite the negative correlation between
machine harmonic loss and switching frequency. This indicates that when switching
frequency is increased, the increase in converter switching losses outweighs the
decrease in harmonic machine losses, which is especially true for high-load conditions,
as switching losses become more significant.

For experimental validation, nine combinations of V. (180, 230, 270 V) and fq,
(4, 8, 12.5 kHz) are selected, as indicated in Fig. 5.5(a). A similar loss measurement
method to Section 5.2.2 is employed. The loss measurements are compared against
the losses calculated by the system-level analytical model in Fig. 5.5(b), and they are
tabulated in Table 5.1. An accurate match is obtained validating the assumption that

no-load harmonic loss model coefficients are also applicable for rated-load conditions.
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Figure 5.4: (a) Photo and (b) basic schematic diagram of back-to-back motor drive
experimental setup.
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Figure 5.5: (a) Plot of total losses against DC-link voltage and switching frequency
calculated by the system-level model. The circled dots represent the selected ex-
perimental validation points. (b) Comparison of system-level model losses against
measured losses at the validation points.

Table 5.1: Comparison of losses calculated by system model and measured losses for
different converter modulation parameters.

VP Conv. loss Mach. loss? Mach. loss? Total loss

Ana. Exp. Ana. Exp. Ana. Exp. Ana. Exp.

W) W W) W) (W) (W) (W) (W)
1 9734 97.73 9452 86.74  10.34 8.32  202.20 192.79
2 76.60 7871  94.52  90.05 12.32 10.20 183.44 178.97
3 58.17  62.03 9452  88.67 16.00 13.73 168.69 164.43
4 89.44 90.94 9452  83.83 8.11 6.58 192.07 181.35
) 71.71 7442 9452  89.16 9.75 8.04 175.99 171.61
6 55.95 60.49 9452  87.63 12.80  10.95 163.28 159.07
7 80.13 82.09 94.52  80.41 5.13 4.59 179.77  167.09
8 66.12  68.68  94.52  86.86 6.31 5.14  166.95 160.68
9 53.67 5744 9452  86.79 8.52 712 156.71 151.35

! Fundamental losses 2 Harmonic losses
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5.3.3 Impact of Load Profile Operating Points

The motor drive system is often expected to accommodate a wide range of operating
points, defined in terms of torque and speed, as is specified in their load profiles.
Considering a traction motor drive torque-speed curve, as illustrated in Fig. 5.6(a),
constant torque is demanded up to a certain speed, at which point onwards, torque
can be reduced as speed increases, to provide constant power. In the constant power
region, field-weakening is typically required above a certain speed, determined by
the converter voltage limit.

For the traction motor drive torque-speed curve, the choice of DC-link voltage
is an interesting trade-off between system efficiencies in the constant torque and

constant power region:

o In the constant torque region, it is desirable to operate with a low DC-link

voltage to reduce converter switching losses.

e In the constant power region, however, a low DC-link voltage forces the motor
drive to enter into field-weakening mode at lower speeds. Field-weakening
requires an extra d-axis current component, and thus, increases machine and
converter losses. For high efficiency in the constant power region, in contrast to
the constant torque region, it can be desirable instead to have a high DC-link

voltage, in order to avoid any field-weakening operation if possible.

System losses are evaluated for three operating points on the torque-speed curve
in Fig. 5.6(a) and two DC-link voltages (200 and 300 V) to illustrate this trade-off.
These operating points are analysed using the system-level model, and the findings
are verified on the experimental setup. The losses are plotted in Fig. 5.6(b) and
tabulated in Table 5.2.

For the 200 V system, total losses at operating points 1 and 2 are observed to be
lower compared to that of the 300 V system. This is expected as significantly higher

switching losses occur in the 300 V system due to higher device blocking voltages.
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Figure 5.6: (a) Torque-speed curve for a traction motor drive application. (b)
Comparison of system model losses against measured losses for each validation point,
with different DC-link voltages.

Table 5.2: Comparison of losses calculated by system model and measured losses for
different operating points and DC-link voltages.

R R Conv. loss Mach. loss Total loss
OP Vi (V) 1a (A) 1, (A)

Ana. Exp. Ana. Exp. Ana. Exp.

W W W W W (W
1 200 0 14 73.96 7429 8825 96.24 162.21 170.53
2 200 0 14 75.14 7497 10149 100.64 176.63 175.61
3 200 -7.5 102 66.73 6491 94.32 96.58 161.05 161.50
1 300 0 14 90.06 89.98 90.91 97.60 180.97 187.57
2 300 0 14 90.64 89.23 10741 103.35 198.05 192.59
3 300 0 10.6  67.21 67.02 9252 84.72 159.73 151.74
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The opposite is true, however, for operating point 3. At this operating point, total
losses for the 200 V system are higher compared to losses of the 300 V system, due
to the field-weakening operation necessary only for the 200 V system.

These observations highlight the importance of selecting appropriate converter
DC-link voltages, considering how they affect the average losses across the system’s
load-profile, instead of designing only for one operating point. For example, if the
motor drive is operated for more extended periods in the constant power region, a
higher DC-link voltage can reduce the total average losses.

The analysis in this section has assumed a fixed machine design, considering
only the trade-off for converter DC-link voltage on the drive’s losses depending
on the operating point. Further improvements can be obtained if the machine’s
field-weakening capability, in terms of flux linkage and inductance, is also optimised

in the design, alongside the converter DC-link voltage parameter.

5.4 Chapter Summary

This chapter has presented a system-level model, integrating individual models from
previous chapters, to allow for a holistic and comprehensive evaluation of the motor
drive system. As the system-level model retains the speed and accuracy of the
individual models, it is suitable for use in an optimisation-based design.

Besides, a harmonic loss model has been proposed in this chapter to characterise
machine high frequency harmonic losses that are due to converter PWM. To employ
this model, harmonic loss coefficients are determined experimentally for a specific
machine. By incorporating the machine harmonic loss model within the system-level
model, the system-level impact of converter modulation parameters can be predicted.

Lastly, machine-converter interactions were analysed using the system-level model,
and the findings are supported with experimental results. These results are obtained
from experimental tests carried out on a testbench with an identical pair of motor

drives connected back-to-back. Converter modulation parameters and machine
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operating points were observed to have a significant impact on the motor drive
loss distribution, which point to the need for system-level considerations during a
motor drive design. The proposed system-level model forms the core of motor drive

optimisation work carried out in Chapter 6.
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Chapter 6

Evolutionary Multiobjective

Optimisation

Engineering design process can generally be broken down into two independent parts:
modelling and optimisation. Previous chapters have looked at developing fast and
accurate component and system-level analytical models for the motor drive. This
chapter addresses the practical application of multiobjective optimisation algorithms,
with these models, for a motor drive design. In particular, the use of Evolutionary
Multiobjective Optimisation (EMO) algorithms, namely the NSGA-II, SMPSO, and
GDES3 algorithm, is investigated, considering the many design variables, constraints,
and objectives involved for a motor drive optimisation. Here, the term ‘evolutionary’
refers to the gradual change of a population of solutions, to improve their merit.
The chapter outline is as follows: Section 6.1 firstly reviews working principles be-
hind the mentioned EMO algorithms. Next, Section 6.2 provides practical guidelines
for employing these algorithms in a motor drive optimisation. In Section 6.3, these
concepts are illustrated using a multiobjective motor drive optimisation case study,
considering the prototype machine from Chapter 3 and converter from Chapter 4 as
benchmark. Finally, in Section 6.4, the EMO algorithms are compared, in terms of

their performance and suitability, for a motor drive optimisation problem.
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6.1 Description of EMO Algorithms

General search and optimisation techniques can be categorised as being either deter-
ministic or stochastic. Deterministic optimisations rely on a systematic enumeration
of all possible design variables. They are, however, generally not computationally
efficient if an exhaustive search approach is employed, due to an inherent ‘step-size’
problem, and they can easily get stuck in local optimums if solution gradients are
incorporated [12].

In contrast, stochastic optimisations do not have a step-size problem and allow a
finer scan in more promising regions compared to areas with fewer prospects. Further,
they are gradient-free and do not hang onto local optimums, due to their use of
random variables and a continually evolving population.

Evolutionary algorithms are a family of stochastic algorithms that mimic the
natural selection process. In evolutionary computation techniques, fitness values
are assigned to partial solutions to guide the search towards optimal solutions, and
random variables are used to significantly speed up the search process and prevent
solutions from an early convergence towards local optimums.

Due to their stochastic nature, one can not ‘prove’ to have found the optimal
solutions using evolutionary algorithms, but these algorithms are generally able to
provide very competitive solutions to a wide range of optimisation problems, even
those which deterministic algorithms are unable to solve, due to a limitation in
computational power.

This section reviews the working principles of three popular EMO algorithms,
namely the NSGAII, SMPSO, and GDE3 algorithm, which are multiobjective variants
of the Genetic Algorithms (GA), Particle Swarm Optimisation (PSO), and Differential
Evolution (DE) algorithm.
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6.1.1 Non-dominated Sorting Genetic Algorithm II

GA is loosely based on natural evolution and Darwin’s ‘Survival of the Fittest’
concept. In general, the algorithm consists of a population of individuals, which
represent potential solutions and are controlled by a set of bio-inspired operators.
These operators typically include mutation, crossover, selection, and reproduction.
At any given generation, the Parent population is processed by the operators to
produce a Child population. The combined Parent and Child population is evaluated
via the objective function, and individuals in the population are assigned fitness
values, which determine their survivability going into the next generation [135].

