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ABSTRACT

Future energy concerns and global economic challenges are encouraging the world to undertake
energy conservation projects. A significant way to address these concerns is to increase the energy
efficiency of electric appliances. Since electric machines account for roughly 45% of all industrial
electricity usage, an immense amount of energy saving can be accomplished by increasing the
efficiency of electric motors. Induction motors are used in industry because of advantages like self-
starting capability, affordable manufacturing cost and maintenance. However, intrinsic drawbacks of
induction motors like comparatively low efficiency and power factor are not easy to overcome, even
though induction motor performance has improved dramatically over the years.

Manufacturers of electric motors worldwide are gradually focusing on alternative electric machine
technology to meet more rigorous energy efficiency requirements. Hence, line-start permanent
magnet synchronous motor (LSPMSM) machinery has gained substantial recognition in comparison
with other motor types. This type of motor has been made very appealing by significant benefits like
self-starting, high efficiency and power factor. Extensive literature research on LSPMSMs has been
undertaken, concentrating primarily on the development of rotor configurations, developing the
steady-state analytical model, and using the transient time-step finite element (FE) approach for
synchronization evaluation. Due to a hybrid LSPMSM rotor including both an induction cage and a
permanent magnet, torque mechanisms in transient starting and steady-state operating conditions
vary. Finite-element analysis (FEA) is commonly used to determine the LSPMSM's synchronization
capability. However, this form of verification strategy is costly in terms of calculation. Hence, motor
designers and engineers are interested in using a fast and reliable alternative design and optimization
approach like analytical methods. Hence, it would be of great significance to develop a design and
optimization methodology that allows motor designers to study transient and steady-state
performance with high accuracy and low computation time.

This study presents a strategy to design an optimum line-start permanent magnet synchronous
motor (LSPMSM) with improved performance in both transient (dynamic operation to reach
synchronous speed) and steady-state (operating with constant synchronous speed). A mathematical
design and optimization method, based on the developed machine sizing equations of induction
motors (IMs) and permanent magnet (PM) motors, is proposed for the design of an optimum
LSPMSM. The rotors of the IM and IPM are combined to create a hybrid rotor including an induction
cage and permanent magnet for a LSPMSM. To verify the proposed mathematical method, a three-
phase, 4-pole 4-kW LSPMSM is selected as a case study. A second case study of a three-phase, 1-
kW, 8-pole LSPMSM is studied for further verification. The initial designs of the IM, IPM motor and
LSPMSM are analyzed using FEM to verify the proposed analytical design and analysis method. The



IM and IPM are then analytically optimised using a genetic algorithm (GA) for the transient
improvement (through maximizing the starting torque) and the steady-state performance
improvement (via maximizing efficiency), respectively. The rotor cage bar dimensions and PM size
are selected as optimisation variables in optimizing the IM and the IPM. Combining the rotors of the
optimised IM and IPM yields the optimum hybrid rotor for the LSPMSM. To present a comparative
study between the proposed optimisation method and FEM optimisation, the 2D design of an initial
LSPMSM design is optimised based on FEM in Ansys/Maxwell. The designed LSPMSM meets the
super-premium efficiency (IE4) standards, which outperforms the benchmark IM standard of
premium efficiency (IE3). Also, the designed LSPMSM has the capability of starting directly whilst
the benchmark PM motor requires an external driver to start.

In addition, this study presents a novel analytical thermal analysis model based on a lumped-
parameter model of the LSPMSMs. Hence, a lumped-parameter thermal circuit is proposed for
LSPMSMs based on the developed thermal model of an IM. To verify the proposed analytical thermal
model, a 3-phase, 4-pole 3-kW IM is selected as a case study incorporated with thermal experimental
test results from a 3-kW commercial IM to validate the results of the proposed thermal model. The
performance of the proposed thermal model of the LSPMSM is verified using 3D FEM-based thermal
analysis. In this section of the thesis (thermal analysis and modeling), the LSPMSMs are researched
to discover the achievable maximum output power in the same frame size (3-kW and 4-kW
commercial induction motors) with successful synchronization and safe operation in terms of
temperature rise.

In summary, the imperative of this study proposes a novel analytical electromagnetic and thermal
design, analysis and optimization platform of line-start permanent magnet synchronous motors
(LSPMSMs). The main contributions made in this thesis are: (a) simultaneous starting torque and
efficiency improvements of the LSPMSM designed based on the commercial IM via implementing
optimization using FEM techniques; (b) comparing the performance of two different optimization
approaches (gradient-free and gradient-based approaches) in the context of electric machines with a
focus on the IMs and LSPMSMs; (c) developing an analytical design, analysis and optimization
platform for the LSPMSMs using machine sizing techniques of IMs and permanent magnet (PM)
motors; (d) proposing an analytical thermal model and analysis of the LSPMSMs based on lumped-

parameter network.
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1. CHAPTER 1
1. INTRODUCTION

1.1 Motivation

Generally, energy is produced via non-renewable and renewable resources. Non-renewable
resources, such as oil and coal, are diminishing at an increasing rate due to growth of the world’s
population. In addition to the inherent limit in the availability of non-renewable natural resources, the
use of fossil fuels has raised serious environmental issues. Therefore, for the sake of humanity, it is
important to make efficient use of these resources. One way of improving efficiency is to design
highly energy efficient electric machines.

Electrical machines are known as high-usable types of electrical appliances that need more
attention to increase their efficiency. They are divided into two different operational types: generators
and motors. Electrical generators produce electricity using an external mechanical force applied to
the shaft. In contrast, electrical motors generate mechanical power using input electric power. Every
day we use many appliances that work using electrical motors such as lifts, escalators, and pumps. In
fact, electrical motors have many applications and consume approximately 45% of electrical energy.
Thus, a way of saving more energy is increase the use of high efficiency motors.

Electrical motors are generally divided into two types: direct current (DC) and alternating current
(AC). The focus is more on AC supply motors, which are divided into two categories: induction
motors (IM) and synchronous machines. Permanent-magnet (PM) motors are more efficient than IMs
but need an external inverter to run and are expensive. These reasons have resulted in low interest for
PM motors compared with IMs, which are self-starting and affordable, particularly for industrial
applications. Low efficiency is known as a key disadvantage of IMs, which increases cost of energy
during their lifetime.

Line-start permanent magnet synchronous motors (LSPMSMSs) can be designed to deal with these
short comings. The use a hybrid rotor that is a combination of an IM rotor and an interior PM. For
commercializing any technology, it is of the great importance to be low cost and highly efficient.
LSPMSM s include the advantages of IMs and PM motors such as self-starting capability and high
efficiency and power factor. The following section discusses the challenges present in LSPMSMs

electromagnetic and thermal analysis.



1.2 LSPMSM Challenges

1.1.1

LSPMSM Design Challenges

LSPMSM electromagnetic design is a multi-level and multi-disciplinary procedure. The design

process is divided into three stages: (a) design topology choice including design modeling method

choice, (b) design optimization implementation, and (c) thermal analysis.

1.1.1.1 Design Topologies

Various LSPMSM topologies have been extensively studied in the literature. An LSPMSM has a

hybrid rotor including cage and PM. This makes the design process complicated. In design topology

selection there are several factors that should be considered such as an appropriate induction cage

model, proper PM volume and configuration, and manufacturing limitations to achieve a feasible

design. The main design challenges that should be taken into account are:

a)

b)

d)

PM demagnetization due to overheat (see Figure 1-1 showing temperature effect on intrinsic
PM characteristic [1]), over-induced current in the stator winding and rotor bars, and
inappropriate PM thickness due to rotor topology limitation.

Braking torque, due to the presence of a PM, that affects the starting capability of the
LSPMSM through producing negative torque in the transient state.

Torque oscillation or cogging torque due to the interaction between PM and stator slots.
There have been various methods to minimize the cogging torque for different
configurations such as interior-PM (IPM) and surface-PM (SPM). SPM Machines suffer
high cogging torque in comparison with IPM [2]-[3] (see Figure 1-2).

Efficiency and power factor are the most important factor in designing an LSPMSM and
the selected topology should provide a high efficiency and power factor to compensate for

the cost of using PM.

A performance comparison of different LSPMSM topologies (illustrated in Figure 1-3) for a fixed

PM volume and material was studied in [3]-[6]. The radial-flux rotor topology (series-type) and

W-type have better performance amongst other topologies [3]-[5]. However, the W-type

configuration is too complicated, which makes it difficult and costly to manufacture [3]-[5].

Therefore, the series-type topology is considered an appropriate topology for this study because of

good performance and simple structure in terms of fabrication.
1.1.1.2 Design Modeling Methods

Generally, there are three methods for the design and analysis of electromagnetic characteristics of

electric machines: numerical (Maxwell’s equations), analytical (magnetic equations), and machine

sizing (sizing equations). Although numerical methods (like finite-element method) are accurate, they

are computationally intensive and require high performance computing [6].
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“Removed due to copyright restriction”

Figure 1-1. B-H demagnetization curve variation versus temperature for Sm»Co17, XG 26/60 PMs [1].

“Removed due to copyright restriction”

Figure 1-2. Performance parameters comparison of two different LSPMSM topologies, IPM and SPM [3].

V-type W-type Swastika-type
Figure 1-3. Different LSPMSM topologies based on PM configuration for LSPMSM [3]-[5].

Using these methods for the technical verification of developed solutions is a common practice,
although implementing an optimization problem employing them is a lengthy process and, in certain
cases involving multiple disciplines like electromagnetic and thermal characteristics, may not be
applicable [6]. The analytical methods solve magnetic equations based on the assumptions made in
geometric and material characteristics. These methods are less accurate than numerical methods and
rely on a large number of assumptions. Designers should update assumptions for each design
structure. Hence, if the design is not a conventional machine, the developed analytical model must be

completely remodeled [6].



Machine sizing is a well-known design technique that solves sizing equations with a focus on
electrical performance of machines. Two popular machine sizing techniques were studied in [7]-[8].
Recently, there have been developments in machine sizing equations to improve accuracy [9]-[11].
Sizing equation methods are very fast, though their accuracy is not as good as numerical methods.
These techniques are generally categorized as analytical methods that solve sizing equations instead
of magnetic equations. Estimating performance parameters (mainly steady-state) of a machine is
straightforward via this method and, hence, computing it in an optimization problem is simple even
for multi-disciplinary studies. There are independent sizing equations for induction motors and PM
motors, whilst there is not a machine sizing strategy for the design and analysis of an LSPMSM due
to its complex rotor topology inclusive of an induction cage and PM.

After selecting the design topology, it is time to consider the design modeling technique, which
allows us to implement this thesis’s aim of developing a multi-disciplinary design platform. This
platform enables designers to calculate the main dimensions of the motor, estimate/predict key
electromagnetic and thermal performance parameters of the motor, and provide a capability for
optimization implementation. The design method must be fast to support rapid performance analysis
and improvement. As the LSPMSM behavior in start-up is like induction motors and in steady-state
is like PM motors, there is the possibility of developing an analytical design strategy based on sizing
equations of IM and PM motors. This design modeling method is developed in this study for
electromagnetic design and analysis of LSPMSM.

1.1.2 LSPMSM Optimization Challenges

LSPMSMs have been studied in the literature, with emphases on PM-assisted rotor topological
development, steady-state performance improvement using analytical models, transient
(synchronisation process to reach synchronous speed) performance improvements using finite-
element methods (FEM). There have been two strategies to develop better LSPMSM performance in
both the transient (dynamic operation to reach synchronous speed) and the steady-state (operating
with constant synchronous speed): (a) design methodologies and (b) optimisation techniques using
time-step finite element analysis (FEA). Design methodology studies present new methods for
performance improvement of LSPMSM in the transient and the steady-state operation. These
techniques are chiefly limited to either the transient performance improvement or the steady-state
performance improvement. A focus on only the transient performance improvement may degrade the
steady-state performance of the LSPMSM, and vice versa. There have been limited design strategies
to simultaneously improve both transient and steady-state. Conversely, employing FEM to verify

LSPMSMs performance is a time-consuming process that results in in less attention from designers



to implement FEM-based optimisation procedures. Note that a comprehensive discussion of
LSPMSM performance improvement and optimization is presented in Chapter 2.

Simultaneous performance improvement of the LSPMSM is possible using developed analytical
design methods given the fact that LSPMSM transient performance is mainly dependent on induction
cage features (like IMs) and LSPMSM’s steady-state performance is mainly dependent on PM
characteristics (like PM motors). Hence, an optimum hybrid rotor is possible via combination of an
optimized rotor from IM (with a focus on transient performance improvement) and an optimized rotor
from PM (with a focused on steady-state performance improvement). Optimization study in this thesis
is aimed to simultaneously improve the transient and steady-state performance of LSPMSM. It is
divided in two studies: (a) optimizing LSPMSM based only on FEM optimization techniques
including two different approaches; (b) optimizing LSPMSM based on the developed analytical
design method and FEM individually for the same case study. The aim of the first study is to indicate
how a FEM optimization is implemented and to compare the performance of two different
optimization approaches in this field (Chapter 3). The second study is aimed at presenting an
electromagnetic design, analysis and optimization platform for LSPMSM (Chapter 4).

1.1.3 LSPMSM Thermal Challenges

Overheating in electric machines is a serious problem causing machine failure in some cases due
to extreme temperatures of the stator winding and rotor end ring for induction motors and PM
demagnetization for permanent magnet machines. There are three strategies to analyze temperature
distribution of motors: (a) analytical method; (b) numerical method; (c) experimental tests.