For engineering problems, real-parameter GA algorithms with Simulated Binary
Crossover (SBX) and polynomial mutation operators are often preferred over their
binary-parameter counterparts [136]. In real-parameter GA optimisation, the SBX
and polynomial mutation operators function as the primary search mechanism. In
the SBX operator, the Child population is created from the Parent population with
the help of a randomised spread factor, which follows a probability distribution curve.
The polynomial mutation operator further perturbs the Child population with two
randomised parameters, also chosen based on a probability distribution curve. The
shapes of the probability distribution curves for both SBX and polynomial mutation
operators are determined by distribution indices, which can be tuned to control the
algorithm’s search characteristics.

The NSGAII, proposed by Deb et al. [137], is arguably the most popular
multiobjective variation of GA. This algorithm uses a fast non-dominating ranking
method and an extra niching operator to deal with multiobjective problems. This
niching operator employs a crowding distance measure, which reflects the closeness
of solutions to its neighbour in the performance space, and by sorting solutions
based on crowding distances, the selection process can be guided towards a more
diverse population and a better spread at the Pareto front. Algorithm 1 presents the
pseudocode describing the NSGAII implementation.
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Algorithm 1 Non-dominated Sorting Genetic Algorithm II

10:

11:
12:

13:

14:
15:

L

—

procedure NSGAII (f(Z)) > to find Pareto-optimal solutions z*
Initialise and generate random population P of size N.
Evaluate fitness f for all members.
Employ non-dominated sorting and assign rank to members based on Pareto
dominance.
Do binary tournament selection based on rank to extract Parent population.
Crossover and mutate Parent population to generate Child population.
for 1=1 to ¢,,.; number of generations do
Merge Parent and Child population.
Evaluate fitness f for members in the merged population.
Employ non-dominated sorting and assign rank to members based on
Pareto dominance.
Compute and assign crowding distance index to members of each rank.
Do binary tournament selection based on rank and crowding distance
index to extract new Parent population.
Crossover and mutate new Parent population to generate new Child
population.
end for
end procedure

6.1.2 Speed Multiobjective Particle Swarm Optimisation

Unlike GA, PSO is a swarm-based optimisation algorithm developed by Kennedy et

al.

[138] that mimics the social behaviour of a flock of birds or school of fish, as it

swarms towards and around food. The basic PSO concept is that individuals (also

known as particles) move across the hyper-dimensional search space, changing their

positions based on a social-psychological tendency to emulate the success of other

individuals.

In each generation, the fitness of all individuals are evaluated and they are given

new velocity and position values in the search space. Each individual’s new velocity

Upt1 and position x,,, are determined based on their current positions relative to
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positions of the fittest personal and global individual. They are updated as:

Upy1 = WU, + C1Uy (a:flp) —x,) + Cng(:c,(f) — Iy) (6.1)

Tpil = Upa1Tp (6.2)

where n the generation number, u; and uy are random values between 0 and 1, v and
z are the individual’s current velocity and position, respectively, z® and z(9 are
positions of the personal and global best individual, respectively, and w, ¢, and ¢,
are user-defined parameters for inertia, personal ‘atttraction’, and global ‘attraction’,
respectively.

A unique feature of the PSO is its use of memory, allowing the fittest personal
and global individuals of previous generations to guide the search process. Thus,
individuals can benefit from their and others’ past experiences, to quickly converge
towards an ‘optimum’ This fast convergence speed, however, may be harmful
especially as the algorithm is extended to handle multiple objectives.

A popular multiobjective variation of PSO is the SMPSO algorithm proposed
by Nebro et al. [139]. This algorithm employs a secondary (external) repository
to keep an archive of non-dominated individuals, and uses the NSGAII crowding
distance measure to decide which individuals to keep when the archive becomes full.
To prevent the optimisation from converging too quickly, the SMPSO algorithm also
incorporates the NSGAII polynomial mutation operator.

A problem with directly using Eqs. (6.1) and (6.2) for multiobjective optimisation
is that individual velocities can become too high, resulting in erratic movements
towards upper and lower boundaries of the search space. To solve this issue, the
SMPSO algorithm has a constriction coefficient and wvelocity constriction mechanism
to limit the velocities of each individual. Algorithm 2 contains the pseudocode

summarising the SMPSO implementation.
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Algorithm 2 Speed Multi-objective Particle Swarm Optimisation

—

1: procedure SMPSO (f(Z)) > to find Pareto-optimal solutions z*.

2 Initialise and generate random population P of size N.

3: Evaluate fitness f for all individuals.

4 Store individual positions as personal bests Z(®) in external repository R.

5 Employ non-dominated sorting and store non-dominated individuals positions
as global bests 79 in external repository R.

6: Compute and assign crowding distance index C' to global best individuals.

7: for 1=1 to ¢,,.; number of generations do

8: Do roulette wheel selection to extract global bests 79 based on C.

9: Calculate and update velocity and position for all individuals.

10: Perform mutation on individuals.

11: Evaluate fitness f for all individuals.

12: Update personal best if :Z"'Z(p ) dominates previous personal best fgf )1

13: Employ non-dominated sorting and add new non-dominated particles to
global bests 9.

14: Compute and assign crowding distance index C' to global bests.

15: If R is full, keep only global bests with lower crowding distance indices.

16: end for
17: end procedure

6.1.3 Generalised Differential Evolution 3

DE is a relatively recent evolutionary algorithm that has gained a lot of popularity
within the community ever since it was proposed. The algorithm was initially
developed by Price et al. [140] to be a reliable and versatile function optimiser
that is also easy to use. DE shares many similarities with GA, in its use of a
Parent and Child population, and bio-inspired operators to control the optimisation.
However, the main difference is that DE combines both crossover and mutation
characteristics into one unique operator, which perturbs the population members
with scaled differences of randomly-selected and distinct population members.

The DE operator is simple to implement as it consists only of several equations.

A mutation vector v, ; is firstly calculated from the population in each generation as

Vu,j = Triu,j +F - (Ir2,u,j - xr?),u,j) (63)
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where F' is a user-defined scaling factor, and r1, r2, and r3 are random vectors,
selected such that r1,72,73 € 1,2,..., N/, where N is the population size, and that
rl # r2 # r3. Population for the next generation is calculated next, using the

mutation vector, as:

U js ifu<<CRorj=k;
Tn+lu,j — (64)

Tnuj, Otherwise.

where u is a random value between 0 and 1, £k is a random integer between 1 and
the total number of design variables ng, and C'R is the crossover rate.

GDES3 is an extension of the DE algorithm proposed by Kukkonen et al. [141] to
handle multiobjective optimisation problems. The algorithm is very similar to the
NSGAII, as it adopts the same non-dominating ranking method and crowding distance
measure to decide which solutions survive into the next generation. Algorithm 3

provides the pseudocode summarising the GDE3 implementation.
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Algorithm 3 Generalised Differential Evolution 3

—

: procedure GDE3 (f(%)) > to find Pareto-optimal solutions z*.
Initialise and generate random population P of size N.
Evaluate fitness f for all members.
Employ non-dominated sorting and assign rank to members based on Pareto
dominance.
Do binary tournament selection based on rank to extract Parent population.
Apply DE-operator on Parent population to generate Child population.
for 1=1 to ¢,,.; number of generations do
Merge Parent and Child population.
Evaluate fitness f for members in the merged population.
10: Employ non-dominated sorting and assign rank to members based on
Pareto dominance.
11: Compute and assign crowding distance index to members of each rank.
12: Do binary tournament selection based on rank and crowding distance
index to extract new Parent population.
13: Apply DE-operator on new Parent population to generate new Child
population.
14: end for
15: end procedure

Ll

6.2 Practical Guidelines for Applying EMO

The theoretical concept of multiobjective optimisation and EMO algorithms can be
applied to a motor drive design optimisation. However, several important aspects of

their implementations are first addressed in this section.

6.2.1 Modelling

Optimisation algorithms rely on a model for obtaining fitness values, implying that
its successful use for design depends heavily on accurate modelling of the system.
As many designs are typically evaluated to solve high-dimensional problems using
EMO algorithms, the modelling has to also be computationally efficient.

The analytical motor drive models from previous chapters are especially suitable,

as they are fast and have been verified to be accurate.
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6.2.2 Search Space Definition

In an optimisation-based design, the model input parameters are pre-selected to
be either fixed as requirements, or modifiable as design variables. Each possible
combination of the design variables are subsequently allocated to a point in the search
space. The pre-selection process for the design variables is often not straight-forward,

and, therefore, several guidelines are provided as follows:

o Input parameters which are related to an external system, such as the grid or
mechanical load for the motor drive, should be fixed and determined by the

application under study.

« Limitations of the models should be taken into account. For example, if machine
local saturations are not considered in the analytical model, the influence of
machine stator tooth-tip profile is minimal and it should not be selected as a

design variable.

o Compatibility of the optimisation algorithm with the input parameter type
should also be considered. The EMO algorithms described in Section 6.1 are
more suitable for continuous optimisation problems, and they are less efficient

if discrete input parameters are selected as design variables.