Thermal analysis and modeling of the LSPMSMs have been studied in a limited number of works,
whereas thermal analysis and modelling of IMs and PM motors have been extensively studied in the
literature (detailed discussion is presented in Chapter 5). FEM-based and experimental-based thermal
analysis of an electric machine are time-consuming and computationally intensive. Analytical thermal
analysis methods, mainly based on lumped-parameter networks, are fast and accurate enough and this
enables the possibility of coupling them in optimization problems with electromagnetic analysis.
There are extensive analytical thermal models in the literature for IMs and PM motors whilst there is
a lack of an analytical thermal model of the LSPMSMs. A comprehensive thermal modeling and

analysis study of LSPMSM will be discussed in Chapter 5.

1.3 Thesis Organization

This thesis develops an electromagnetic and thermal design, analysis and optimization of line-start
permanent magnet synchronous motors. The organization and framework of the thesis is described

as follows:



Chapter 2 presents a comprehensive literature review of research mainly focused on design
and optimisation techniques in performance improvement of line-start permanent magnet
synchronous motors. It starts with a brief overview of energy production and consumption
due to the world population growth and human beings needs to use electricity energy caused
to global warming and COz emissions. International viewpoints regarding to climate change
as results of global warming are discussed briefly in this chapter to show the consequence
of the energy production growth. Next, it introduces the line-start permanent magnet motors
(LSPMSMs) as production of induction motor (IM) and interior permanent magnet (IPM)
combination. Also, available international efficiency standards are studied in this chapter.
A detailed comparison between LSPMSMs and IMs in terms of performance is presented.
In second part of this chapter, recent developments of LSPMSMs performance
improvement including design techniques and optimization strategies are discussed in
depth. Conclusion and research gaps are discussed at the end of this chapter. Based on this
chapter and recognized research gaps in this field, the thesis aims are framed and presented
in the next chapters.

Chapter 3 provides a comprehensive FEM-based optimization study. In this chapter the
rotor of the benchmark IM (4-pole, 3-phase, 4-kW) is replaced with a hybrid rotor including
a squirrel cage and PM to provide an LSPMSM. To have a design with the lowest
manufacturing cost, the LSPMSM design should have same stator, winding and housing
with only the rotor replaced. The hybrid rotor is designed based on some modifications to
the rotor of the IM. After finalizing the initial design, the design is optimised to improve
transient and steady-state performance. The optimisation is divided in three scenarios: 1)
transient optimisation, 2) steady-state optimisation, and 3) transient and steady-state
optimisation simultaneously. The first two scenarios are implemented under a single-
objective function while the third scenario is a multi-objective optimisation. To present a
comprehensive comparative optimization study in the context of electric machines
particularly LSPMSMs the designs in this chapter are optimised using two different
optimization approaches: 1) gradient-free, and 2) gradient-based approaches. Both
approaches are compared in terms of two main factors: 1) performance of the optimum
designs, and 2) time of optimisation. The study is enriched with 3D finite-element analysis
(FEA).

Chapter 4 proposes an analytical design, analysis and optimization approach for LSPMSMs
to get a reliable optimum design in a time shorter than FEM-based optimization. It begins
with a proposed analytical design method based on the machine sizing techniques of IMs

and PM motors. The motor performance parameters are estimated analytically based on the
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proposed analytical equations. To verify the proposed design and analysis, a finite-element
method (FEM)-based study is employed to analyze the LSPMSMs designed by the
proposed analytical method. Next, an analytical optimization strategy is developed to
generate an optimum design of the LSPMSM. The purpose of the optimization is improving
the transient and the steady-state performance of the LSPMSM. Likewise, to verify the
performance of the proposed optimization strategy, the initial LSPMSM design is optimized
based on FEM optimization under the same optimization conditions using a genetic
algorithm (GA) and similar variables and objective functions. The proposed methodology
is clearly discussed and verified with FEM for a 4-pole 4-kW LSPMSM as a case study. As
further verification, the results and discussions are presented for a second case study of an
8-pole 1-kW LSPMSM designed based on the proposed method.

e Chapter 5 presents a thermal study of the LSPMSMs. In this chapter, a novel lumped-
parameter thermal model is proposed to estimate steady-state temperature of the
LSPMSM’s main parts. In fact, the proposed method is aimed to be a reliable substitute for
FEM-based thermal analysis, which is a time-consuming process. The proposed lumped-
parameter thermal circuit model of the LSPMSM is based on a developed lumped-
parameter network of the induction motors. Indeed, the thermal model of the IM is tuned
to the LSPMSM model with consideration for the updated rotor inclusive of a PM and
modified rotor cage. To clearly present the performance of the proposed method, a case
study (3-kW, 3-phase) is studied against available experimental data for the IM benchmark.
To present a comprehensive thermal study, the performance of the proposed method is
verified using 3D FEM-based thermal analysis, and all simulation results are validated with
experimental data of the 3-kW IM benchmark. Then, performance of the proposed thermal
model of the LSPMSM is verified with 3D FEM-based thermal analysis for this motor. In
a dedicated part of this chapter (Section 5.7), the discussions and thermal results of the 4-
KW 4-pole LSPMSM and IM are presented. The proposed lumped-parameter thermal
method performance for these case studies are verified with the 3D FEM-based steady-state
thermal analysis.

e Chapter 6 presents the thesis conclusion and recommendations for future studies in
LSPMSM electromagnetic and thermal studies. In this chapter, the overall conclusion is
presented with a viewpoint to future usage, improvement and development of delivered
models and methods. The key outcomes of the study are presented in this chapter.

This thesis is an industry-framed project aimed at replacing conventional IMs with LSPMSMs to
meet high level efficiency standards. A prototype of the final, optimum LSPMSM was intended in

order to do more verification of the study, but due to tough circumstances caused by Covid-19,
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prototyping the LSPMSM was impossible. However, the study is enriched with extensive 2D and 3D
FEM simulations and, in some cases (for the benchmark 1M), available experimental data validates
simulations and proposed analytical method performance. In addition, in thermal analysis, extensive
experimental tests conducted for a benchmark 1M were used to verify the proposed analytical method

performance and simulations.



2. CHAPTER 2

2. DESIGN AND OPTIMISATION TECHNIQUES IN PERFORMANCE
IMPROVEMENT OF LINE-START PERMANENT MAGNET
SYNCHRONOUS MOTORS: A REVIEW

In this chapter, an extensive literature review is presented for LSPMSM performance improvement
approaches to understand recent trends in the design and technology as well as the significance of the
current study. Generally, LSPMSM performance improvement techniques are divided into two
strategies: 1) design methodologies, and 2) optimisation techniques. This chapter is divided in six
sections: A summary of the chapter is presented in Section 2.1. Section 2.2 provides an introduction,
and LSPMSM background is discussed in Section 2.3. Performance improvement of LSPMSM using
design methodologies is discussed in Section 2.4 and optimization techniques are presented in Section
2.5. Lastly, Section 2.6 includes suggestions and recommendations for further investigations in future

research work.

2.1 Summary

This chapter covers the design methodologies and optimisation techniques studied in the
performance improvement of LSPMSMs. LSPMSM performance improvement using design
techniques is chiefly limited to either transient or steady-state performance improvement, and a focus
on only the transient performance improvement may degrade the steady-state performance of the
LSPMSM and vice versa. Optimisation studies of LSPMSMs are categorized in terms of three
optimisation aims: transient performance improvement, steady-state performance improvement, and
simultaneous improvement of the transient and the steady-state performance. This study indicates the
impact of various variables on LSPMSM performance improvement. The optimisation review shows
that starting cage optimisation without considering the steady-state characteristics as constraints
results in synchronous performance degradation. In steady-state performance optimization,
considering transient characteristics as constraints results in a slight synchronous performance
improvement and it contributes to avoiding transient performance degradation. Multi-objective
optimization including a transient and a steady-state characteristic as individual objectives results in
a more optimum LSPMSM with overall performance improvement. Finally, research gaps in design

and optimisation of LSPMSMs are presented.

2.2 Introduction
Nowadays, electricity consumes 19% of total energy and demand is growing significantly in
comparison with all other fuels [12]. Electrical machines are devices that use electrical energy to

produce mechanical power. Therefore, more focus on increasing their efficiency can save energy.
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Electrical motors, particularly alternating current (AC) motors, are used across an enormous range of
applications (lifts, escalators, pump, etc.) and consume around forty-five percent (45%) of the total
electricity generated worldwide [12]. As an example, in the UK, three phase induction motors
released a massive amount of CO. emissions, around 97 million Ton, which was approximately 17%
of the entire CO; release for the country [12].

Emissions of CO2, and other greenhouse gases, increase average temperatures in the atmosphere
and the oceans. This is known as “global warming” and is a result of climate change. The clues of
global warming are indicated in all over the world such as ice floes melting, polar ice mass drop,
rising sea levels, ecological systems change, and frequent heat waves [13]. The climate change has
seriously affected the lives of human beings with some consequences visible and others non-obvious.
We can point to some of these consequences such as heat waves affecting vulnerable people (children,
elderly people), degraded air quality, falls in farm production, floods, tsunamis, and insects’ migration
resulting in epidemics (malaria) [13]. With electric motors such a large contributing factor to CO>
emissions, it is important that they be as efficient as possible to reduce electric energy consumption.
Using high-energy permanent magnets and optimizing machine designs are important means to the
design of high-efficiency electric motors [14].

AC motors are divided into two categories induction motors (IMs) and permanent magnet (PM)
motors. IMs are widely used in numerous industries as actuators or drives to provide mechanical
motions and forces (including factories, industrial sectors, air compressors, fans, railway tractions,
pumps, blowers, cranes, textile mills, electrical home appliances, vehicles, modes of transportation,
and wind power systems). Maintenance of IMs is easy because of their simple structure,
dependability, high efficiency, and low value [12]. However, this type of motor suffers low efficiency
resulting in the consumption of a considerable amount of electricity. Hence, optimisation studies to
improve efficiency of IMs have been implemented and a limited level of success has been gained
[12].

PM motors are more efficient than IMs but need an external invertor to run them and are expensive.
These disadvantages have resulted in low interest in this type of motor in comparison with IMs, which
are self-starting and affordable, particularly for industrial applications. Line-start permanent magnet
synchronous motors (LSPMSM) are a recently introduced generation of electric motors that can start
direct on-line like IMs, which avoids the need for drives (inverters), and can provide high efficiency
like PM motors. The trade-off between starting/synchronization capability (transient performance)

and higher efficiency and power factor (steady state performance) is a key challenge for LSPMSMs.
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2.3 LSPMSMs Background

2.3.1 LSPMSM Description

The International Electro-Technical Commission (IEC) standard IEC 60034-30-1:2014 [15]
defines classifications of international efficiency (IE) for single- and three-phase direct-on-line
motors. These classifications are listed in Table 2-1.
Induction machines (IM) are widely used but only have medium levels of efficiency, e.g., IE2 [16].
Permanent magnet synchronous machines (PMSM) offer higher efficiency at a higher cost but
generally also require a drive (inverter), which is an additional cost to the machine. For applications
that require only constant speed operation, a line-start permanent magnet synchronous motor
(LSPMSM) is an option that avoids the need for a drive. LSPMSM machines have a rotor that has
both a squirrel-cage, for direct-on-line starting, and permanent magnets. The latter allows for higher
efficiency steady-state operation due to the reduction in rotor cage losses [17]. Using the high-energy
permanent magnets has allowed LSPMSMs to reach the super-premium efficiency (IE4) standard.
The highest efficiency levels in the power output range of 0.55-kW to 4-kW are achieved by
LSPMSMs [18]-[19].

Table 2-1. Classifications in international efficiency (IE) [15].

IE Code Description
IE1 Standard Efficiency
IE2 High Efficiency
IE3 Premium Efficiency

IE4 Super Premium Efficiency

IE5 Ultra-Premium Efficiency

The modelling of LSPMSMs is based on the stationary d-q reference frame as described in [19]-

[21] and is given by the following equations:

d¥,
Vsq = Rsisq + 0 ¥sq + d;" (2.1)
. d¥sq
Vsq = Rglsg — wrlpsq + d_: (2.2)
d¥,
Vrq = Ryqlrg + d—;q =0 (2.3)
dy.
Vrq = Ryqlyq + Trd =0 (2.4)
Wsq = Lsqlsq T Linglrg (2.5)
¥Ysa = Lsalsq + Limalra + ¥ (2.6)
Wrq = Lrqlrg + Linglsq (2.7)
¥Yra = Lralyq + Lingisa + ¥in (2.8)
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where Vsq, Vsd, Vrg, Vrd, Isq, Isd, Irq @Nd irg are the d-q axis voltages and currents in the stator and rotor,
and Ysq, ¥sa, ¥rq, and Piq represent the flux linkage of the stator and rotor, respectively. The
parameters wr, Rs, Rra and Rrq are the angular speed of the rotor, resistance of stator and rotor
resistances referred to stator, respectively. The calculation of the stator and rotor fluxes linkage are
described by Equations 2.5-2.8. In these equations Lsq, Lsd, Lrg, Lra are the inductances of the stator
and rotor and Lmq, Lmd and ¥n are the mutual inductances and the permanent magnet flux-linkage.
Dynamic torque is as follows, with three terms being the reluctance, cage and PM synchronous
torque, respectively [19]-[21],

Tind = 7 [(Lsd_qu)isdisq + (Lmdisq ird - Lmq isd irq) + lPmisq] (29)
Figure 2-1shows the d-q equivalent circuits for LSPMSMs.
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Figure 2-1. The d-q equivalent circuits of LSPMSMs.
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Figure 2-2. Analytical LSPMSM design procedure flowchart [30].

2.3.2 LSPMSM Design Methods

Over the last few decades, LSPMSM designs have traditionally designed starting from a benchmark
squirrel-cage IM design and adding a PM to the rotor and then performing a comparative study
between the starting and the steady-state performance of the IM and LSPMSM [22]-[28].

In contrast to this, an analytical design procedure for an LSPMSM based on classical machine
sizing methods was presented in [29]-[30]. Figure 2-2 illustrates an LSPMSM design procedure based
on the combination of an interior PMSM and an IM designed analytically based on machine sizing
techniques [31]-[32]. The same stator and winding were used for the two machines and there is a
trade-off between the rotors of IM and interior permanent magnet (IPM) motor to produce the hybrid
rotor for the LSPMSM. When adding the PM to the IM rotor, there is a post processing step to re-
design the squirrel cage to achieve an appropriate balance between successful starting and high
efficiency.

Similar to IMs and PMSMs, LSPMSMs can be designed in radial and axial-flux configurations.
An axial-flux LSPMSM (AFLSPMSM) was obtained by adding a squirrel-cage to the rotor of an AF-
PMSM and was shown to have a higher efficiency than the induction motor of the same power rating
[33]. The axial-flux LSPMSM has potentially higher power density, and in some applications it has
higher efficiency than radial-flux LSPMSMs [34].

2.3.3 LSPMSMs vs. IMs
The following subsections compare LSPMSM performance with IMs across several features.

13



2.3.3.1 Starting and synchronization capability

LSPMSMs use the starting torque produced by the rotor induction cage to bring the load up to near
synchronous speed at which point, if the load torque and inertia are within allowable bounds, the rotor
PM torque is sufficient to cause synchronization to occur. A successful synchronisation requires the
motor starting torque to be higher than the load torque at all speeds as well as a sufficiently low value
of load inertia to allow the final synchronisation stage.

Figure 2-3 shows the steady-state torque-speed curve of a 4-kW LSPMSM in comparison with its
baseline IM. This shows the net LSPMSM torque as well the LSPMSM torque when the magnets are
removed. The difference between these is the PM braking torque [28]. The torque versus speed curve
of an LSPMSM is generally lower than that of the baseline induction machine. Firstly, due to the
presence of the rotor magnets, the cross-sectional area of the rotor squirrel-cage bars is normally
lower, which mainly affects the performance at higher speeds. Secondly, the rotor magnets produce
a magnet braking torque that peaks at relatively low speeds [35]-[38] and reduces the net output
torque. The steady-state torque of a LSPMSM is calculated as follows [19]:

Tot = Tmag + Tcage (2.10)

where Tmag, Tcage aNd Tiot are the magnet-generated torque (braking torque), asynchronous torque

developed by winding (induction torque) and the total resultant torque (LSPMSM torque),

respectively. This is shown in Figure 2-3. The load torque must be less than the LSPMSM torque

generated by the motor for a successful start-up. The magnet torque (braking torque) is directly related

to the electromotive force (EMF) and stator resistance [19]-[21]:
R +X(1-5)

[RE + XaXy(1 —5)]?

where s, P, Rs and ws are the slip, number of poles, stator resistance and synchronous electrical

(2.11)

3P )
Tmag = - w (1 —s)EgRq
s

speed, respectively, Eo is the no-load EMF, and Xq, Xq are the synchronous reactance in the d- and g-
axes.

A convenient way of describing the starting performance of a LSPMSM is to show the envelope
of its starting capability on a plane with axes of load torque and load inertia. The load torque is given
as the load torque at rated speed with some stated assumption of its speed variation such a constant
torque or a fan-type load. The load inertia is normally expressed relative to the rotor inertia.

Considering a constant load torque versus speed curve, for the baseline induction machine the
starting capability would be limited by the “pull-up” torque of its torque-speed curve, but there would
be no limit on load inertia. For the corresponding LSPMSM, the maximum allowable load torque is
generally lower due to the two effects described above and there is a finite limit on the maximum
load inertia, typically 5 to 15 times the rotor inertia. Beyond these limits, the LSPMSM will fail to
reach synchronous speed, which results in large oscillatory output torque and poor steady-state
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performance. Figure 2-4 shows an example of the boundary of the successful starting and
synchronisation of a 4-kW LSPMSM and its baseline IM for different inertia ratios and load torques.
The impact of braking torque on LSPMSM starting capability is shown in Figure 2-5 [36]. It shows
unsuccessful starting (synchronization) of a LSPMSM. In Case 1 this is due to high braking torque,
which degrades the normal operation of the motor at low speeds compared to an IM and the machine
effectively stalls. In Case 2 this is due to too high a load torque and/or inertia, which prevents final
synchronisation.

There is an overshoot in the dynamic speed-time graph for a LSPMSM which can reach
synchronous speed and the settling time is longer in comparison with an IM starting [37]-[38]. The
synchronisation capability of a 4-kW LSPMSM is compared with a baseline IM in terms of settling
time in Figure 2-6. It shows that the IM reaches the steady-state speed roughly three times faster than
the LSPMSM. Initial rotor position influences the LSPMSM synchronization performance, as is seen
in Figure 2-6b. This indicates that the LSPMSM with initial rotor position forced at 75 and 90
mechanical degrees reached synchronous speed faster than other positions. Analysis indicates that
the steady-state performance of the LSPMSM is not affected by the initial rotor position while the

synchronization is more sensitive to this factor.
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Figure 2-3. Steady-state torque-speed curve of a 4-kW IM and LSPMSM [28].
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2.3.3.2 Steady-state efficiency and power factor

Figure 2-7 shows five current motor efficiency standards [39]-[40] for machines with ratings
between 0.75 and 160-kW. Approximately a quarter of the total loss of four-pole induction motors is
due to rotor cage losses that are associated with the slip of the rotor. LSPMSMs operate at
synchronous speed and so have only low rotor cage losses due to high-order harmonics [41].

Figure 2-8 shows the calculated full-load loss contributions (Figure 2-8a) and other performance
metrics (Figure 2-8b) of a 2.2-kW LSPMSM and the baseline IM (excluding the mechanical loss).
The LSPMSM total loss is about one-third less than the IM at full-load operation resulting in a
substantially improved efficiency [42]. This reduction in total losses is due to a reduction in rotor
cage loss (29% of total loss in IM, 7% in LSPMSM) and reduction of the stator copper loss due to
the lower input current resulting from the significant decline in magnetizing current in the LSPMSM.
Figure 2-8b compares the full-load power factor of the machines. The LSPMSM shows a significantly
higher power-factor due to the permanent magnet excitation. A low power-factor causes additional
stator winding copper losses and can result in extra supply charges by electrical utilities [43]. Figure
2-9 compares the efficiency of the two designs as a function of output power and includes the NEMA
standards of 4-pole, 50 Hz electric motors. It shows that the calculated full-load efficiency without
mechanical loss of the LSPMSM exceeds the IE4 standard while the corresponding IM efficiency is

just above the IE3 level.
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Figure 2-7. Comparison of the five efficiency standards versus output power of 3-phase, 4-pole motors [12].
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2.4 Design Techniques for LSPMSM Performance Improvement

2.4.1 Transient Performance Improvement
A d-g model of a LSPMSM was proposed to study the starting torque and synchronisation

capability of a LSPMSM under high inertia loads [44]. Possible PM demagnetization due to the large
starting current was minimized through reducing the rotor bar size by 40%. This resulted in an
increase in rotor resistance that led to a starting torque increase and a starting current reduction.

An innovative approach of using a 6- to 8-pole changing stator winding improved the starting
performance of the LSPMSM by reducing the magnet braking torque by having a different number
of stator winding and rotor PM poles during starting. The pole changing method was based on using
a slot-number phase diagram [45]. The starting performance was significantly improved in
comparison with a 2/4 pole changing winding method studied in [46] based on the Dahlander
connection method. However, 2/4 pole changing is more practical as the stator winding is not
changed, and in 8-pole changing method the synchronous torque is low, which is not proper for
applications like pumps and fans. Figure 2-10a and Figure 2-10b compare the calculated LSPMSM
braking torque and torque ripple versus speed using the proposed 6/8 pole shifting method with the
conventional motor. It shows that the start-up capability of the LSPMSM was essentially improved.

The starting torque improvement of LSPMSMs was studied in [47]-[52] and covered aspects like:
composite solid rotors [47], slotted solid rotors [48]-[49], influence of space harmonics [50], optimal
skew angle [51] and the magnetizing inductance effect [52]. Figure 2-11 shows the improvement of a
slotted solid rotor of a LSPMSM in comparison with a smooth solid rotor and a squirrel-cage
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LSPMSM rotor. It shows that for the designs, when considering loading and rotor inertia, only the
slotted solid rotor can reach synchronous speed. The maximum braking torque of LSPMSMs is
affected by the magnetizing inductance, and higher magnetizing inductance leads to lower maximum
braking torque and better start-up performance, but lower synchronization capability [52]. An
analytical method including the mutual effect of fields due to cage bar currents, permanent magnets
and armature currents was proposed to clarify the asynchronous torque specification impact on torque
oscillations.

Figure 2-12a and Figure 2-12b compare the cage torque and magnet torque of the proposed method
and conventional method as a function of slip. It is seen that the calculated cage torque and magnet
torque using the proposed method is larger than conventional method. The coupling effect between
cage bar flux and the magnet flux produces a significant negative dc component on the magnet torque
[53].
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2.4.2 Steady-State Performance Improvement

The ideal steady-state performance of a LSPMSM is to have high efficiency and power factor, and
low torque ripple and cogging torque. In LSPMSMs, the area and configuration of the PMs has a
considerable effect on the efficiency and power factor but also affects the transient performance of
these motors. Figure 2-13 shows the calculated effect of PM area on the steady-state and transient
performance of a 2.2-kW LSPMSM. A minimum of 60 mm? of PM was found necessary to
synchronize. Increased PM area results in improved efficiency and power-factor but degrades starting
and settling time.
Cogging torque in LSPMSMs causes speed ripple and vibration and there have been efforts to reduce
this [54]-[56]. These include: dividing the PMs into segments [54], optimizing the magnet shape [55]
and using flux barriers on the rotor [56].These techniques are chiefly limited to either transient
improvement or steady-state performance improvement. Thus, a focus on only transient performance

improvement may degrade the steady-state performance of the LSPMSM and vice versa.
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LSPMSM.

2.5 LSPMSM Performance Improvement Using Optimization Techniques

Studies on the performance improvement of LSPMSMs are divided in two categories. Firstly,
design methodology studies presenting new methods for performance improvement of the LSPMSMs
were discussed in the previous section. Optimization implementation is the second category of
LSPMSM performance improvement. Although optimization of induction and permanent magnet
motors are common practice, there is limited optimization studies on LSPMSMs. Optimization
studies for LSPMSMs can be divided in three categories based on the optimization aim: 1) transient
performance improvement, 2) steady-state performance improvement, and 3) simultaneous

improvement of the transient and the steady-state performance.
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Most optimisation studies in the context of electric machines have been conducted using gradient-
free optimization approaches, and no significant differences were observed in optimizing an electrical
machine with various alternative gradient-free approaches like genetic algorithms, particle swarm
optimization (PSO), evolutionary algorithms (EAs), and differential evolution algorithms (DEAS).
[57]. However, the differential evolution (DE) algorithm was found to generally give the best results
in terms of convergence time and repeatability of results [58]. A literature review of optimization
studies was categorized as follows.

2.5.1 Transient Performance Improvement

The starting torque, settling time and synchronization capability are considered to be important
factors of LSPMSM transient performance. The transient performance can be improved through
maximizing starting torque, minimizing braking torque, and maximizing the allowable moment of
inertia of the load. Maximizing starting torque and minimizing braking torque results in faster starting
and torque improvement at low speeds. Maximizing the allowable moment of inertia of the load leads
to synchronization capability improvement for high inertia loads, although it takes a longer time to
reach synchronous speed. In transient performance improvement, the rotor bar and end ring
dimensions play a key role and are considered to be optimization variables for this purpose [59]-[63].

To avoid steady-state performance degradation in an optimization study with a focus on transient
improvement, there are two options: 1) considering both the transient and the steady-state
performance parameters in the cost function, or 2) considering the steady-state performance
parameters as constraints in an optimization function formed by only transient performance
parameters. In fact, in a transient optimization, considering only the rotor bars and end ring
dimensions as variables to improve the transient performance, using the steady-state performance
parameters as optimization objectives or constraints are effective to avoid steady-state performance
degradation. This is supported as follows.

2.5.1.1 Transient improvement without considering the steady-state characteristics

The starting performance and synchronization capability of an LSPMSM was improved by
optimizing the rotor bar dimensions without considering steady-state performance parameters in the
optimisation implementation [59]. Hence, although the starting performance was improved, there was
degradation in efficiency. It is due to reduction happened in PM size and increase in rotor copper loss
at steady sate due to the impact of harmonic in the airgap field and rotor resistance increase.

Synchronization capability and starting performance of a slotted, solid-rotor LSPMSM was
optimised through maximizing the starting torque (Tst) and the torque near synchronous speed (Tend),
with the slot depth and width selected as the main optimisation variables [60]. As above discussed,
the solid-rotor construction improves the starting performance, but there is a degradation in the
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steady-state efficiency in comparison with a laminated slotted-rotor. Although the efficiency of the

optimum LSPMSM is higher than the benchmark IM, it only meets the IE2 standard, which is not an
acceptable development.