« [t is advantageous to have as many design variables as possible, to allow a
wide range of solutions, even unconventional ones, to be evaluated. However,
this requires an enormous amount of computing power, which is a practical
concern. A compromise should, therefore, be made in the total number of

design variables employed, based on the available computational resources.

Other important considerations when defining the search space include the
selection of appropriate upper and lower boundaries. The designer has to ensure
that the global optimum solutions are contained within these boundaries. Further, it

is helpful to the algorithm’s convergence speed, if the search boundaries are chosen
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such that at least half of the search space contains feasible solutions. Fortunately,
only crude estimates of these boundaries are needed with evolutionary algorithms, as
not much is typically known about the optimal solutions for complex design problems

at the start of the optimisation.

6.2.3 Performance Space Mapping

Potential solutions in the search space are evaluated with the models, and their
output or performances can be mapped onto the performance space. For motor
drives, performance measures such as weight, losses, and cost are typically chosen as
objective functions for minimization [68].

To identify the Pareto optimal solutions for a multiobjective problem, aggregate
selection techniques, such as weighted-sums method, are commonly employed [142,
56, 75]. With this method, each objective function is multiplied with a weighting
factor, and solutions, which share the lowest scalar weighted sum, are considered to
be Pareto optimal. Although this method is easy to implement, it has a significant
drawback of being unable to find optimum solutions on a non-convex Pareto front.
Further, the choice of weights using this method has a substantial impact on the
optimality of the final design, according to Coello et al. [12].

The alternative approach, employed in this work, is to directly incorporate the
Pareto dominance concept into the selection operator of the evolutionary algorithms,

thus removing the need for any weighting factors.

6.2.4 Constraint Handling

System requirements or practical limitations can be considered as constraints in the
optimisation if they are related to the output or performance of the model. There
are several ways to handle these constraints in the evolutionary algorithm. The
easiest way is the ‘death penalty’ method, where infeasible solutions are rejected and

removed from the population. A serious limitation of this method is that infeasible
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solutions do not offer insights nor contribute to the search for optimum solutions
[135].

A more common approach towards constraint handling is the use of penalty
functions, adding them to objective functions of infeasible solutions, to make them
less attractive to the algorithm, as compared to feasible solutions [56, 143]. It is,
however, challenging to tune the penalty factors that relate the constraint violations
to objective functions [12]. If the penalty functions are too large, the search will
struggle to explore the boundary between the feasible and infeasible region; if they
are too small, too much time can be spent exploring the infeasible region.

To handle constraints without penalty factors, Deb et al. proposed a constrained-
domination principle, which can be directly incorporated within the selection operator
of the evolutionary algorithms. The modified selection process is based on the

following principles:

1. If both individuals are feasible, the Pareto-dominance concept determines which

individual is selected.

2. If one individual is feasible and the other is not, the feasible individual is

selected.

3. If both individuals are infeasible, the individual with lower total constraint

violation is selected.

In order to determine total constraint violation, individual constraint violations c¢;

are first normalised as:

min(la gi,mam/gi<f>)7 if gz(f) has to be S 9imaz;
(%) = (6.5)

min(la gz(f)/gz,mm)a if gz(f) has to be Z Gimin-

where ¢ are the constrained variables. The total constraint violation c¢;; is the sum
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of the individual constraint violations, as:

o

cot(Z) =Y i(T) (6.6)

i=1

where o is the total number of individual constraints. No penalty factors are needed
using this constraint handling technique, and infeasible solutions are penalized in a
way such that they still provide a search direction towards the feasible region. This
technique is possible mainly due to the population approach of the evolutionary

algorithms and their selection operators, and it is employed in this work.

6.3 Case Study: GDE3 Optimisation of Motor
Drive

This section presents a case study looking at applying the GDE3 algorithm for a

motor drive optimisation, in order to illustrate the concepts presented thus far.

6.3.1 Benchmark System

The benchmark for optimisation in this case study is a motor drive with the prototype
surface PM machine rated at 1350 W and 1500 rpm (from Chapter 3) and two-level
converters with Infineon IGBT4 FS50R12KT4 power modules, rated at 1200 V and
50 A (from Chapter 4). The 50 A switching devices are considerably oversized for the
considered motor drive, but this is not a huge concern as the device loss characteristics
are kept fixed throughout the optimisation. The associated heatsink is a Fischer
Electronik LA6 forced-convection cooling system while the passive components are
0.5 mH toroidal-core single-layer inductors, made of Mega Flux 60 core material,

and a 0.5 mF MKPB32778G polypropylene DC-link capacitors.
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6.3.2 Optimisation Setup

The motor drive model from previous chapters is employed in this optimisation case
study, and two objective functions are considered, i.e. the combined weight w;,; and
total losses P4, of the motor drive.

Based on guidelines from Section 6.2.2, a total of 14 design variables are chosen
from a combined set of input parameters provided in Chapter 3 and Chapter 4. The
selected design variables are listed in Table 6.1, and three independent optimisation
runs are performed for motor drive optimisations at both component and system-

levels. For each optimisation run, a different set of these design variables is employed:

1. The first optimisation considers only machine-related design variables, leaving

the converter-related ones fixed at their default values.

2. The second optimisation takes into account only converter-related design

variables, keeping the machine-related ones fixed at their default values.
3. The third optimisation uses all machine and converter design variables.

Meanwhile, ten constraints are imposed onto the motor drive output performances,
to ensure that the design solutions comply with the requirements and that they are
feasible, i.e. temperature limits not exceeded, magnetic materials not saturated, etc.
These constraints are listed in Table 6.2

The GDE3 algorithm employed in this case study is set up with a crossover rate
and scaling factor of 0.2 and 0.5, respectively, according to the recommendations in
[141]. For each optimisation run, a large population size of N' = 200 X ny is used,
where ng is the number of design variables, and the optimisation is limited to a
maximum number of g,,..= 2000 generations.

For ease of integration, the motor drive analytical models and optimisation
algorithm are coded entirely in Matlab. Besides, the Matlab Parallel Computing
toolbox allows the use of multicore desktops to speed up the evaluation process

incredibly. Calculations for this case study are performed on a High Performance
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Table 6.1: Selected design variables for case study.

Symbol Design Variables Symbol Design Variables
Machine-related Tdo: d-axis machine current
[: Axial length of machine igo- g-axis machine current
Ny: No. of turns in series/phase Converter-related
Weig: Wire diameter Vie: DC-link voltage
Ay : Depth of permanent magnet fswo: VSI switching frequency
dsp: Depth of stator tooth fswa: AFE switching frequency
dsp: Depth of stator backiron Ly: Input boost inductance
oy Stator tooth fraction Cye: DC-link capacitance

Computing (HPC) facility at the University of Nottingham, on computer nodes
equipped with 2 X Intel Xeon Gold 6138 20-core processors. The average time
taken to run the full motor drive analytical model once is 0.03 seconds. Thus, for
the third optimisation run, where 14 design variables are considered with a total of
14 x 200 x 2000 = 5.6 million evaluations, the optimisation is typically completed in
less than 1.5 hours.

Default input parameters for the benchmark motor drive are listed in Fig. 6.1,
along with objective functions and constrained performances calculated using the
motor drive analytical model. For this optimisation case study, the design variables’
search space boundaries are chosen to be around the default input parameter values
while the default constrained performances are enforced as constraints for a fair
assessment of the final optimisation outcome. In other words, given the same machine
output torque, slot packing factor, flux densities, temperatures, converter current
ripple magnitudes, and DC-link voltage overshoot requirements, the optimisation

has to seek for better design solutions.
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Table 6.2: Constraints for case study.

Symbol Constraints

Te,min Minimum machine output torque

%0Aippmar ~ Maximum input current ripple percentage

Y% Viacomaz: Maximum DC-link voltage overshoot percentage
kpt maz Maximum machine slot packing factor
Twmaz Maximum machine winding temperature
Tom maz Maximum permanent magnet temperature
Bt max Maximum stator tooth flux density
Bgb maz Maximum stator backiron flux density
M, 1oz Maximum VSI modulation index
M max Maximum AFE modulation index

6.3.3 Analysis of Optimisation Results

The Pareto fronts from the optimisation runs are plotted together in the performance
space in Fig. 6.2. The results reveal a wide range of design solutions, which offer
good improvements over the default benchmark design, in terms of weight and losses,
while maintaining the same constrained performances. These improvements are most
significant with the system-level optimisation, where machine and converter-related
design variables are simultaneously optimised, as compared to the component-level
optimisations.

A general criticism of optimisation-based designs is that the engineer can easily
lose track of the optimisation process and find it difficult to interpret the final
solutions. For clarity and visibility of the design trends, two supplementary plots to
visualise the optimisation process are recommended, in addition to the performance

space plot:
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Objective functions:
Miot = 6.9673 kg

Input parameters:

1 = B4\ mam igo = 0 A Pioss ot = 226.7233 W
Ny = 30 igo =132 A .
Waia = 0.6833 mm Vj, = 200 V » Constrained performances:
d,, = 4.4 mm Fowo = 10 kHz 7o = 85246 Nm T}, = 58.26°C
dyp = 16.99 mm  fope = 10 kHz %Aipy = 2622 % By =146 T
dsp, = 6.88 mm Ly = 0.5 mH Y% Vieo = 1.22 % By =115T
ay = 0.603 Cye = 0.5 mF kyr = 0.723 M, = 0.76

T, = 71.30°C M, = 1.00

Figure 6.1: Default input parameters and performance-related outputs of benchmark
motor drive.

o Plot of design variables for Pareto front solutions, as shown in Fig. 6.3(a),

normalised to the upper and lower limits of their search space.

o Plot of constrained performances for Pareto front solutions, as shown in

Fig. 6.3(b).