2.5.1.2 Transient improvement involving both transient and steady-state characteristics in a cost

function

The steady-state performance parameters of a LSPMSM were used in an objective function of an

optimization with a focus on synchronization improvement through optimizing rotor bar dimensions

[61]. The objective function was made based on the combination of the three performance parameters

as follows:

£l = (rlr(lx)>q1 « (PF(x))q2 y (Tso(x))q3 (2.12)

0 PFy To

where 7, PF and Tgo are the steady-state efficiency, power factor and the torque generated at 80% of
synchronous speed, and 7o, PFo and To are the initial values of the same parameters. The exponents
gl, g2, and g3 were assigned to be weighting coefficients and all their values were assumed to be
unity. The efficiency and power factor represented the steady-state performance and Tgo represented
the synchronization performance. Figure 2-14a shows the cross-sections of the initial and optimised
LSPMSM designs. It is seen that the optimisation approach increased the area of some of the rotor
bars to improve the synchronisation capability of the LSPMSM for a fixed PM area. Speed-time
response of the initial and optimized LSPMSM is shown in Figure 2-14b. The optimised LSPMSM
has successful start-up for higher inertia ratios (75% increase in the maximum load inertia) and had
not the steady-state performance reduction in comparison with the initial LSPMSM design. The
steady-state performance parameters were not improved while they were included in the objective
function. The value of the rotor resistance of the optimum cage decreased due to the increased bar
section area, and this affected the steady-state torque-speed characteristic.

Synchronization capability improvement for high inertia loads of a LSPMSM was studied through
rotor slot optimization [62]. The asynchronous torque at 80% of the synchronous speed and the
maximum synchronous torque at the rated condition were selected as the two objectives,
corresponding to synchronization and steady-state performance, respectively [62]. The optimum
motor design was able to synchronize a load with a maximum of 12 times the rotor inertia compared
to 7 times for the initial design. The efficiency of the optimum design was only slightly less than the
initial design. The optimization was not successful in improving both the transient and the steady-
state performance as the selected variables in this optimization only included the starting performance
and did not consider the impact on steady-state performance.
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a. Cross sections of the initial LSPMSM and optimised LSPMSM.
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Figure 2-14. Cross-sections and speed-time response of the initial and optimised LSPMSMs [61].
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A. Transient improvement considering starting characteristics in constraint functions and
synchronous characteristics in objective function
The starting characteristic of a single-phase LSPMSM was improved through optimizing the rotor
bar and end-ring dimensions. To avoid significant steady-state degradation, efficiency maximization
was the objective function and the transient characteristic was controlled via the constraint function.
The rotor bar and end-ring sizes were reduced in the optimum design (see Figure 2-15). The efficiency
of the optimum design calculated by FEA was not improved in comparison with the initial design
while the starting performance was improved significantly. The superiority of the optimum design in
its start-up and synchronisation capability compared to the initial design is shown in Figure 2-16a and
Figure 2-16b [63].
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Figure 2-15. Initial and optimum designs (a) shape, (b) end-ring [63].
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2.5.2 Steady-State Performance Improvement
The steady-state performance of LSPMSMs can be improved through optimizing the steady-state
performance parameters such as efficiency and power factor. In fact, a focus on the synchronous
improvement will affect the transient performance of the LSPMSM. Hence, considering constraint
functions that contain the starting characteristics is an effective strategy for avoiding substantial
transient performance degradation [64]-[65]. The steady-state improvement of LSPMSMs were
studied in four categories as follows.
2.5.2.1 Steady-state performance improvement without considering PM
There is no significant improvement in the steady-state performance of a LSPMSM without
considering the PM dimensions as optimization variables. As an example, the efficiency of a 4-pole
7.5-kW LSPMSM was maximized and the rotor slot, core length and winding were optimization
variables. The optimization included five constraints: efficiency (g1), power factor (g.), the starting

torque multiplier (g3), the starting current multiplier (g4) and the minimum starting torque multiplier
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(gs) to minimize the transient performance degradation (see Table 2-2)[64]. There was only a 0.4%
and 0.6% improvement in the efficiency and the power factor, respectively, and this level of
improvement was not considered significant.
2.5.2.2 Steady-state performance improvement with considering PM

PM dimensions and configurations play a key role in the steady-state improvement but, on the other
hand, the braking torque produced by the PM is changed with PM dimensions. Therefore, to avoid
transient degradation due to braking torque variations, it is useful to consider constraint functions that
include the starting characteristics. The steady-state performance optimization of a LSPMSM was
implemented through PM dimension optimization (see Table 2-2). The bat algorithm (BA), an
optimisation algorithm, may be an effective method to optimize complex design problems with non-
linear constraints in comparison with other artificial intelligence approaches [64]. The efficiency and
the power factor of a two-pole, 3.7-kW LSPMSM was maximized by PM configuration optimization.
The details of the constraints are presented in Table 2-2, and the cross-section and optimization
variables (L, O, Rib) are shown in Figure 2-17 [65]. The efficiency and power factor were increased
by 1.4% and 5%, respectively. This indicates how only the PM dimensions have an impact on the
steady-state performance improvement.

2.5.2.3 Steady-state performance improvement including cost reduction

Efficiency maximization of LSPMSMs is possible through increasing PM volume but it causes
material cost increases, which are not desirable. Hence, the material cost (mainly the PM cost) should
be included in the objective function together with the steady-state performance parameters [67]-[68].
Considering the cost minimization, efficiency maximization and avoiding transient performance
degradation via constraints makes the optimization more complex and there may be no significant
improvement in optimization goals. For example, a LSPMSM was designed based on a squirrel-cage
IM and was optimized to obtain higher efficiency and lower cost [67]. The rotor length and diameter
were assumed equal based on torque per volume considerations. The efficiency and the volume of
PM was selected as sub-objectives while having minimum cost as the main objective. Therefore, a
single-objective optimization was defined to optimize the PM dimensions as follows:
f=14+9%x(1—n) (2.13)
g= (1 I — Smm)) X (Spe — Sy (2.14)

Cost=(f—1)x08+(g—1)x0.2 (2.15)
where 7, Smax, Smin and Spc are efficiency, maximum, minimum and selected cross-sections of the

PM, respectively. Although the cost was minimized due to PM volume reduction, the efficiency and
power factor of the optimum design were lower than the initial design.
A line-start permanent magnet synchronous shaded-pole motor in Figure 2-18 [68] was optimized

to minimize the total cost formulated as follows:
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4

raw material cost = Z weight of material(i) X PU cost of material(i) (2.16)
i=1
. _ Pin _ _ Pout
Operating cost ($) = 1000 % 0.08 x 10000 = 0.8 X P;,, = 0.8 X 0 (2.17)
total cost = raw material + operating cost + power factor correction cost ($) (2.18)
_ minimizing (total cost) , }
fe) = {all the constraints are satisfied (see table 3) (2.19)

where material(i) is the material types of iron, PM, copper and aluminium; Pin, Pout and # are the
rated input power, output power and the efficiency, and the power-factor correction cost is assumed
to be $10/kVAr. Although the optimisation improved the efficiency and reduced the total cost, the
synchronisation and the starting performance were still a challenge.
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2.5.2.4 Steady-state performance improvement based on an optimized IM
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A LSPMSM was designed to optimize the steady-state performance (efficiency) based on an
optimized induction motor. The designed LSPMSM offered a 50% reduction in total loss compared
to the original IM [69]. However, it is not necessarily true that the performance of a LSPMSM
designed based on an optimized IM is better than a LSPMSM designed based on the non-optimized
IM [70].

In all the above work, the optimization could only improve either the transient performance
(synchronization) or the steady-state performance. Involving both the transient and steady-state
characteristics in the objective function and considering constraints in the optimisation may be able
to control the degradation of other performance parameters that were not included in the optimization
goal or constraints. However, they were not able to propose an optimum LSPMSM with simultaneous
improvement in both the transient and the steady-state performance.

2.5.3 Simultaneous Improvement of Steady-State and Transient Performance
Improving both the transient and the steady-state performance is possible through introducing a
multi-objective function (MOF) optimization including a representative of both transient performance
and steady-state performance in the optimization variables and objectives. In a MOF, both objectives
are optimised individually and then the optimum design is extracted based on a Pareto front of the
objectives. In the previous sections (2.5.2 and 2.5.1) there were optimizations with several objectives,
but they were merged in a complex cost function and hence it was not possible to show a Pareto front.
In a multi-objective optimization where either the optimization variables or objectives are not
covering both transient and steady-state performance, the optimum design is not considered as the
best feasible optimum design. Hence, multi-objective optimization studies are divided in two classes
as follows.
2.5.3.1 Multi-objective optimization with objectives and variables not covering both transient and
steady-state performance
A stochastic optimization was employed to optimize the rotor lamination design of a LSPMSM
under a multi-objective optimisation coupled with magnetostatic FE analysis [71]. The maximization
of the torque per Joule loss ratio and the reduction of the torque ripple were selected as two objectives,
and the design variables are shown in Figure 2-19. Figure 2-20 illustrates a Pareto front of the objectives
after 18 generations. The final optimum design exhibited Tripple=18% and Tavg= -6.24 Nm (see Figure
2-19). There was a considerable improvement in the steady-state performance parameters while the
synchronization performance with the full PM size was inferior compared to the 70% PM size but
still acceptable. The reason why the starting improvement was not large is that the optimization
objectives were both synchronous performance parameters and there were no starting performance

parameters in the optimization objectives.
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2.5.3.2 Multi-objective optimization with objectives and variables covering both transient and
steady-state performance

A multi-objective optimisation using the Taguchi method was employed to improve the transient
and steady-state performance of a LSPMSM. An upgraded regression rate technique and a weighted
factor multi-objective method were incorporated to create an improved Taguchi method, which
addressed the inherent limitations of the original Taguchi method in multi-response optimisation
problems [72]. The rotor shape and design parameters (optimization variables) of the LSPMSM are
shown in Figure 2-21. The power factor (PF) of LSPMSMs correlates with the efficiency and thus PF
maximization was selected as the optimization objective corresponding to the steady-state

performance.

¢— axis rotor bars
Figure 2-19. Description of the parameters used for the automatic LSSM design [71].
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The start-up capabilities are strongly associated with the maximum allowable load inertia and
maximizing this was considered as the second optimization objective (transient performance). The
Pareto optimum of the overall evaluation criterion (OEC) was described as following to present a

judicious trade-off of the two objectives:

PF Xcr
OEC = f(Wl,Wz) = W1—+ WZ

PFmax xCT max

(2.20)

where wi and w» are the weighting factors for the objectives and they are related by wi + wo = 1.
The PF and xcr are the full-load power factor and the maximum allowed load inertia coefficient. Figure
2-22 shows the Pareto front of the objectives for a range of weighting factors. The final optimum
design was a robust design with the lowest sensitivity to uncontrollable manufacturing factors that
are not predictable during the design procedure (like material property variations). The robust
optimum design presented a PF of 0.98, efficiency of 89.2%, and critical inertia Jcr of 22 times rated

inertia.
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Figure 2-21. LSPMSM rotor shape and design parameters (a). Radial flux PM topology, (b). Blocked-type rotor

slot [72].
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Figure 2-22. Pareto front using OA trial, optimum, and robust design results [72].

Optimisation guidelines to improve steady-state and transient performance of a LSPMSM was

studied in [73]. An optimal design methodology was proposed to improve the steady-state and the

transient performance for LSPMSMs. The transient improvement was conducted through minimizing

the peak braking torque and maximizing the allowable moment of inertia, which were defined as a

function of the d- and q axis reactances and the back EMF. Because the motor efficiency is correlated

to the power factor [73], the power factor was selected as the objective for the steady-state

performance improvement. With respect to the fact that there is an overall settlement between the

transient and the steady state characteristics in critical slips, the optimum d- and g-axis reactances

(Xq, Xq) values and optimum back EMF (E) are estimated based on the design guidelines as follows:

1)
2)

3)

when E increased, the value of PF, Jcr and Tmag Will be boosted.

With Xq reduction the values of Jer and Tmag increased and it does not affect the power factor
value.

The PF and Tmag are dependent on the saliency ratio whereas its relationship with Jer may be

variant (direct, inverse, or even neutral).
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A flowchart of the proposed design guidelines is presented in Figure 2-23. It indicates the
calculation technique of the optimized design parameters based on the design guidelines proposed in

Figure 2-23.

2.6 Discussion of Literature Review

Table 2-2 and Table 2-3 summarize the literature review of the optimisation and design techniques
employed in LSPMSM performance improvement. In Table 2-2 the details of the optimization studies
including the variables, the optimization objectives, constraints and optimization algorithm are listed.
It shows there is limited optimization studies considering MOF to improve LSPMSM transient and
steady-state performance simultaneously. A MOF that considers one parameter of the transient
performance and one parameter from the steady-state performance can be a good optimization
implementation of LSPMSMs. Based on the information in Table 2-2, it is clear that in previous
studies, the rotor cage and PM dimensions were considered to be variables in the LSPMSM
optimization studies and the stator parameters like stator slot dimensions and number of conductors
per slot were generally not used as variables.

Table 2-3 shows that significant performance improvement can be possible with optimisation. It
indicates that there are limited studies considering improvement in the starting torque, synchronous
torque, cogging torque and manufacturing cost minimization while considering improvement of the
synchronization capability and efficiency for LSPMSMs. In addition, there is a lack of optimization
studies using gradient-based approaches in the electric machines, particularly in LSPMSMs

optimization, whereas employing gradient-free optimisation approaches is common.
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2.7 Conclusion

Recent developments in LSPMSM performance improvement were reviewed in this chapter.
LSPMSMs have superior steady-state performance compared to IMs and can be used in relatively
constant speed applications such as pumps and fans. In LSPMSMs the starting and synchronisation
performance are significant challenges in comparison with IMs and hence researchers have sought to
improve the transient performance through design techniques or the use of optimization. Based on a
literature review, an effective transient optimization is: 1) a single-objective function including a
transient characteristic (recommended to use either starting torque or maximum allowable moment
of inertia) constrained with the steady-state characteristics to avoid steady-state performance
degradation, 2) a multi-objective optimization containing both the transient and the steady-state
characteristics and corresponding variables.