In both figures, the lower weight individuals are to the left in each window, while
lower loss individuals are to the right.

In Fig. 6.3, it is observed for the machine optimisation (component-level) that
there is a trend of increasing machine stator tooth depth and wire diameter, for
lower loss solutions. This is because larger wire diameter results in lower winding
resistances, but requires bigger slot areas to accommodate the windings without
violating the slot packing factor constraint. This results in a larger machine diameter
and improved cooling performance; therefore, lower winding and magnet temperatures
are also obtained.

For machine component-level optimisation, the increase in output torque for lower
loss solutions is, however, unexpected. This is due to the fixed converter current
ripple percentage constraint, which is inversely proportional to its fundamental
input current component. For machines with lower loss, despite the smaller stator

currents required to produce the same output torque, the optimisation maintained
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Figure 6.2: Pareto front solutions for the three optimisation runs with different
set of design variables. D1 and D2 are two solutions chosen for further software
verifications.
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Figure 6.3: (a) Normalised design variable values and (b) constrained outputs of all
Pareto front solutions (Left: lowest weight, Right: lowest loss).
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the converter fundamental input and output currents, as to not violate the input
current ripple constraint. Therefore, this leads to an increase in the output torque
obtained.

For the converter optimisation (component-level); the inverse relationship of AFE
switching frequency against boost inductance is observed. For lower loss solutions,
the AFE switching frequency is reduced to decrease switching losses, but at the same
time, boost inductance and DC-link capacitance are increased, as to not violate the
current ripple and DC-link voltage overshoot constraint.

Unexpectedly, for converter component-level optimisation, it is observed that the
VSI switching frequency is not set to the smallest possible value for this optimisation,
despite switching losses being much more significant compared to machine harmonic
losses under loaded conditions. This is because for a fixed machine design and
machine current, increasing machine harmonic losses reduces the output torque.
Thus, for low converter switching frequencies, the increased machine losses caused a
violation in the torque constraint.

Finally, for motor drive optimisation (system-level), a similar increasing trend in
machine stator tooth depth and wire diameter is observed for lower loss solutions,
as with the inverse relationship between AFE switching frequency against boost
inductance. However, the interactions between component parameters and constraints
at a system-level can be better managed, especially in terms of the input current
ripple and output torque constraints. Therefore, a significantly improved total weight
and efficiency of the motor drive can be obtained.

The above illustrates the importance of plotting and visualising the design
variable and constrained performances of the optimisation, to better understand the
different phenomena that can arise and to explain design trends, that are sometimes

unexpected.
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6.3.4 Verification of Design Solutions

Two design solutions from the whole drive optimisation Pareto front are selected for
further software verifications. They are the lowest weight (D1) and lowest loss (D2)
solutions of the Pareto front, as indicated in Fig. 6.2. The design variables, constrained
performances, and objective functions for the design solutions, as compared to the
default benchmark solution, are listed in Table 6.3.

Figure 6.4 shows the weight and loss distributions of the two design solutions.
It can be seen for D1 that the majority of weight savings are due to smaller boost
inductors. For D2, inductor weight is increased significantly, compared to DI,
as its AFE operates with lower switching frequencies, to improve efficiency while
maintaining the input current ripple magnitudes. Machine weight is also slightly
larger for D2 as it employs bigger magnets to ensure that sufficient flux linkage is
created, despite its lower stator currents for higher efficiency.

Finite-element analysis and time-domain simulations are employed to validate the
design solutions, in terms of the machine and converter performances. The results
are reported in Table 6.4 and an accurate match is revealed, once again, highlighting

the accuracy of the motor drive analytical models.

6.3.5 Effect of Fixed Input Parameters

To evaluate the impact of fixed input parameters of a discrete nature, their values are
changed in steps and the optimisation process is repeated for a new set of fixed input

parameters at each step. Six examples are considered in this section, as follows:

Machine operating points

Pareto front optimisation results for motor drive operating at different speeds in the
constant power region are shown in Fig. 6.5. A comparison of their Pareto fronts
reveal that higher speed motor drives are superior, in terms of weight but not in

terms of efficiency.
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Table 6.3: Input parameters, constraints, and objective functions of the benchmark,
D1 (least weight), and D2 (least losses) design solutions.

Symbol Benc. D1 D2

Symbol Benc. D1 D2
Design Variables Constraints

[ (mm) 54 55.3 64.7 T, (Nm) 8.52 8.53 8.53
N (-) 30 32.5 32.4 NolNiyy (%) 26.22 26.04 26.12
Wgiq (mm)  0.6822 0.5977 0.8790 T Viaeo (%0) 1.22 1.21 1.22
dy, (mm) 44 5.6 5.9 kpr () 0.723 0.72 0.723
dyp (mm) 16.99 14.7 25.0 T, (°C) 71.4 70.21 42.86
dg (mm) 6.88 7.00 8.9 Tom (°C) 58.3 58.07 36.88
o (-) 0.60 0.596 0.615 By (T) 1.47 1.46 141
4o (A) 0 -1.30 -1.7 By (T) 1.15 1.15 0.91
Qg0 (A) 13.2 11.07 9.44 M, (-) 0.76 0.95 0.99
Vae (V) 200 183.14 199.50 M, (-) 1.00 1.09 1.00

fswo (kHz) 10 4 4 Objective functions
fswa (kHz) 10 18.1 6.29 Wit (kg) 5.90 5.32 9.91
L, (mH) 0.5 0.2 0.8 Piot (W) 184.21 180.07 130.15

Coe (mF) 0.5 0.557 0.795
Benchmark D1 D2
Heatsmk\ Heatsink

Wiot = 5.32 kg

Pl,(‘.ot = 18007 !!

Figure 6.4: Plot of (a) weight and (b) losses distribution for the benchmark, D1
(least weight), and D2 (least losses) design solutions.

Wiot = 991 k

Pl,tot = 184.21 Pl,tot = 13015
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Table 6.4: Software verifications for the benchmark, D1 (least weight), and D2 (least
losses) design solutions.

Symbol Benc. D1 D2
Ana. Sim. Ana. Sim. Ana. Sim.
Phase resistance (m{2) 238.3 2174 3404 308.7 176.8 161.6
Inductance (mH) 2.22 2.28 2.61 2.55 3.11 3.18
Rated Sé’gi‘;Fof(’f;;'dmit 4893 47.96 5847 5713 69.42 67.71
Rated output torque (Nm) 8.53 8.41 8.53 8.47 8.53 8.56
VSI total losses (W) 52.79 54.84 29.34 30.01 25.51 25.57
AFE total losses (W) 38.08 37.86 53.53 52.70 29.32 30.05
Maximum input plepk current — 5, 2.44 2.45 2.45 2.47 2.44

ripple (A)

Maximum DC-link voltage

202.4 203.73 185.4 185.98 201.9 203.26
overshoot (V)

According to the search space and constrained performance space plots in Fig. 6.6,
weight improvements is mostly attributed to the smaller machine diameter and
shorter axial length, enabled by the lower torque and flux linkage requirements.

It is interesting to observe that optimal winding currents, iy and %q, vary only
within a very small range for all the design solutions, despite variations in torque
requirements for different operating points. This shows that, in the optimisation,
machine winding currents of optimal design solutions are less dependent on torque
requirements, as compared to other factors such as tooth thickness, temperature

constraints, etc.

Machine slot-pole combinations

Pareto front optimisation results for machines with different slot-pole combinations
are shown in Fig. 6.7. The comparison shows that motor drives with 18-slot 16-pole
are the best designs in terms of weight, while the 12-slot 10-pole outperforms the

other configurations in terms of efficiency.
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Figure 6.5: Pareto front solutions for motor drive optimisation with different machine
operating points in the constant power region.
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Figure 6.6: (a) Normalised design variable values and (b) constrained outputs of
Pareto front solutions with different machine operating points in the constant power
region (Left: lowest weight, Right: lowest loss).
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This observation is further analysed by considering the search space and con-
strained performance space plots in Fig. 6.8. As the 18-slot 16-pole and 18-slot
20-pole configuration have the highest fundamental winding factor compared to the
others, a smaller number of turns is required to achieve the same flux linkage in
the machine. This allows the use of smaller slot areas and stator outer diameter,
leading to a reduced machine weight. The 12-slot configurations, however, are able to
accommodate winding conductors with larger wire diameters and lower resistances,
because of its bigger slot-to-tooth area ratio, compared to the 18-slot configuration

for the same machine diameter. Therefore, they are able to achieve higher efficiencies.

Devices current ratings

The impact of using switching devices with different current ratings can also be
analysed using this optimisation-based design method. The Pareto front optimisation
results for converters employing devices rated at 25, 50, and 75 A are shown in
Fig. 6.9.

On the surface, machine and converter design parameters for all three Pareto
optimal solutions are similar. However, taking a deeper look into the conduction and
switching losses of the devices with different current ratings, the 25 A devices suffer
from having high conduction losses while the 75 A devices have high switching losses.
This is expected as the smaller current rating devices have small chip areas (higher
on-state resistances), while the higher current rating devices have large chip areas
(high parasitic capacitances), leading to higher switching energies. The comparison
shows that the solutions using 50 A devices are the best, in terms of system weight

and efficiency.