Research gaps in LSPMSM optimization were identified as:

e Limited optimization studies considering the stator and winding parameters as optimization
variables,

e Limited analytical design and optimization techniques of the LSPMSMs,

e Limited MOF optimization for the LSPMSM performance improvement,

e Limited MOF optimization considering cost minimization,

e Lack of comparative studies in the performance of gradient-based and gradient-free
optimization approaches in the context of electric machines,

e Lack of optimization studies considering thermal performance of the LSPMSM as either
objective or constraints.

In this chapter, the research gaps corresponding to the LSPMSMs were realized, and this thesis
aims to cover some of these gaps. In next chapter (Chapter 3), an LSPMSM is designed based on a
commercial IM and, using FEM-based optimization techniques, the starting torque and efficiency of
the LSPMSM are simultaneously optimised. Two different optimization approaches (gradient-free
and gradient-based) are studied to compare their performance. This optimization study covers the

gaps corresponding to limited MOF optimization highlighted in this chapter.
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Table 2-2. Review summary of LSPMSMs optimization techniques.

Happened performance

Ref. Optimization Algorithm Variables Objective functions Constraints Impnl)vement
Transient | Steady-state
[59] GA Rotor slot dimensions . Minimizing rotor bar resistance . No constraint v x
60] Neural network and imperialist competitive Rotor slot dimensions . Maximizing the starting torque R No constraint v «
algorithm e  Maximizing the Tgo
[61] Modified PSO Rotor slot dimensions * Max!m!z!ng efficiency and PF ¢ No constraint v x
. Maximizing Tgo
e  Maximizing torque in 80% of
[62] PSO Rotor slot dimensions synchronous speed Tgo e  No constraint v x
e  Maximizing synchronous torque
[63] GA Rotor bar and end-ring dimensions e Maximize efficiency e  Starting torque>1.1 Nm & Maximum y "
torque>1.2 Nm
o g1 = (u) >0
Rotor slot width, e g(x)= (PF PFO)
. Core length, R - Tst mino=Tst min -
[64] Ant Colony Algorithm Number?)f conductors per slot e Maximizing efficiency o gs(0) = ( L Tst"mmo‘ ) >0 X v
Wire diameter o  g,(0)= (“I" 15‘)
. gs(x) = (—TStstT:m) >0
Tgo(x) ok
i o gi=(1-"8V/)<0
[65] Bat Algorithm (BA) PM width and length * Maximizing efficiency and power ' (mm ) r) x v
. gz(x):( ()/mz)$0
[66] Response surface methodology (RSM) See Figure 2-17 " Maimizing effictency and POWEr . N constraint x v
. . e  Maximizing efficiency, .
v x
[67] GA PM dimensions e Minimizing PM Volume (cost) e  No constraint
. Material and  power factor . Nominal torque Nm 0.035 < T, < 0.045
[68] GA See Figure 2-18 correction cost minimization *  Starting torque Nm Ty > 0.015 x v
«  Efficiency Maximization e Average flux density in yokes 0.7 < Byge <
1.25
[69] Using a combination of formal optimization Rotor slot dimensions . Maximizing Efficienc . No constraint x v
techniques and standard design methods g y
[70] GA Rotor slot and PM dimensions ¢ Start'lng torque and  efficiency e No constraint v v
maximization
. L . . Maximizing torque per Joule loss
[71] f:iciiriisr:;c optimization (Pareto dominance L. , Rib (see Figure 2-19) ratio e No constraint v v
. Minimizing of the torque ripple.
[72] Improved Taguc_hl met_hod based on regression Rotor slot and PM dimensions . MaX|m|z_|ng _ power factor and . No constraint v v
rate (TBRR) optimization framework moment inertia
[73] New optimization guideline Not available ° mxggi ig;)vt;/?;kif:;t?()r;qltjneertla, . Braking torque (BT) less than allowable BT v v
Symbols * Starting torque multiplier ** Starting current multiplier T, initial value of Tgo ™ mpand m,: total and initial mass of PM
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Table 2-3. LSPMSMSs main performance parameters improvement using design and optimization techniques.

rovement focus

Improvement happened in main performance characteristic under employed technique stated by literature

Ref. Applied Technique
Techniques Starting Torque Synchronization Cogging Torque Synchronous Torque Efficiency & PF Cost ($)
[44] e A dq mode_l |nc|ud|r_19 cage bar reduction to PM « v « < < «
demagnetization reduction
[45] . innovative approach 6- to 8-pole shifting stator windings x v x x x x
[46] e  2-tod-pole changing at starting x v x x x x
[47]-[49] o Slotted Solid rotor technique x v x x x x
Design Methodologies  [50] e  dg-model based on a space harmonic x v x X X x
[51] e  Optimal skew angle 4 v x X X x
[52] e  Magnetizing inductance impact on start-up v x x x x x
53 e Mutual effect among the fields due to armature current, x v < v < <
[53]
cage-bar current, and PMs
[54]-[56] e  Cogging torque reduction X v v X x
[59] e  Optimizing rotor bar resistance x v x x x
[60] . Max!m!z!ng the starting torque v « < < «
e  Maximizing the Teng
[61] . Max!m!z!ng efficiency and PF < v < < < <
. Maximizing Tsgo
62] e  Maximizing torque in 80% of synchronous speed Tgo < v v « <
e  Maximizing synchronous torque
63 . Maxnm!ze eff|C|.ency o v v X « v <
[63]
e Improving starting characteristic
[64] e Maximizing efficiency x X x X v x
[65] e  Maximizing efficiency and power factor x X x X v x
Lo [66] e  Maximizing efficiency and power factor x x x x v x
Optimisation Methods . —
P 67] e Maximizing efficiency, v < < « « v
. Minimizing PM Volume
[68] . Totfil_cost mlnlrm?atlgn < < < « v v
e  Efficiency maximization
[69] e  Maximizing Efficiency of the baseline IM x x x x v x
[70] e  Starting torque and efficiency maximization 4 v x X v x
[71] . Maximizing torque per Joule loss ratio « « v v <
. Minimizing of the torque ripple.
[72] . Max!m!z!ng power fa.ctor . < v < < v <
e  Maximizing moment inertia
(73] . M'ax'lm'lz'mg power factor, inertia, v v < < v <
. Minimizing braking torque
- Rotor resistance, Braking torque, rotor Material
Influential factors PM flux resistance, Taoand inertia Average torque, synchronous torque Losses price
Geometric Rotor slots PM and rotor slots PM. flux barrier and stator slots dimensions PM dimensions, Prwosc?rd
components dimensions dimensions ' Coil number sizes
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3. CHAPTER 3

3. SIMULTANEOUS EFFICIENCY AND STARTING TORQUE
IMPROVEMENT OF LINE-START PERMANENT MAGNET
SYNCHRONOUS MOTORS BASED ON FEM OPTIMIZATION

This chapter presents a FEM-based optimisation study to improve efficiency and starting torque of
a 4-kW, 3-phase LSPMSM design based on a commercial IM. The chapter is divided in six sections:
Section 3.1 presents the summary of the chapter. Section 3.2 is an overall introduction, while the
machine under study is introduced in Section 3.3. Optimisation implementation based on FEM and
optimization results are studied in Section 3.4. A comparison of the performance of optimisation

approaches is discussed in Section 3.5. A conclusion is presented in Section 3.6.

3.1 Summary

Simultaneous steady-state and transient performance optimization of a 4-kW line-start permanent
magnet synchronous motor (LSPMSM) under a multi-objective function is examined in this study.
Efficiency maximization (representing steady-state performance) and starting torque maximization
(representing transient performance) are nominated as objective functions. Two different
optimization algorithms, gradient-based algorithm (GBA) and gradient-free algorithm (GFA), are
employed to optimize the LSPMSM. Sequential nonlinear programming (SNLP) is the gradient-based
algorithm in this study and the gradient-free algorithm under study is a genetic algorithm (GA). A
comparative study of the algorithms’ performance is presented. To provide an inclusive comparison
of both algorithms’ performance, a similar optimization study is implemented for the baseline
induction motor. The optimization results demonstrate that the multi-objective optimization studies
present optimum designs with optimized steady-state (using efficiency maximization) and start-up
(using starting torque improvement) performance of both motors. Results indicate that both
algorithms converge reliably to almost the same optimum (objective) value. Depending on the nature
of the optimisation problem, number of design variables, and degree of convergence, the genetic
algorithm requires many more evaluations than the gradient-based algorithm. Accordingly,
optimization time required by the GA is more than the gradient-based algorithm under similar

optimization conditions.

3.2 Introduction
Due to the high efficiency and power factor of LSPMSMs and their ability to rotate at synchronous
speed, they are serious competitors for squirrel-cage induction motors (SCIMSs) in industrial
applications (fans, pumps, etc.) [74]-[75]. Although the LSPMSMs do not have smooth start-up like

40



induction motors, they benefit from avoiding the need for drives (inverters) and associated costs as
well as having higher efficiency. These motors can be designed by modifying the rotor of induction
motors. However, selection of the permanent magnets (PMs) needs careful consideration to achieve
a balance between starting and synchronisation [76].

Improving electric machine performance and cost reduction have been the subject of many studies
for researchers and engineers. Optimization implementation is a well-known strategy for the
performance improvement of electric machines. While there is no set method in the design
optimization of electrical machines, there are some important stages to be considered [57]. The stages
are listed as follows:

Stage 1: Design the model of optimization based on the initial design of the case study. In any type
of optimization method, optimization variables, constraints, objective(s), and types of them, such as
linear or non-linear, should be clarified. A recently introduced optimization model, called robust
optimization, may be developed as a replacement for traditional optimization methods when
considering manufacturing limitations in designing a real production system [77]-[88].

Stage 2: Implement the optimization method using an optimization algorithm and gain an optimal
design. The optimization techniques are categorised in various ways such as multi-level and multi-
disciplinary [89], [90], [91]-[102].

Stage 3: Validation of the optimum design using prototyping and experimental tests or a finite-
element analysis. The optimization should be re-designed if there is not an agreement between
simulation results and experimental tests.

While performance improvement of the induction and PM machines is common practice [103]-
[105], there are limited development studies on the LSPMSM. Recent developments including design
methodologies and optimizations of the LSPMSMs were extensively discussed in the previous
chapter. For example, d-q model for synchronisation improvement [106] and digital observer
controller technique for torque ripple minimization [107] were design methodologies studied to
improve the LSPMSM performance. Regarding design methodologies, it was understood that these
techniques are chiefly limited to either transient or steady-state performance improvement. A focus
on only transient performance improvement may degrade the steady-state performance of the
LSPMSM and vice-versa.

Optimization studies for LSPMSMs are divided in two categories: single-objective or multi-
objective optimization. Single-objective optimization focusses on either the transient performance or
the steady-state performance. For example, cogging torque and torque ripple minimization [108]-
[112] were studied to improve the steady-state performance based on a single-objective optimization.
Recently, a few optimization studies have focused on simultaneous improvement of the transient and
the steady-state performance of LSPMSM using multi-objective optimization. There are several well-
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known multi-objective optimization algorithms like non-dominated sorting genetic algorithm (NSGA
and NSGA-11), and multi-objective particle swarm optimization (PSO) algorithm [113]-[120].

There are two main approaches for optimization algorithms: conventional (gradient-based) and
modern intelligent (gradient-free) approaches. All the studies mentioned previously chiefly made use
of gradient-free optimizations (e.g., evolutionary algorithms) like genetic algorithms [121], particle
swarm optimization (PSO) [122], evolutionary algorithms (EAs) [123], and differential evolution
algorithms (DEAS) [124] No significant differences were observed when optimizing an electrical
machine with various gradient-free algorithms [57]. Limited conventional gradient-based
optimization approaches have been studied in the performance optimization of electric machines
though they are simple in implementation [57]. For instance, they can be used to optimize a motor
and estimate its performances according to a magnetic circuit model [125]-[127]. A comparative
study on performance of two different optimization approaches (gradient-based and gradient-free)
was conducted on an aerodynamics problem in [128]. The Adjoint algorithm was the gradient-based
algorithm and the genetic algorithm was used as the gradient-free algorithm [128]. It was concluded
that the gradient-based algorithm was more beneficial than gradient-free for detailed designs that seek
tighter convergence and high-fidelity simulations. However, there is a lack of a similar comparative
study in the context of the electrical machines.

This chapter tries to address three main shortcomings of the previously published works. Firstly,
there are few comprehensive optimization studies on the LSPMSM despite the existence of numerous
optimization studies of other motor types. Secondly, a lack of gradient-based optimization study in
the context of electrical machines, and comparative studies between performance of GBA and GFA
in electrical machine optimization. Thirdly, a lack of clear information about the other key
performance parameter variations not included in the optimization objective functions. For example,
it should be investigated how, in an efficiency optimization study, the other key parameters like power
factor and cogging torque are affected.