Converter modulation method

The impact of converter modulation method is also evaluated with this optimisation
method. The Pareto front optimisation results for the Symmetrical SVM and DPWM1

methods are shown in Fig. 6.11.
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Figure 6.7: Pareto front solutions for motor drive optimisation with different machine
slot-pole combinations.
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Figure 6.8: (a) Normalised design variable values and (b) constrained outputs of
Pareto front solutions with different machine slot-pole combinations (Left: lowest
weight, Right: lowest loss).
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Figure 6.9: Pareto front solutions for motor drive optimisation with switching devices
of different current ratings.
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Figure 6.10: (a) Normalised design variable values and (b) constrained outputs of
Pareto front solutions with switching devices of different current ratings (Left: lowest
weight, Right: lowest loss).
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For losses, as explained in Chapter 4, DPWMI1 has significantly smaller switching
losses, due to its periodic clamping of the switches, but this results in higher current
ripple magnitudes. As observed in Fig. 6.12, the minimum AFE switching frequency
is higher for DPWM1 method, as required for the design solution to not violate the
current ripple constraint. This, subsequently, increases the switching instances of the
converter. Nevertheless, the Pareto front comparison shows that the solutions using
DPWM1 modulation still results in slightly better overall performances, especially

in terms of efficiency.

Converter AC grid input voltage

Lastly, the influence of converter AC grid input voltage is studied and the Pareto
front optimisation results for different grid input voltages are shown in Fig. 6.13.
The results show that the best motor drive performance can be obtained when grid
input voltage is either 100 or 120 V.

According to the design variables and constrained performances plots in Fig. 6.14,
the optimal DC-link voltage is significantly influenced by the choice of grid input
voltage. This subsequently influences machine voltage, which is a function of number
of turns, and g-axis current. The 60 V grid input voltage system, due to higher input
and output currents, suffers from more machine and converter conduction losses,
while the 140 V grid input voltage system, due to its higher DC-link voltage, has

higher converter switching losses.
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Figure 6.11: Pareto front solutions for motor drive optimisation
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Figure 6.12: (a) Normalised design variable values and (b) constrained outputs of
Pareto front solutions with different converter modulation methods (Left: lowest
weight, Right: lowest loss).
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Figure 6.13: Pareto front solutions for motor drive optimisation with different
converter AC grid input voltages.
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Figure 6.14: (a) Normalised design variable values and (b) constrained outputs of
Pareto front solutions with different converter AC grid input voltages (Left: lowest
weight, Right: lowest loss).
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6.4 Comparison of EMO algorithms

In the field of evolutionary computing, different metrics or quality indicators are
employed to capture the essential characteristics and compare the performance of
different algorithms for specific problems [144]. In this section, the three EMO
algorithms (NSGAII, SMPSO, and GDE3) are benchmarked against each other
firstly using test functions, and then using the motor drive optimisation problem of
Section 6.3, to compare their performances.

The metric or quality indicator employed is the Inverted Generational Distance
(IGD), which reports the average distance between the approximated Pareto front
and the ‘true’ Pareto front. The main advantage of using IGD is its computational
efficiency. Given the approximated Pareto front and true Pareto front, IGD is

calculated as follows:

IGD = =3 d? (6.7)

S|

where n is the number of elements in the true Pareto front, and d; is the Euclidean
distance between each of these elements and the nearest member of the set of

non-dominated solutions found by the algorithm.

6.4.1 Test Functions

Ten test functions (five unconstrained and five constrained), proposed by Zitzler et
al. and Deb et al. [144, 145], are considered here.

The three optimisation algorithms are configured to run with a maximum number
of 200 generations and population size of 200. For the NSGAII algorithm, the
crossover and mutation probability indices are chosen to be 0.9 and 1/ng4, respectively,
where ny is the number of design variables, and its crossover and mutation distribution
factors are both set to 20, based on recommendations from [137]. For the SMPSO

algorithm, the inertia constant is a random value between 0.1 and 0.5, while the
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personal and global acceleration constants are also random values between 1.5 and
2.5, as recommended by [139]. For its polynomial mutation operator, the mutation
probability index is set as 1/n, with a distribution factor of 20. Finally, for the
GDE3 algorithm, the crossover rate is set as 0.2 while the scaling factor is 0.5, based
on guidelines in [141].

Due to the stochastic nature of the optimisation algorithm, the final solutions
found in each run may not be the same. Therefore, ten independent optimisation runs
are performed for each algorithm to provide a comparison with statistical confidence.
From a qualitative point of view, the best Pareto-optimal results for each algorithm
run for each test function are plotted in Fig. 6.15, and all optimisation algorithms
are shown to be capable of solving the test functions. For a quantitative analysis, the
IGDs calculated from ten independent optimisation runs are tabulated in Table 6.5,
and, at first glance, the three optimisation algorithms appear to be very competitive.
However, comparing their IGD values by highlighting the best performing algorithm
for each test function, the GDE3 algorithm outperformed the other two algorithms

in most of the test cases.

6.4.2 Motor Drive Optimisation Problem

The motor drive optimisation problem from Section 6.3 is also considered as a
benchmark for the EMO algorithms. The optimisation algorithms are configured
slightly different to run for a maximum number of 100 generations with have a
population size of 100 X n, particles, where n, is the number of design variables.
The same optimisation parameters as before, for the NSGAII, SMPSO, and GDE3,
are employed for this test.

For IGD calculations, it is important to note that as the ‘true’ Pareto front of the
motor drive optimisation problem is unknown, a best-known Pareto front (BPF) is
employed here instead. The BPF selected for this analysis is the Pareto front found
by GDE3 in Section 6.3.3, obtained with 2000 generations and 200 X ng particles.
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Figure 6.15: Plot of Pareto fronts for (a) unconstrained (b) constrained test functions
solved by the EMO algorithms (red line indicates the true solution).

Table 6.5: Average IGD values for test functions.

Test Function NSGAII SMPSO GDE3
Avg. Std. Avg. Std. Avg. Std.
ZDT1 0.0039 7.96e-4 0.0024 1.17e-4 0.0020 5.94e-5
ZDT2 0.0060 0.0026 0.0024 4.96e-5 0.0022 2.78e-4
ZDT3 0.0784 0.0486 0.0025 8.24e-5 0.0035 1.73e-4
7ZDT4 0.0482 0.0875 0.0025 8.30e-5 0.0019 5.57e-5
ZDT6 0.0027 0.0015 0.0019 1.28e-4 0.0024 8.73e-5
BNH 0.1935 0.0133 0.2127 0.0073 0.1895 0.0148
SRN 0.4293 0.0228 0.4946 0.0198 0.3704 0.0120
TNK 0.0024 1.24e-4 0.0048 2.94e-4 0.0027 1.83e-4
OsY 7.1591 6.6490 17.1206 3.6912 5.7891 5.9230
CONSTR 0.0104 2.60e-4 0.0087 2.1647 0.0083 1.6933e-4

* Best performing algorithm for each test function is highlighted in yellow.
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This is a reasonable approach as all EMO algorithms are expected to converge
towards the same Pareto front given a sufficiently large number of generations and
particles.

Employing the same statistical approach, the optimisations are repeated ten times
for each algorithm. The IGD results after 100 generations are tabulated in Table 6.6,
and a plot of average IGD against number of generations is shown in Fig. 6.16. For
the considered number of generations, the best performing algorithm is found to
be the SMPSO algorithm, as it resulted in the lowest average IGD value (0.8126)
with also the smallest standard deviation (0.2767), as compared to the NSGAII (avg:
1.0216, std: 0.6524) and GDE3 (avg: 1.3431, std: 0.4629).

Based on the above analysis, it is shown that the choice of optimisation algorithm
does matter, due to their different working principles. For the motor drive optimi-
sation problem, given a small maximum number of generations, the implemented
SMPSO algorithm is the most suitable, due to its convergence speed, accuracy, and

consistency.
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Figure 6.16: Plot of IGD values averaged over 10 independent runs against number
of generations for motor drive optimisation problem with (a) NSGA2 (b) SMPSO
(c) GDE3 algorithm.

Table 6.6: Average IGD values for the motor drive design problem.

NSGAII SMPSO GDE3
Test Function
Avg. Std. Avg. Std. Avg. Std.
Motor drive design 1.0216 0.6524 0.8126 0.2767 1.3431 0.4629

* Best performing algorithm is highlighted in yellow.
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6.5 Chapter Summary

This chapter demonstrated the use of the advanced models from previous chapters
together with EMO algorithms for multiobjective motor drive design. Firstly, the
working principles of three popular EMO algorithms (NSGAII, SMPSO, and GDE3)
were reviewed, and the differences in their search and exploration approach were
highlighted. GDE3 was the easiest to implement as it has the least number of
optimisation parameters to tune. Next, practical guidelines for applying EMO to a
motor drive design were given. In particular, selection criteria of design variables,
identification methods for Pareto front solutions, and constraint handling techniques
were discussed, for the effective use of EMO algorithms.

A case study was also carried out, looking at the multiobjective optimisation of
a benchmark motor drive, consisting of the prototype machine and converter from
Chapters 3 and 4. Optimisation results show that good improvements, in terms of
weight and losses, are obtained. The improvements are especially significant when
the machine and converter are optimised at a system-level, rather than individually
as components. The lowest weight and lowest loss solutions of the Pareto front were
further verified using software to check that the results are accurate.

Finally, the performance of the three EMO algorithms were compared with
statistical confidence, to determine the most suitable algorithm for a multiobjective
motor drive design problem. Results show that although the GDE3 algorithm
outperformed the other two algorithms in the test function benchmarks, the SMPSO
algorithm is the most competitive for the motor drive design problem, in terms
of convergence and average IGD value, for the considered maximum number of

generations.
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Chapter 7

Conclusions

This chapter reviews the most important findings of this thesis and suggests potential
future topics to be studied in this area of research.

With an expected growth in air travel over the next decade and increasingly
stringent regulations for carbon emissions, the aerospace industry is looking at flight
electrification as a means to reduce its environmental impact, improve fuel efficiency,
and lower operating costs. A significant challenge concerning the realisation of many
flight electrification concepts is to achieve light-weight and efficient motor drives,
which are required for electromechanical power conversion on-board. This thesis
presented an advanced modelling and multiobjective optimisation framework for
motor drive designs using evolutionary algorithms, with a focus on minimising their
weight and losses, with a system-level approach.

This work considers motor drives with a surface permanent magnet (SPM) ma-
chine and two-level voltage source back-to-back converter, for high power density
aerospace applications. As discussed in Chapter 2, motor drive design and opti-
misation work available in the literature are found mostly to focus on either the
machine or converter at a component-level, resulting in cross-coupling effects between
components being neglected and, therefore, suboptimal system-level performance.
Further, evolutionary algorithms are emerging, in terms of popularity for use in design

optimisation, due to their effectiveness in handling complex problems. However,
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the choice and proper setup of these algorithms are rarely considered in existing
work, often leading to an inefficient utilisation of computational resources. This
prevents the designer from considering many design input variables, constraints, and
objectives. These observations formed the primary motivation of this research, to
present a comprehensive system-level model for motor drives and to provide practical
guidelines for optimising their design using EMO algorithms.

The analytical model developed for the SPM machine employs a combination of
different techniques to represent its multiphysics operation in a fast and accurate
manner, as described in Chapter 3. In particular, to evaluate its electromagnetic per-
formance, a closed-form approach is employed to compute machine air-gap magnetic
field distribution, which subsequently allows its back-EMF, inductance, and torque
to be characterised. However, the limitation with this approach, as compared to a
FE approach, is that local magnetic saturation effects are ignored and, therefore, it
is only valid for SPM machines, where rotor saturations are negligible. To predict
the machine’s thermal behaviour, a simplified lumped parameter thermal network
(LPTN) is implemented, exploiting stator slot symmetries to estimate machine wind-
ing and magnet temperatures. The main challenge with using LPTNs, however, is
that they rely on thermal resistance values, which are difficult to accurately determine.
Overall, this modelling approach is found to be simple and sufficiently accurate for
SPM machines, as verified extensively using FE and experimental analysis.

The voltage source back-to-back converter, on the other hand, is modelled by
first evaluating its modulation and control properties, as discussed in Chapter 4.
Device current information, obtained from this analysis, then allows the converter
semiconductor losses to be estimated. Physics-based sizing models for the associated
cooling system and passive components are also proposed, with coefficients determined
using data of commercially available products. Due to its simple structure, the
modelling approach employed can be easily extended to consider other topologies,
such as a multi-level converter, Vienna rectifier, etc. Similar to the machine model,

accuracy of the converter model is validated using time-domain simulations and
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experimental analysis.

For system-level designs, the complex and multiphysics interactions between the
motor drive components are also important to consider. In Chapter 5, the extra
high frequency harmonic losses in the PM machine, due to converter pulse-width
modulation (PWM), are modelled, using a new physics-based machine harmonic loss
model that assumes dominant eddy-current loss over conductor and hysteresis losses
at high harmonic frequencies. As with other harmonic loss representations, this
model requires experimental calibration, using machine harmonic loss data measured
under rated speed no-load conditions. Another important system-level effect to
consider is the impact of DC-link voltage on overall system efficiencies, especially for
a back-to-back converter, where it can be optimised. It was shown that for operations
in the constant torque region, it is desirable to have a low DC-link voltage, while for
the constant power region, a high DC-link voltage is better, to avoid the need for
field-weakening.

Based on the motor drive component and system-level analytical models, a
multiobjective design optimisation was performed next. In Chapter 6, the working
principles of popular EMO algorithms, namely the NSGAII, SMPSO, and GDE3
were discussed. The three algorithms are stochastic in nature, and although they are
similar in their population-based approach and use of random variables, their search
mechanisms are distinctive from each other. Practical guidelines for their application
in a motor drive optimisation, in terms of search space definition, performance space
mapping, and constraint handling, were presented. These concepts were illustrated
in a practical motor drive optimisation case study, employing the prototype motor
drive in Chapter 5 as a benchmark. Additional visualisation plots are proposed and
discussed for the optimisation outcome, as it is very important that the designer
understands the various trends that emerge, to gain further confidence in the results.
Lastly, the EMO algorithms are benchmarked against each other, and it is shown,
with statistical evidence, that SMPSO outperforms NSGAII and GDE3 for the

motor drive optimisation problem, in terms of convergence for the selected number
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of generations. As the analytical models and optimisation algorithms are all coded
in Matlab, calculations were done utilising parallel cores in a high performance
computing facility, allowing for significant savings in the amount of computational
time required.

Returning to the problem statement posed at the beginning of this study, a
system-level motor drive modelling and optimisation-based design approach has been
presented in this work. The success of this approach, however, depends greatly
on the modelling speed and accuracy, along with a correct implementation of the
optimisation algorithms. The proposed methodologies should serve as a useful
reference for engineers, not limited to the aerospace industry, to design weight and
efficiency optimised motor drives, benefiting from the increasing availability and

capability of modern computing.

7.1 Further Work

Due to a limitation of time, several aspects of this research were unfortunately not

covered adequately, and further research can be done in the following areas:

o Many practical concerns of an aerospace-related motor drive, such as reliability,
fault-tolerance, high-temperature operations, etc., were not considered in this
model, as this thesis focused on establishing a generic framework for power
density and efficiency optimisations. Consequently, a standard motor drive
test rig, as opposed to an aerospace one, was employed to verify the analytical
models used. To take this work forward, more advanced models, which are
specific to certain aerospace applications and verified using real aerospace

hardware, can be developed and ‘plugged’ into this optimisation framework.

o The closed-form analytical machine model employed in this work is fast, but
it does not account for magnetic saturation effects. To consider saturation,

magnetic reluctance networks or FE models are typically used. However, they
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are considerably slower and are hence not suitable for large-scale optimisations.
Future research could look into developing ‘hybrid” analytical models to consider

machine saturation, without losing much modelling speed.

o Thermal limitations and constraints have a significant influence on the achiev-
able power density of the motor drive, as shown in the optimisation. However,
this work has only considered one type of cooling for the machine and converter,
along with a basic validation of the thermal models. For high power density,
alternative cooling systems and more advanced thermal models, along with

their validations, are needed.

o Although this thesis has briefly discussed the coupling effects between operating
points and system efficiency in Chapter 5, the optimisation part has only
looked at individual operating points. To account for multiple operating points
across a load profile, the electromagnetic and thermal models employed in the
optimisation need also to include thermal capacitances, peak output power

requirements, etc.

« While weight and losses are important, especially for aerospace applications,
additional objective functions, such as cost, dynamic performance, and reliabil-
ity, should also be considered in the multiobjective optimisation for a practical

and ‘truly’ competitive system.
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Appendix A

Machine Model

A.1 Geometrical and Winding Model

Detailed equations for the machine geometrical and winding model are provided in

this section:

Table A.1: Geometrical relationships for SPM machine (Part 1 of 3).

Rotor back-iron outer radius: Ty = Tps + dip (A.1.1)

Rotor air-gap radius: Trg = Trp + do, (A.1.2)

Stator air-gap radius: Tst =Tprg+ g (A.1.3)

Stator tooth-tip inner radius: Tsi = Tst + die (A.1.4)

Slot pitch at rg: — M7t (A.1.5)
s Ss

Pole pitch at 7g: S 2M7st (A.1.6)
P P
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Table A.2: Geometrical relationships for SPM machine (Part 2 of 3).

Angle per slot:

Angle per pole:

Tooth-base angle at
Tst-

Tooth-tip angle at rg:

Slot opening angle at
Tst-

Tooth-base width:

Tooth-tip width:

Slot opening width:

Stator back-iron inner
radius:

Tooth-base angle at
Tshe

Tooth-base angle at
Tsit

Stator slot depth:

Stator back-iron outer
radius:

0 = Z”
-

0, = 27;?”

0, = 27;‘:“
o=y

. Ot
Wy = 2Tg SIN —
2

%

Wy = 2T SIN >

. SO
Weo = 274 SIN 5

o= (12
sb — 9

On, = 2 asin(;U

Oy, = 2 asin<

dst =Tsp — Tst

Tss = Tsp T dsb

(A.2.1)

(A.2.2)

(A.2.3)

(A.2.4)

(A.2.5)

(A.2.6)

(A.2.7)

(A.2.8)

2 0 > (A29
) + [rst cos<2t> + dyp, + dttc] ( )

(A.2.10)

(A.2.11)

(A.2.12)

(A.2.13)
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Table A.3: Geometrical relationships for SPM machine (Part 3 of 3).