In this chapter, a LSPMSM is designed based on a 4-kW commercial IM. The LSPMSM
performance in both transient and steady state are simultaneously improved using multi-objective
optimization. Two different approaches, gradient-free and gradient-based, are employed to achieve
this aim and a comprehensive comparison of the performance of these two different algorithms is
presented in the context of electrical machines. The gradient-based algorithm considered in this study
is sequential nonlinear programming (SNLP) and the genetic algorithm (GA) is the gradient-free
algorithm. Firstly, the transient and the steady-state performance are separately improved under two
single-objective functions (SOFs). Then, a multi-objective function (MOF) is formulated for
simultaneous improvement of the steady-state and transient performance of the LSPMSM. An
optimum design of LSPMSM with superior performance in both transient and steady-state is
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produced. To present a wider comparative study on the performance of optimization algorithms, the
same analysis is implemented on the IM. It is found that the number of function evaluations required
in the GA is many more than the SNLP algorithm and, hence, has a longer execution time than the
SNLP algorithm,

3.3 Problem Definition and Machines Under the Study

According to the international efficiency standard [129], the efficiency of direct-on-line motors are
categorized as: standard efficiency (IE1), high efficiency (IE2), premium efficiency (IE3) and super
premium efficiency (IE4). According to the IEC, for 4-kW, 50-Hz 4-pole electric motors the values
for IE2 and IE4 are 86.6% and 92.1%, respectively. The benchmark is a commercial 4-kW IM which
meets the IE2 standard. To achieve the 1E4 standard for a fixed frame size (without changing the rotor
and stator diameters) a hybrid rotor is presented as a solution that includes changing the rotor cage
design and inserting a PM in the rotor of the IM. Four-pole commercial super premium (IE4)
LSPMSM s are designed to be exchangeable with current commercial IMs (IE2). Standard frame sizes
used for LSPMSMs are similar to IMs. Typically, the IE4 LSPMSM has a greater power density
(kW/kg) than the IE2 IM [130]. The presence of permanent magnets in the LSPMSMs facilitates a
higher power density than the squirrel cage IMs but increases the motor material cost.

The starting torque of LSPMSMs is generated in the same way as induction motors through the
interaction between the rotating electromagnetic field produced in the air gap by the stator excitation
currents and the induced currents in cage bars. When the rotor starts to rotate, EMF and current at
slip frequency is induced in the stator windings by the PM flux. This produces a magnet braking
torque that opposes the induction motor acceleration (cage) torque during the acceleration, and it
causes the LSPMSM torque in the transient operation area to be lower than the induction (cage) torque
because of the magnet generated torque. The cage torque disappears after synchronization and only
the magnet torque remains.

In this section, the commercial 4-kW IM is analyzed using FEA and the simulation results are
validated using experimental data. Then the rotor of the IM is changed to a hybrid rotor including a
PM. In the LSPMSM design process, firstly, with modification of the rotor of the IM and inserting a
PM in the rotor, the initial design of the LSPMSM is created. Then, its performance is analyzed using
FEM and compared with the benchmark IM. The temperature rise in the design process is considered
65°C and 85°C in winding and PM, respectively, to present a more realistic design and precise result.
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Commercial motor Stator and winding

Rotor and bearing
Figure 3-1. View of the 4-kW commercial IM.

3.3.1 IM Structure
The present study considers a 4-kW, 3-phase commercial IM. Typical values of efficiency and
power factor for 4-kW IMs are approximately 87% and 0.84, respectively. A 2D model of the
commercial IM is developed using the motor dimensions. The stator and rotor magnetic material have
been chosen as non-oriented steel (M470-50A). The main specifications of the motor are determined
depending on the values given in Table 3-1. Figure 3-1 illustrates some views of the commercial IM

under study.

3.3.2 LSPMSM Structure

The initial LSPMSM is designed by applying changes in the rotor of the IM. Stator and winding
for both are the same and the same input source 415V-Delta, 50 Hz is used for them. The
configuration of the permanent-magnet locations and volume and rotor bar shape are calculated based
on sizing equations to reach a balance between starting and synchronization performance. So, the
minimum PM volume that generates the required air gap flux density is determined. Table 3-2 lists
the magnetic properties of the permanent-magnet (NdFe35) used in this study. This initial motor
design is then put through optimization to achieve various objective functions. It is to be noted that
the stator and winding configurations are subject to no change and kept like that of the commercial
IM. It is expected that both motors operate with the same power supply (3-phase 415-V, 50-Hz).
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Table 3-1. Design parameters of the studied 4-kW IM.

Parameters Value
Power 4-kW
Voltage 415 V-delta
Poles 4
Frequency 50 Hz
Number of Stator Slots 36
Number of Rotor Slots 28
Conductor per slot 56
Winding Material Copper
Bars and End Ring Material Aluminum
Insulation class F

Table 3-2. Permanent Magnet Properties at 20 °C.

NdFe35 PM Properties Value Unit
Residual flux density (By) 1.23 Tesla
Coercive force (Hc) 890.00 kKA/m
Maximum energy density 273.00 kd/m3
Relative permeability 1.10 -
Mass density 7400.00 kg/m?®
Conductivity 625000.00 S/m
Max Temperature 225 °C
Curie temperature 460 °C

3.3.3 Electromagnetic Performance Analysis (FEM)

Electromagnetic analyses of the designed motors are performed using the Maxwell software
package. The experimental data of the IM is used to verify the FEA simulation results of the IM. This
shows the FEA simulation process is accurate and reliable and that the FEA simulation results for the
baseline LSPMSM design can be considered reliable. The studies and simulation results are based on
operation at rated torque (26.7 Nm). The performance of the LSPMSM, in both steady-state and
starting, is tested with different loading conditions using FEM.

3.3.3.1 Magnetic analysis

The computed time domain magnetic fields are plotted as field overlays, which represent the field
quantities on the surface of the motor at a specific time in the simulation. Field overlays are presented
to show the magnetic flux density magnitude and the magnetic field lines for the motor. The magnetic
flux density of 2D and 3D designs is given in Figure 3-2 and shows the maximum flux density value
is approximately 1.87~2T. The magnetic flux density is measured in units of Tesla (T). It indicates
the level of magnetic saturation in the electrical steel of each design. Red areas indicate the location
of any magnetic saturation and are associated with increased core losses. Saturation occurs in the
electrical steel if the magnetic flux density exceeds 1.8 T. This figure indicates that both motors safely
operate under full constant load with the LSPMSM having a slightly lower peak flux density than the
IM.

3.3.3.2 Steady-state analysis
LSPMSMs in the steady-state operate with synchronous speed (slip=0) and, hence, they avoid

rotor losses and eliminate all problems related to slip, resulting in efficiency and power factor
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improvement, reducing stator current and increasing torque density. Also, this reduction in stator
current, which is due to magnetizing current reduction, also reduces the copper loss of the LSPMSM.
Figure 3-3 shows the loss contributions of two studied motors (excluding the mechanical loss). The
LSPMSM loss is 150 W less than the IM at full-load operation due particularly to the significantly
decreased rotor cage loss in the LSPMSM. The rotor cage loss is roughly 30% of the total loss in the
IM, while it is 12% of the total loss for the LSPMSM. The stator copper loss is also reduced in the
LSPMSM due to the increase efficiency and power factor because of stator current reduction.

Figure 3-4 compares the motor steady-state performance under full-load conditions. Figure 3-4a
shows the motors efficiencies versus output power (including mechanical losses) and compares their
values with the IE standards (IE2, 1E4) for 4-kW, 4-pole motors. It includes the experimental results
of the commercial IM at some points. The IM meets the IE2 standard while the initial LSPMSM
design meets the IE3, but not the IE4 standard. Therefore, the initial LSPMSM should be optimized
to reach the IE4 standard. Figure 3-4b shows the power factor comparison of the two motors versus
output power including some experimental data of the commercial IM. It shows the LSPMSM has
better power factor than the IM. There is acceptable difference between experimental and simulation
results for power factor at rating lower than rated output power due to effect of operating temperature
on stator current and input power. The comparison between the FEM results and the experimental
values of the commercial IM validates the accuracy of the simulation. The slip causes joule losses in
the rotor of the IMs during steady-state that is proportional to the slip times the output power of the

motor.

Tesla
2.0

2D LSPMSM 1.6

3D LSPMSM
Figure 3-2. Flux density distribution comparison of 2D and 3D IM and LSPMSM designs.
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Figure 3-3. Loss components comparison of the studied motors including core losses, copper loss, cage loss and magnet loss.
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Figure 3-4. Steady-state performance comparison of the IM and the LSPMSM.

3.3.3.3 Transient analysis

The steady-state torque versus speed performance of the IM and the LSPMSM is shown in Figure
3-5a. This shows the net LSPMSM torque as well the LSPMSM torque when the magnets are
removed. The difference between these is the PM braking torque. The net LSPMSM torque is
significantly degraded due to the braking torque generated by the PM, particularly at low speeds.
Figure 3-5b represents the FE calculated torque-time response of 2D designs for both motors under
constant full-load. The overshoot in the torque response curve of the LSPMSM is higher than that of
the IM during the start-up because of magnet generated torque of LSPMSM at the starting instant.
The speed-time response of both motors are compared in Figure 3-5¢c. As expected, the start-up of the
IM is smoother and faster than the LSPMSM due to the lack of PM braking torque (for the same

frame size and weight).
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Figure 3-5. Starting performance comparison of the 4-kW IM and the LSPMSM.

To investigate the effect of the stator end-winding and rotor end-connection on the performance of
the motors and as verification of the 2D FEA simulation, the 2D and 3D torque-time and speed-time
responses are compared in Figure 3-6a to Figure 3-6d, respectively. Figure 3-6a and Figure 3-6b show
that the torque ripple in 3D is a bit less than 2D. The speed-time response graphs (Figure 3-6¢ and
Figure 3-6d) indicate that there is good agreement between 2D and 3D FEA simulations. Note that as
the 3D FEA simulation is time-consuming, the time step for 3D simulations is selected to be 0.6 ms.
Hence, to provide a true comparison between 2D and 3D simulations, the 2D simulations are analysed
under the same time-step (0.6 ms) in only these comparative graphs (Figure 3-6a to Figure 3-6d). The
3D FEA simulation has been implemented to analyse the motors performance comprehensively
considering all components of the motors that directly influence the motors’ performance. The 3D
FEM model validates the accuracy of the 2D FEM model, which is considered in the optimization
implementation study (this will be discussed in the next section).

In this study, the starting torque is estimated by averaging the torque values in the first cycle (20
ms for the source frequency of 50 Hz) from the dynamic 2D torque-time graph. Accordingly, this
idea allows us to implement FEM-based transient optimization including consideration of the starting
torque, which is a potential transient performance representative as objective optimisation. The
accuracy of this assumption is extensively discussed in the following section. In Figure 3-13, it will
be indicated the error between estimated starting torque in this method and locked-rotor torque (true
starting torque) is in an acceptable range and it shows this has minimal impact on optimization process

of starting torque.
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Figure 3-6. Performance comparison of 2D and 3D designs for the 4-kW IM and the LSPMSM.
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3.4 Optimization Implementation

3.4.1 Problem Definition

The designed LSPMSM should meet the IE4 standard in the steady-state and should have good
start-up performance. Adding PMs within the rotor improves efficiency, but generally degrades the
starting performance of the IM. So, the LSPMSM needs to be optimized to improve both the steady-
state and the transient performance. Improving steady-state performance is implemented through
maximizing efficiency. Transient performance improvement makes use of starting torque
maximization as the objective function. Two different optimization approaches (GA and SNLP) are
developed in this chapter to implement the optimization study and present a comparative study
between gradient-free and gradient-based approaches in the context of electric machines. There are
two scenarios: first, two single-objective functions (SOFs), which only individually focus on one
objective function, are examined under the “maximize” condition. In this case, the final cost function
is the same as the objective-function value. Second, a multi-objective function (MOF), which
simultaneously optimizes two or more objectives, is defined. In this case the final cost function is the
sum of the errors of each weighted sub-objective. The cost function procedures will be discussed in

detail in the following section.

3.4.2 Cost Function Calculation Methodology

The optimizers adjust the variable values to a minimal position of the cost function. The minimum
location of the cost function is the optimum value in a SOF optimization problem. In setting up a
multi-objective optimization, a weight is assigned to each sub-objective and the optimizer gives more
importance when calculating the cost function to the sub-objective with the greater weight. In this
case, the sum of the weighted sub-objective errors is considered to be the total error function. At each
iteration, each sub-objective is evaluated and contributes to a value that refers to positive error. This
error value indicates the difference in the estimated values of the sub-objective and the reference
(objective) value boundary. If the simulated value matches the goal value boundary, then the error

value is 0. The function for error is [131]:

Nj
ZT:Y\Y_JJZ & (3.1)
where:
e G is the number of sub-goals;
e W is the weight coefficient for the j™ sub-goal;
e N;is the number of iterations for the j"" sub-goal;

e g is the error contribution from the i*" sub-goal.
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The error value (ej) is calculated based on the band characteristics, goal value, and the simulated
value. There are three band characteristics <=, =, and >= which we can select for any sub-objective
[131].

Table 3-3. Optimization variables and the PM shape.

Optimization Variables Range (mm)

br1 Dsr har PM Thickness (Th) PM Width (W)

3-10 1-4 4-9 2-7 19-42

PM Shape Thickness * >

Rotor Slot Shape

3.4.2.1 Variables
There are some constraints for the variable range based on manufacturing limitations (constant
stator and rotor size). Table 3-3 lists the range of selected variables, their location on the rotor bar,
and the PM shape in this study.
3.4.2.2 Objective functions and constraints
a) Single-objective Function (SOF) Optimization
A SOF optimisation problem is defined as:

f(ky, kyy o ky),i=12,...,m (3.2)
where (K1, k... km) are the m design variables, f(ki, k2, ..., kn) is the single-objective cost function.
The objective to improve steady-state performance is defined:
fi = max (Ef ficiency) (3.3)
The efficiency is averaged in the last cycle of simulation time (380-400 ms) when the motor reaches
steady-state. The second objective (f2) is related to maximizing the starting torque. In this function
the aim is to maximise per unit starting torque (in nominal torque base) while keeping synchronization
by defining steady-state speed as a constraint. To measure the starting torque, the first cycle (0-20
ms) of the dynamic torque is averaged (Figure 3-5). The maxima of the averaged dynamic torque
(Figure 3-5) was found to be a parameter that can be used in the optimization process to represent the
maxima of steady-state starting torque.

f> = max (Per Unit Starting Torque) (3.4)

b) Multi-Objective Function (MOF) Optimization
A multi-objective optimisation problem is expressed as follows:

Filky, kg i k)i = 1,2, 0D (3.5)
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where fi(ks, ko, ..., km) are the objective functions. The objective functions of the problem in this
study are efficiency and starting torque maximisation with a constraint on the steady-state speed. In
this case, the cost function is normalized based on the defined characteristics, minimum desired
values, and the norm type. Table 3-4 presents the optimization conditions under MOF. In a multi-
objective optimization problem, where none of objectives use the “minimize” or “maximize”
conditions, the optimizer normalizes the cost function. Thus, the error corresponding to each specific
weighted sub-objective is merged in a technique that depends on the norm type selected. The

normalization type (N2), which is the cost function, is calculated as follows [131]:
v N2 norm: the final cost function in MOF optimization is determined based on the weighted

sum of the absolute values of the individual goal errors:

N
Cost =) w.&’ (3.6)
1
where N, wi and & are the number of exclusive objectives, weighting factor, and residual error,

respectively. A residual or error is associated with each objective. These residuals are the proportional

measures of how far we are from reaching the associated goal.
Table 3-4. Applied optimization conditions in MOF study.

Obijectives Band characteristics Minimum desired values Time (ms)
- _ SCIM 89%
Efficiency >= LSPM 93% 380-400
Per unit Starting torque >= 3 0-20
Per unit Speed = 1 380-400

3.4.3 Optimizations Approaches and Implementation Strategy
In this study, optimization is the process of locating the minimum of a cost function. Optimizer’s
algorithms modify the variable vector until the minimum is reached with acceptable accuracy. Figure
3-7 and Figure 3-8 show the optimisation procedure flowchart of SOF and MOF implemented in this
chapter. The optimization process of SOF and MOF is described in the following sections.
3.4.3.1 SOF optimization procedure
In the first step, the optimisation space takes the initial design and calculates the objective function
using FEA making sure the constraints are satisfied. Then GA and SNLP (as the optimization
approaches) update variable vectors at their own pace and calculate the objective function (Step 4 in
Figure 3-7) in each evaluation. Noted that, in a SOF optimization that uses a “maximize” or
“minimize” condition, the optimization is implemented for the number of required evaluations (which
depends on the maximum iteration and type of approach) or its stopping criterion. Then, the best
design variables that present the best objective-function results, with the constraints satisfied, are
presented as optimum design variables.

3.4.3.2 MOF optimization procedure
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In multi-objective optimisation, the optimizers determine each of the objectives as a sub-objective
and try to improve them based on the desired value defined for them. The cost function calculation
method is described extensively in the following sections. If the final error cost function is in the
acceptable range and it meets the convergence factor, the optimization is stopped. If not, the next
evaluation updates the variables and the procedure is repeated. When all evaluations are done, the
optimum design is the one that yields the minimum error (best cost function). The ideal value for cost
function is 0, which represents the value of the final error cost function. Hence, it is very important
to define a reasonable desired value for each sub-objective. In this case, the Pareto Front of each
multi-objective optimization is extracted to verify the performance of the proposed MOF optimization
(results are discussed in the next section).

The search procedure used by each optimisation algorithm is presented as follows:

e Genetic Algorithm

Optimizers based on the Genetic Algorithm (GA) are part of a family of optimization approaches
called stochastic optimizers. To decide where to further explore the design space, they do not use the
data from the experiment, nor the cost function calculated in previous evaluation. They use a sort of
random sorting instead and execute it in an organized way. The ability to arbitrarily select evaluations
to progress in the next generation allows the optimizer to leap out of local minima, at the cost of
several random options that do not improve the optimization objective. Consequently, the GA
optimizer generally requires more iterations and could even be prohibitively long. In the GA, the
search strategy is an iterative process that goes over many generations. New children (individuals)
are produced in each generation and the growing population engages in a mechanism of selection
(natural selection), which in turn decreases the population size to the optimal level (next generation).
The GA chooses individuals from the original collection while a smaller set of individuals must be
generated from a greater set. Better matched individuals (in comparison to the cost function) are
favoured during this phase of optimization. An iterative approach begins to pick the individuals and
fill in the resulting range, but instead of choosing the best of many, we use a roulette wheel that has
been made proportional to the candidate's fitness level (relative to the cost function) for each
selection-candidate division. It implies that the fitter the individual is, the greater the probability of
its survival [131].

e Sequential Non-linear Programming (SNLP)

SNLP’s key benefit is that it handles the issue of optimization in greater detail. This optimizer
implies a continuous space is spanned by the optimization variables. Consequently, there is no
minimum step size defined in this optimizer and any value can be taken by the variables within the
permitted constraints and within the limits of the simulator’s numerical precision. This decreases the
influence of the noise, but the filtering of the noise is not solid. Using response surfaces (RS), the
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SNLP approximates the FEA characterization. SNLP has a good approximation of the cost function

in terms of the optimization variables with the FEA-based calculation and with light evaluation of the

cost function. This estimation helps SNLP to predict the location of the improving point.
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Figure 3-7. SOF Optimisation procedure flowchart in both methods.
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Figure 3-8. MOF Optimisation procedure flowchart in both methods.

The total cost-function calculation is more reliable. This achieves a higher functional convergence
speed for the SNLP optimizer than for quasi-Newton. The SNLP generates the response surface using
a Taylor Series approximation from the FEA simulation results available from past solutions. In the
optimization loop, the response surface is used to estimate the gradients and determine the path and
distance of the next step. The response surface serves as a surrogate for the FEA simulation,
minimizing the amount of necessary FEA simulations and speeding up the problem considerably. If
more FEA solutions are produced and the response surface approximation increases, convergence
improves. The SNLP is iterative, changing the optimizer state and iterating from the current optimal
value to the new optimum values. Successive optimization can be considered to be a step-by-step

approach towards an optimal goal [131].
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3.4.4 Optimization Results Discussion

The cost function is calculated in each evaluation, depending on the number of parameters
optimised. Details of the optimisation procedures are presented in Table 3-5. Scenarios 1 and 2 are
under SOF optimization (efficiency maximization) using genetic algorithm (gradient-free
representative) and SNLP (gradient-based representative), respectively. Scenarios 3 and 4 optimize
the starting torque under SOF optimization using GA and SNLP, respectively. The steady-state speed
is selected as a constraint only for the LSPMSM.

Scenarios 5 and 6 are MOF optimization (simultaneous efficiency and starting torque
improvement) with synchronous speed as a constraint (only for LSPMSM) using GA and SNLP,
respectively. The synchronous speed in the LSPMSM optimization process has been selected as a
constraint to avoid an optimum LSPMSM design that is not able to reach synchronous speed. In
scenarios 5 and 6, for LSPMSMs the weighting factors of synchronous speed (constraint) is twice the
efficiency and the starting torque weighting factors and, hence, the optimizer considers it more
important. The Pareto Front results of multi-objective optimization in scenarios 5 and 6 for the case
studies are shown in Figure 3-9a to Figure 3-9d. Please note that the original induction motor is a
commercial motor, and the commercial motors are considered to be optimum designs, particularly
for efficiency. Hence, there is a slight improvement in efficiency of the optimum design in
comparison with the original design. The black points correspond to the non-optimized design and
the red points refer to the optimum design. As is seen, the extracted optimum design by the proposed
MOF optimisation is the ideal optimum design according to Pareto Front results. This verifies the

reliable performance of the MOF optimization.

Table 3-5. Objective functions, constraints, and number of evaluations for each optimized design.

Scenarios Type Object_ive Constraint on Weighting Optimization Evaluations
Function Speed factors Type

1 IM1-L2 | Max. Efficiency - - SOF GA 540

2 IM2-L3 | Max. Efficiency - - SOF SNLP 50

3 IM3-L4 Ma?b?ézretmg LISII\:M 15-00 S.sTp:e:e(jjue 1 SOF GA 3%

4 IM4-L5 Ma?b?ézretmg LISII\:M 15_00 S.sgzg?jue 1 SOF SNLP 10
Max. Efficiency = - I;ff_lrc(;tragjz 1 IM 136

5 IM5-L6 anEIi_(?rt:Lrjtgng LSPM | 1500 Speec , MOF GA s 00
Max. Efficiency IM - Efficiency | 1

6 IM6-L7 an(_f_c?rtglrj'gng LSPM 1500 S.S'I;)c;re%ue ; MOF SNLP 40
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It is seen that the number of optimization evaluations required to obtain a result using GA is much
higher than when using SNLP. Table 3-6 presents the cross sections of the optimised motors and lists
the optimized variables. The discussion on the cross section variations based on each scenario is as
follows:

e Scenarios 1-2 (IM1, L2, IM2 and L3): these scenarios only focus on the steady-state
improvement through efficiency maximization. The cross sections of the designs show that
the slot depth of the rotor (hir) increased in the IM designs, but it decreased for the LSPMSM
designs. Also, the slot widths (br1 and bsr) decreased for IM1 and IM2 and increased in the
LSPMSM designs. In addition, the volume of PM for L2 decreased whereas it increased for
L3 versus the baseline LSPMSM (L1).

e Scenarios 3-4 (IM3, L4, IM4 and L5): these scenarios optimize the transient performance via
the starting torque maximization. In this case, the slot depth of the rotor (hir) decreased and
the slot widths (br1 and bsr) increased in all designs. The PM volume in L4 decreased while it
increased in L5 compared to L1.

e Scenarios 5-6 (IM5, L6, IM6 and L7): these scenarios focus on simultaneous improvement of
the transient and steady-state performance under a MOF. The IM and LSPMSM designs have
different behaviour in this case. In both IM5 and IM6 designs, the hir and bsr decreased and
br1 increased. In contrast, in L6 and L7 designs, the hi and bs increased while b1 for L6

increased and for L7 it decreased. The PM volume for LSPMSMIs increased in both scenarios.
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Table 3-6. Variables and cross-sections of the optimized designs for the SCIM and LSPMSM.

Motor Type Original IM (IMO) IM1 IM2 IM3 IM4 IM5 IM6

Cross Section 7’,/,

hlr 18.10
Variables
(mm) br1 6.50
D 2.50
Motor Type L1

Cross Section ' ' "

o

" -
hlr 9.00
b1 6.50
Variables bsr 2.50
(mm) w 38.00
Th 4.00
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Figure. 3-10a and Figure. 3-10b summarize the steady-state and transient performance of the designs.
All designs are compared on the axes of efficiency and starting torque in Figure. 3-10a. It is observed
that designs IM5 and IM6 have good transient and steady-state performance among the 1M designs.
In the LSPMSM designs, L3 and L2 have the highest efficiency values however their start-up is
poorer than the initial LSPMSM design (L1). In contrast, the L6 and L7 designs have efficiency and
starting torque better than L1. Efficiency improvement of the final LSPMSM design, L7, is about 5%
more than IMO, which brings the LSPMSM into the IE4 range while the commercial IM meets IE2.

A 5% improvement in efficiency in electrical motors is a significant improvement for a similar frame

size.
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Figure. 3-10 Efficiency variation of optimized designs versus starting torque and power factor.

Figure. 3-10b shows the efficiency versus power factor results. This figure shows that the L6 and
L7 designs have good power factor and they meet the 1E4 efficiency standard. As it can be clearly
seen, IM3 and IM4 have considerable growth in starting torque while the efficiency improvement in
IM1 and IM2 is small, about 1% more than IMO. Accordingly, the slot dimensions influence the
transient performance more than the steady-state performance in IMs. This is because of change in
rotor resistance due to slot dimensions change. In fact, in transient improvement by maximizing
starting torque the rotor resistance plays a key role in maximizing starting torque. In LSPMSMs, the
PM volume affects the steady-state more than the slot dimensions and in transient improvement, the
LSPMSMs prefer to reduce the PM size to maintain synchronization.

Cogging torque in PM motors is known to be a disadvantage and there have been attempts to reduce
it through optimisation techniques. Figure 3-11a shows the cogging torque versus mechanical angle
of the optimised LSPMSMs in comparison with the initial design. The peak to peak value of cogging
torque in this figure shows that the cogging torque of the optimised designs have been improved and
the cogging torque value of optimised designs are less than the cogging torque of the initial LSPMSM.
The cogging torque versus torque ripple of the optimised LSPMSM designs is presented in Figure
3-11b. This figure indicates the initial design (L1) has maximum cogging torque and comparable with
L4 it has maximum torque ripple while the optimized designs (L7 and L6) have cogging torque and

torque ripple less than the initial LSPMSM. This shows that the optimised designs not only have
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better efficiency and starting torque but they also have improved cogging torque and torque ripple in
comparison with the initial LSPMSM.
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Figure 3-11. Cogging torque variations of the LSPMSMs.
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The speed-time responses of all the designs are compared under full-load for normal inertia (Figure
3-12). A magnified view of the speed-time graph during the steady-state is shown in this figure. All
the LSPMSM designs reach synchronous speed under full load. However, the settling time of IMs
are faster than LSPMSMs.