Area of stator slot:

Area of tooth-tip:

Area of tooth-base:

Volume of teeth:

Volume of stator
back-iron:

Volume of stator
core:

Volume of rotor
back-iron:

Volume of magnets:

Mass of stator core:

Mass of rotor
back-iron:

Mass of magnets:

0
m(ry — %) Tsb[Tsubn — W COS(%’)]
Aglot = — ce
slo Ss 9
Oii
railrsifhi — wi cos(% )]
— wypdy +

2

1 0
Ay = 5 Zwttdtte — Tgtett + ri‘eti + Wy T st COS(;) s

Oy
+ (wep + wyy ) (dyge — dyge) — Weprs; COS (5)]

m(rg —r3)

Qgp = S — Qglot
s

VOlst = SS<CLtt + (th>l

Volg, = 7(r2, +1r3)l
Volg =Voly + Volg

Vol = m(rd, —r2)l
Volpn = m(r, — r2)apml
mg = stVOZSZPSl

Mep = stVOZrbprb

My = V 0Olpm ppm

(A.3.1)

(A.3.2)

(A.3.3)

(A.3.4)

(A.3.5)

(A.3.6)

(A.3.7)

(A.3.8)

(A.3.9)

(A.3.10)

(A.3.11)

where K, is the core lamination stacking factor, and pg, pry, and p,, are the stator
core, rotor core, and magnet mass densities respectively.
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Table A.4: Winding model equations for SPM machine.

No. of conductors per slot: 29 = 2Ny
No. of conductor turns in series per N, S,
phase: Nis = 3
Cross-sectional area of conductor: a — Npe TW,
c 4
. NwpeT (Waia + 2Wins )
Area of wire: . — JwpcT\Wdia ins
v 4
where wi,s 18 the wire insulation thickness.
Slot fill-factor: Kgy = dwzQ
Aot
Length of end-winding per conductor T [T+ T
per side: lew = 5 ( > Ot +2leo
: 2 2
where [, is the end-winding offset.
Total length of winding per phase: leph = Nis(20 + 21,y)
Volume of active winding: Volseq = 2Nysla
Volume of end winding;: Voleeqg = 2Nislowtc
Volume of total winding: Voleg =Volsqg+ Voley
Mass of total winding;: Meqg = VO0legpeq
where p.4 is the winding mass density.
Phase resistance: 1 Le,ph
R, (T) =
ph( ) O'C(T) ( Q. )

where T is the winding temperature.

(A4.1)

(A.4.2)

(A.4.3)

(A.4.4)

(A.4.5)

(A.4.6)

(A7)
(A.4.8)
(A.4.9)
(A.4.10)

(A.4.11)

(A.4.12)
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A.2 Electromagnetic Model

Detailed equations for the machine electromagnetic model are provided in this section:

Table A.5: Open-circuit air-gap flux density for slotless SPM machine [88].

Radial and tangential air-gap flux density (B, and B;), due to flux from the rotor
magnets, are calculated as a function of radius r and angle 6, as:

B, pu(r, 0) = _i Kg(n) - fgr(r) - cos(npd) (A.5.1)
B 0) = > Kn(n) - foulr) - sin(aph) (452)

where p is the number of pole pairs. Kg(n) is determined as:

Kp(n) =
o\ P L L A5.3
pwoM, np (Azp — 1) +2 (ﬁ) — (A3, + 1) (ﬁ) ( )
e (np)®—1 prtl g _

(rLb)Zer el (rTg)an - m)?ﬂp
Hr Tst Hr Tst Trg

where for parallel magnetisation:

sin | (np + 1)apm = sin |[(np — 1)apm= B,
L= [( ) P 2p:| - Ay, = {( ) P QP] M, = L« m(Aln + A2n);
™ s P
(Tlp + ]-)Oépm% (TLP - ]-)Oépm% Ko
B, 1\ M,, 1
Mtn = 7apm(A1n - AQn); Mn = Mrn + antna A?m = (np - > + —
Ho np Mn np

Meanwhile, fp.(r), and fgy(r) are determined as:

foe(r) = <r>np_1 (”9>np+l + (”g)npﬂ (A.5.4)

Tst Tst r

fB&(T) = — <7;>np1 <:§)np+1 + <T;g>np+1 (A.5.5)
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Table A.6: Complex relative air-gap permeance function at slot-opening and open-
circuit air-gap flux density for slotted SPM machine [89].

The following parameters are firstly defined:
2

2
Tst b, b/ 1
V= Oy — b g =1 () b=y (2] +1|;  a=1
o tt2 tty g og oo 3 2g,+ 29, + ) a b,

where 60;; and 0,5 are angles of the starting and ending points for the slot-opening,
respectively. Using conformal transformation, the slot-opening’s z-plane coordinates
z, and z. are determined as:

zo(r,0) = log(r) + jO (A.6.1)

g [1+m b+ <b—1> _1<p1>1 (A.6.2)
=i |1 = —2 t +C 6
: ]7T [nll—m n’b—m Vb o Vb '

where p; = and C = In(rg) + j6ue.

At each 0, Eq.(A.6.1) and (A.6.2) are solved to obtain w when z. = z,. Using the
solutions for w, the relative air-gap permeance at the slot-opening is computed as a
function of radius r and angle 6, according to:

A 0) = F0) w(r,0) — 1 | ] (A.6.3)

5 |~<w(r7 0) — a)z(w(r,d) — b)z

where k = ry exp {j [g In(w(r,0)) + 9;1 } and s = exp(z,(r, 0)).
T

In a complex form (A = Ajeal + JAimag), the real and imaginary components of A are:

Areat(1,0) = Ao + 3 Aan €08(n546); Aimag(r,0) = D Apw sin(nS,6); (A.6.4)

n=1 n=1

where \g, A4, and Ny, are Fourier coefficients.

Lastly, radial and tangential components of the slotted open-circuit air-gap flux
density function can be written as:

BEA Y (1,0) = Bypu(7,0) Arear(1, 0) + By paa (7, 0) Nimag (7, 0) (A.6.5)
Bt(il’?\‘;[ted) (Ta 9) = BT‘,PM (’f’, 9))\1"631 (T, 9) - BLPM(T? Q)Aimag (7“, 9)

170



APPENDIX A. MACHINE MODEL

Table A.7: PM magnetic flux, flux linkage, and back electromotive force under
open-circuit conditions [89].

At any time instant ¢, the magnetic flux entering stator tooth is:

Ppm(t) = ral / j Bt (rsr, 0, 1)d6 (A.7.1)
The induced phase flux linkage can subsequently be derived as:

\I’PMmh(t) = Ntskdnkonkpn¢PM(t) (A72)

where kg, is the winding distribution factor, £, is the winding pitch factor, and k,,
is the slot-opening factor. The formulation of the three winding factors kg, kpn, and
kon are given in [27]. Finally, an expression for the back electromotive force can be
written as:

d
Epnpn(t) = = Venipn
= —wen Niskankonral Y {2 NoBypatkipn - (A.7.3)
n=1,3,5,...
BT )\arn - B )\ m
+ mzz:l( ,PM t,PMAb np + moS.

where w,, is the rotor mechanical speed and 7, is the stator coil pitch.
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Table A.8: Complex winding air-gap permeance function and armature-reaction
air-gap flux density [92].

Firstly, the following parameters have to be defined:

2
s 2q/
V) =0uo— Ou; ¢ = log(”); a= (L) .
T'rb bg

where 6,; and 6,5 are angles of the starting and ending points for the slot-opening,
respectively. Using conformal transformation, the slot-opening’s z-plane coordinates
z, and z. are determined as:

2,(r,0) = log(r) + jO (A.8.1)

_oa | L P2 1y (Ltp (A8.2)
zC—QA[\/aarctan<\/a>+21n<1_p2>]+Cg

_ 68 !
where Py = \/r—i_ClL’ C2 = IH(RT) +]5 and A = —jg
w m

At each 0, Eq.(A.8.1) and (A.8.2) are solved to obtain w when z. = z,. Using the
solutions for w, winding permeance function at the slot-opening of current-carrying
conductors is computed as:

1 jw(rf) —a (A.8.3)
Au(r,0) = s\ w(r,0)+1

where s = exp[z,(r,0)]. In a cylindrical coordinate form:

Aw,r(1,8) = Re(Ay(1,0)) cos 0 + Im(A,,(r,0)) sin 6 (A.8.4)
wi(r,0) = —Re(Ay(r,0)) sin @ 4+ Im(A,(r, 6)) cos @

For a slot with conductors carrying a peak winding current of %ph, the air-gap flux
density function at the slot-opening is:

Ne

Br,arm,so(ra 0) = Mo <2g,> Zph)\w,r (T, 0) (A85)

N\~
Bt,arm,so (T’, 0) = Mo <Zg/> th)\w,t (7’, (9)
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Armature-reaction air-gap flux density for a winding coil By coil is assembled from
a Barm so, at the positive current slot-opening, and its inverted copy —Barm o, at the
negative current slot-opening, and the full waveform is shifted in amplitude so that
the average radial flux density across the circumference is equal to zero. Relative

air-gap permeance functions from Eq.(A.6.4) are employed for slots without currents.
Radial and tangential components of air-gap flux density, due to phase A coils, are:

B (r, ZBSL?f;eSoﬂ (7,8) cos(wt)Wa(s) (A.8.6)
BED(r, ZBﬁiﬁSi‘lﬂ (7, 0) cos(wt) Wa(s)

where Bgﬁtzii)( ) is the armature-reaction air-gap flux density for winding coil s and

Wy is the phase winding function. Subsequently, the 3-phase armature-reaction
air-gap flux density is:

BEted (- g ¢y = BEOUD (1.9, 8) + BED (r,0,1) + BEND (1, 0,1) (A8.7)
BEReD (1,0,1) = BEow (r,0,1) + BEiows) (r,0,1) + BEaewc) (1,6, 1)

Table A.9: Stator magnetising flux, flux linkage and inductance.

Magnetising self-inductance of phase A is:

Sy [ pam . '
Linsa = {Tstht > lﬂi’m Wa(s)BLom (ry, 9,15)] d@} - (A.9.1)
s=1 BET A

Magnetising mutual-inductances of phase A, due to flux from phase B and C, are:

S, sm
> s slottin, 1
Lo = {3 | [, Wa(o) B (. 0.0)] a0 (292
s=1 T Ss A

ST

> [ 15 : 1
me’AC = {Tstht Z [ﬁss;l)ﬁ WC(S)Bi{ZEE:%‘(TSt, 07 t)‘| de} 7
E A

s=1

Finally, the total magnetising inductance of phase A is:

Lm,A = Lms,A + me,A = Lms,A + me,AB + me,AC (A93)
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Table A.10: Machine leakage inductances.

Inner slot leakage inductance (Path 1):

- d,
L = 2% [uoL< iR N (A.10.1)

3 3wSiR

Tooth-tip leakage inductance (Path 2):

S22 d
L, = 2% luoL ( iR )] (A.10.2)

3 WsoR

Tooth-tip fringing leakage inductance (Path 3):

S, 22 L iz 1 4q1
_ PscqQ | Hok g + g WsoR (A.10.3)
L = 3 { o llog<w§0R + 4> + o atan<2g/ )] }

Total slot leakage inductances:

Lg = Lyt + Lgtin + Lt (A.10.4)

End-winding leakage inductance (Path 4):

;o5 [Mo(?)%ﬁw] (A.10.5)
ew T 3

dsiR

Table A.11: Maximum flux and flux densities in the machine.

Rotor back-iron flux is dominated by the magnet flux, and average rotor flux is
determined by integrating radial rotor back-iron surface flux density By(par)(rrs, 0)
over half a magnet length:

Opm

¢rb,max=7“rbl/0 2 By(pary (T, 0)d0 (A11.1)
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Flux flowing through stator tooth k, due to magnets, is found by integrating the
radial open-circuit air-gap flux density over the stator slot pitch, as:

km
¢Stpm7k(t) = 701rstl (ks_sl)ﬂ Bi}%tlf/}ng<7"rst, (9, t)de (A112)

Ss

Armature-reaction and slot leakage flux produced by each phase coil is calculated as:

(Lmn,ph + Lst)ipn(t) (A.11.3)
Nts

Geoilph(t) =

Flux flowing through stator tooth k, due to winding coils, is:

¢stc0il,k(t) = W,Z(bcoil,A(t) + Wg(bcoil,B(t) + Wg‘(bcoil,C(t) (A114)

where W". | are modified phase winding functions, considering flux flowing in stator
teeth on both sides of each coil. Total flux in stator tooth & is:

¢st,k(t) = ¢stpm,k(t) + (bstcoil,k(t> (A115)

Considering a time instant ¢t* when magnet’s d-axis is middle-aligned with stator
tooth 1, maximum stator tooth flux is:

¢st,max - maX(¢st,k(t*)) (A116)

Assuming that ¢s max Splits tangentially in opposite directions as it enters the stator
back-iron, maximum stator back-iron flux is:

ngb’maX — ¢st,2max (A ]_ 1 . 7)

Finally, maximum stator teeth, stator back-iron, and rotor back-iron flux densities
can be computed as:

¢st max ¢sb max ¢rb max (A 11 8)
Bs max — : ) Bs max — : ) B, max — 7 B
b Ly pwey > Uy pdyg, > Ly yd,
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Converter Model

B.1 Phase Average Duty-cycle Reference

To consider how modulation strategies achieve an average sinusoidal commanded
voltages across the load, the duty-cycle reference for each phase, averaged over each

switching period, is analysed. Average duty-cycle reference can be calculated as:

Myp e + 1
Dphres T 2 (B.1)

dph,ref = 5

where M, ,.r is the phase modulation index, also averaged over each switching
period.

To calculate My, s for each phase, the phase-leg pulse patterns are evaluated
based on the switching state relative turn-on times, and their pre-determined se-
quences. Based on the derivations given in [106], analytical solutions for phase A
modulation index M4 ,.r in each sector are provided in Table B.1, as a function of

target output voltage vector angle 6.
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Table B.1: Solution for phase A modulation index reference, My ..

With symmetrical SVM modulation:

™ \/g 9 m ™ T 9
0§9<§ 7MCOS<0*E>, §§9<% 5]\/[008(9)
2§77§¢9’<7r: ?MCOS(Q—FQ), 7T§9<%”: ?MCOS(G—E)

5 3~ . 3 .

T<h< §Mcos(9), = <0 <2m XQ[M(;OS(H + %)

With DPWM1 modulation:

X 5
—r<g<r +1, T<h<r —1—\/§Mcos<9+%)
%§9<‘%’T: +1+\/§MCOS(9+%), %’r§9<%: -1
T 3 9 om 3T 117 9 Q)
T < +1—v/3M cos 9+€, T <0< —1+V/3M cos 9—1—6
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B.2 Device Average and RMS Currents

Based on the phase duty-cycle references from Section B.1, mathematical expressions
for the device average and rms squared currents can also be derived. Firstly, the

instantaneous phase A current can be found as:
ia(0) = iy, cos(f — @) (B.2)

where fph is the peak phase current, and ¢ is the power factor. Next, analytical
solutions for current going through the phase A upper-leg IGBT and diode, averaged
over each sector are determined separately.

For example, the average IGBT current for sector 1 with symmetrical SVM

modulation is:

w/3 )
I's, A,qvg(s1) :/o daress1)(0) - 14(0)d0 (B.3)
w/3 ~ ~
= / {; [?M cos (9 — g) + 1] * Uph cos(6 — ¢)} de (B.4)
0

Similarly, the rms squared solution for IGBT current, averaged over each sector,

are also found separately. For sector 1 with symmetrical SVM modulation, it is:

w/3 ]
Ig',A,rms(sector 1) :A [dA,ref(sector 1)(9) ’ ZA(9>]2d9 (B5)

_ /(J”/Z“){;meos(e_g)u] -%phcos<e—¢>}2de (B.6)

When the average and rms squared IGBT current solutions are found for each

sector, they are combined and the average and rms squared IGBT current for the
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whole fundamental period are:

1 N
]S,A,av = 5 Z IsA,av (sn) (B7)
9 or = g
N
Ig',A,rms = i Z Is2A,rms(sn) (BS)
2m =

where N is the total number of sectors. Equations (B.7) and (B.8) can then be
simplified using Mathematica into the analytical equations, as shown in Table B.2
for the example of a VSI motoring operation. The same analysis is carried out to
determine the diode average and rms squared currents (Ip a4y and Ip 4 ,...,) and

the resulting equations are also tabulated in Table B.2.
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Table B.2: Analytical solutions for IGBT and diode average and rms squared currents
(over a fundamental period) for VSI motoring operation.

With symmetrical SVM modulation:

A

IS,A,avg @(WM COS((b) + 4) (821)
8
2 ) { — OV/3N? + 30w M? + 384N cos(¢) —
[S,A,rms 7681 (B22>
(9VBNI — 127N + 32v/3) N cos(2¢) — 48v/3M + 487
Ip Aavg _@(WM cos(¢) — 4) (B.2.3)
8
2 ) { — OV/3NI? + 30w M? — 384M cos(¢p) —
]D,A,'rms 7681 (B24>
(9VBNI — 127N — 32v/3) N cos(2¢) + 483N + 487
With DPWM1 modulation:
Is A,avg iﬂl(ﬂ.M cos(¢) + 4) (B.2.5)
8
%z%h o2 2 2 s
o [72M ¢ — 4507% sin(20) + 18v/30 26 sin(26) +
T
e 18M°¢ cos(2¢) — 36v/3M> cos(2¢) + 12w M cos(2¢) + Bo6
SArms 183N + 48w M* — 128v/3M sin(¢) + 64v/3M sin(2¢) + (B.2.6)
384 M cos(¢) —96M cos(2¢) —288M +192¢ — 96 sin(2¢) +
1
96 sin (3(6¢ + 7r)> + 96 cos <2¢ + g) + 647@
Ipaavg 1 (i cos() — 4) (B.2.7)
8w
%]%h r2 2 2 4
68 {72M ¢ — 45M* sin(2¢) + 18V/3M>¢sin(2¢) —
2 T .
IDasms 6 (N7 (=3¢ + 6v/3 — 2r) — 6417 + 16v/3) cos(26) + (B.2.8)

18V/3N? + 487 M? — T68M cos(¢) + 1287r]
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