As mentioned in Section 3.4.2.2a, the average of the FE torque-time response in the first cycle (0-
20 ms) can be used for the starting torque estimation. Figure 3-13 shows that this is an acceptable
estimation compared to the measured FE locked-rotor torque and starting torque calculated by
analytical equations. To calculate the locked-rotor torque the designs are run at zero speed at rated
voltage. The maxima of the averaged dynamic torque (Figure 3-5) was found to be a parameter that
can be used in the optimization process to represent the maxima of steady- state starting torque. Figure
3-14 and Figure 3-15 show the efficiency and the starting torque variation versus PM and aluminium
mass for all the LSPMSM designs. It is indicated that efficiency and starting torque are generally in
opposition with each other against PM and aluminium mass. Designs where efficiency is highest have
the starting torque being lowest, and vice versa. As seen in the figure, L7 shows a good trade-off for
the efficiency and starting torque (93% and 85 Nm, respectively), which are accessible for the

reasonable material quantities.
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Figure 3-12. Transient comparison of optimized designs (speed response) at full-load.
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3.5 Optimization Approaches Performance

3.5.1 Background of Algorithms

This section presents the strengths and weaknesses of the gradient-based (SNLP) and gradient-free
(GA) algorithms. The main advantage of the gradient-based algorithm is fast convergence.
Convergence speed is dramatically boosted with appropriate utilization of a gradient-based algorithm
rather than a gradient-free approach. Clear convergence criterion is another advantage of the gradient-
based approach. Inaccurate gradients, noisy objective function spaces, categorical variables, and
topology optimization are difficulties that make a gradient-based algorithm moderately intolerant and
this is a drawback of this method. The principal disadvantages of the gradient-based approaches are
also the strengths of genetic algorithms like greater ability to find the global optimum, ability to
handle noisy objective functions, and categorical variables. However, slow convergence, particularly
around an optimum, and unpredictable termination criterion are two key drawbacks of genetic

algorithms.

3.5.2 Performance Discussion of Studied Algorithms
A performance comparison of the genetic and SNLP algorithms has been emphasized in this
research for a specific optimization problem in the context of electrical machines. The key points of
this comparison are an identical optimization problem, including the variables, objective functions,
and constraints for both algorithms. The number of evaluations required to reach a desired level of
convergence was calculated. The number of evaluations during optimisation for the SNLP algorithm
depends directly on the maximum number of iterations. However, in GA it is related to the population
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size (parents), maximum number of iterations (generation size), children and number of survivors
chosen.

Figure 3-16 shows the algorithms’ performance in terms of optimisation time under equal number
of iterations for each scenario. It indicates that the gradient-based algorithm resulted in optimal
designs (L7 and IM6) with better performance than GA ones (L6 and IM5) in much less time. The
GA, like other evolutionary algorithms, is a global search optimizer. It has no knowledge of the trends
of the performance parameters against variations of the input variables. It thus may choose candidates
whose variables are too far from the ideal design since the selection process is random. This feature
makes the GA advantageous for optimization problems where limited information about the
behaviour of the case study is available. Conversely, the gradient-based algorithm is superior when
higher accuracy and better convergence are necessary. The disadvantage of GA is that there is no
guarantee of a better set of candidates (design points) based on the available population. It means that

the next generation of candidates do not necessarily result in an improved design.
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Figure 3-14. Efficiency variations in relation with PM and aluminium mass changes.
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3.6 Conclusion

This chapter designed a LSPMSM based on a commercial 4-kW IM to meet the 1E4 efficiency
standard. The initial design of the LSPMSM was created using a hybrid rotor with the same stator
and winding as the IM. The initial LSPMSM design has an efficiency (91%), which was more than
the original IM (87%), but not meeting the IE4 requirement (92%). Hence, it was optimised to
improve both the steady-state and the transient performance. Two different optimization approaches
(GA and SNLP algorithms) were employed to reach this aim and to compare the performance of both
algorithms in an electrical machine context. Based on the results, the following conclusions can be
drawn:

e Multi-objective optimizations resulted in better overall designs than single-objective
functions for both transient and steady-state performance. The optimal designs (IM6 and L7)
not only meet the IE4 efficiency standard, but also have better start-up performance than their
baseline designs.

e The number of evaluations in the SNLP algorithm (gradient-based) varies almost linearly with
the number of variables and maximum iterations whereas, for the GA, it increases more
rapidly compared to the number of design variables and is related to the number of children
and survivors. Therefore, the GA (gradient-free) generally requires much more time to
complete an optimization problem than SNLP (gradient-based) under similar conditions.

e In addition, the gradient-based algorithm presents the optimum designs for both motors (IM6
and L7) with superior overall performance in the transient and steady-state conditions.

In this chapter it was concluded that motor performance analysis and optimization implementation
by FEM are time-consuming processes. Optimization by FEM requires a supercomputer and time to
implement a study. Hence, in the next chapter, the aim is to present a strategy to design, analyse and
optimize an LSPMSM analytically.
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4, CHAPTER 4

4. AN ANALYTICAL DESIGN AND OPTIMIZATION PLATFORM OF LINE-
START PERMANENT MAGNET SYNCHRONOUS MOTORS

This chapter proposes a design strategy of a LSPMSM based on the machine sizing techniques of
the IMs and PM motors. The chapter is divided in six sections. A summary of the chapter is presented
in Section 4.1. Section 4.2 is a brief introduction. Section 4.3 proposes a design methodology and a
verification of the method using a 4-kW 4-pole case study. The proposed optimisation strategy and
results of the case studies are discussed in Section 4.4. Further results, verification and discussion of
the other case study (1-kW 8-pole LSPMSMs) are pointed out in Section 4.5. The chapter concludes
in Section 4.6.

4.1 Summary

This chapter presents an analytical method for the design of an optimum Line-Start Permanent-
Magnet Synchronous Motor (LSPMSM). An initial LSPMSM (LO) is designed by combining an
induction motor (IMOQ) and an interior permanent magnet (IPM0) motor. The IMO and IPMO are
designed analytically from sizing equations. The optimum LSPMSM is developed from IM cage
optimization for starting torque and permanent magnet (PM) optimization of the IPM for efficiency.
By combining the rotors of the optimised IM and IPM, an optimum hybrid rotor is obtained for the
LSPMSM. The optimum motor has better performance in the transient and the steady state compared
to initial LSPMSM. The proposed optimisation method based on a mathematical model is
implemented using a genetic algorithm (GA). An optimization case study is implemented using FEM
to verify the performance of the proposed optimisation strategy. The optimization results indicate that
the optimum design found using the proposed mathematical method is obtained more rapidly and has

comparable performance to that found using FEM optimization.

4.2 Introduction

Designing electric machines is a multi-physics procedure and, hence, analyses such as
electromagnetic, thermal and structural mechanic need to be considered in the design process [132]-
[138]. The key purpose of the design phase, before an optimization implementation stage, is to gain
a feasible structure/design for a specified application using the investigations of various dimensions
and materials, types of machine, and different types of analysis like electromagnetic and thermal
analysis. The electromagnetic analysis of an initial design provides details for the development of the
optimization model, which will be used in the next step, including motor parameter estimation and

performance assessment. The main aim of the optimization phase is to use optimization algorithms
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and strategies to improve the transient and steady-state performance of the initial motor designed in
the design phase [57].

There are three methods for the electromagnetic design and analysis of an electrical machine:
analytical methods (like subdomain or Fourier techniques), numerical (such as the finite-element
method) and machine sizing (like sizing equations) [139]-[144]. The analytical method is simpler but
less accurate. The numerical technique is accurate but time-consuming. The machine sizing method
is a fast method although it is not as accurate as the numerical method.

Thermal and structural design are two main disciplines that are usually studied after the
electromagnetic design [57]. The key purpose of thermal analysis is to study temperature distribution
of the main parts of the machine as a result of the heat generated by losses estimated from the
electromagnetic analysis. The two well-known thermal analysis models are lumped-parameter
thermal network and finite-element method [145]-[147]. Thermal modelling and analysis of the
LSPMSM will be discussed in depth in Chapter 5.

Generally, an LSPMSM can be designed by modifying the rotor of an induction motor. However,
selection of the permanent magnets needs careful consideration to achieve a balance between starting
and synchronisation performance. The well-known and popular LSPMSM design method is a retro-
fit design (induction motor rotor “swap-out”) using a direct replacement of the rotor of an induction
motor (IM) with an LSPMSM rotor without machine sizing [148]-[150]. This method was used in the
previous chapter to design a 4-kW LSPMSM based on a commercial IM. There are independent
machine sizing methods to design IMs and interior permanent magnet (IPM) motors and hence there
is the possibility to employ optimisation techniques in machine sizing to design an optimum machine.
LSPMSM s include a squirrel cage and interior permanent magnet in its rotor and, hence, there is not
an independent machine sizing design and, therefore, optimization technique for LSPMSMs.

In this chapter, a mathematical design and optimization method based on the developed machine
sizing equations of induction motors and permanent magnet motors is proposed in order to design an
optimum LSPMSM. The rotors of the IM and IPM are combined to create a hybrid rotor including
induction cage and permanent magnets for a LSPMSM. To verify the proposed mathematical method,
a three-phase 4-kW LSPMSM is selected as a case study. The initial designs of the IM, IPM motor
and LSPMSM (LO) are analyzed using FEM to verify the sizing equation design. The IM and IPM
are then analytically optimised using a genetic algorithm (GA) for the transient improvement (through
maximizing the starting torque) and the steady-state improvement (via maximizing efficiency),
respectively. The rotor cage bar dimensions and PM size are selected as optimisation variables in
optimizing the IM and the IPM, respectively. Combining the rotors of the optimised IM and IPM, the
optimum hybrid rotor of the LSPMSM is obtained. To present a comparative study between the
proposed optimisation method and FEM optimisation, the 2D design of LO is optimised using GA
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based on FEM in Ansys/Maxwell. The results indicate that the proposed mathematical optimization
method presents an optimum LSPMSM with comparable performance in both transient and steady-
state in a much shorter time than the FEM optimization with reasonable accuracy.

4.3 Design Methodology

Because of the higher efficiency and higher power factor of LSPMSMs and their ability to run a
set of fixed frequencies and speed adjust to zero-steady slip, they compete with cage induction motors
in industrial applications. They operate with much higher power factor than IMs. LSPMSMs have a
power factor near one in lots of applications and operating conditions. LSPMSMs with an inverter
are already in use in a wide range of applications and is on the rise. The two reasons for this trend are
first, the high power factor and efficiency of LSPMSMs, and second, permanent magnet price cuts.
In addition, the LSPMSMs run up from zero speed with a static frequency and this has become an
appealing scheme for senseless drives. Because of the existence of PM, the starting performance of
the LSPMSM is not as good as the IM and the steady-state performance (efficiency) is not as good
as the PM. Therefore, there is a significant need to design and optimize an LSPMSM covering these

shortcomings.

4,.3.1 Principles of Proposed Method

This study aims to develop a guideline for the design of an LSPMSM based on the machine sizing
equations. LSPMSMs operate in starting like IMs and in the steady-state like an IPM. Figure 4-1a
illustrates the steady-state torque-speed graph of an LSPMSM (4-pole, 50 Hz, 415 V, 4-kW). The
curves are extracted from the equivalent circuit. The LSPMSM torque is lower than the induction
(cage) torque because of the magnet braking torque. The LSPMSM torque is calculated according to
Equation 2.10. The load torque must be lower than the LSPMSM torque generated by the motor for
a successful start-up. The magnet torque is directly related to the electromotive force (EMF) and the
g-axis reactance and has an inverse relation with the mutual d- and g-axis reactances as calculated by
Equation 2.11. Figure 4-1b illustrates an example dynamic torque-speed graph of the LSPMSM. The
behaviour of dynamic torque and the steady-state torque are not similar but the starting torque can be
estimated from Figure 4-1b in the first cycle (20 ms, because the frequency of the source is 50 Hz) the
very similar actual starting torque in Figure 4-1a.

Cage torque disappears after synchronization and magnetic torque, as the only source of torque,
plays a reverse role. The contributions and effects of cage torque (induction) and magnet torque
(braking torque) are seen in Figure 4-1b. The transient and the steady-state operation are highlighted
in Figure 4-1b. The motor can run rated load (constant or fan type) at synchronous speed. The
behaviour of the dynamic torque and the steady-state torque-speed are not exactly similar but can be

74



considered alike. Hence, the staring torque can be estimated from the electromagnetic torque versus
time using FEA.

Cogging torque is produced by the cogging effect and this torque produces a speed ripple and
creates vibration under low loads and speed levels. However, at high-speed levels, the effect of
cogging torque is eradicated due to high inertia. Ways of omitting cogging torque are to 1) split the
PM, 2) change the ratio of the arc phase to pole step, and 3) using a flux barrier on the rotor. Lack of
joule losses from the rotor cage in the steady-state is one of the factors for why an LSPMSM has high
efficiency. Copper loss of the stator is reduced because of low input current resulting from a
significant decline in magnetizing current. The existence of magnet saliency in the rotor adds another
torque component in comparison with a rotor surface that is smooth. Magnet volume determines the
flux density level of the air gap. Induced EMF and torque in an LSPMSM depends on the flux density

of the air gap, which is dependent on shaft material, magnet thickness and pole arc coefficient.
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Figure 4-1. Steady-state and dynamic torque-speed components of the LSPMSM including cage torque, magnet
torque, fan load and constant load.

4.3.2 Proposed Design Methodology

As the transient behaviour of LSPMSMs is like induction motors, it makes sense to improve the
transient performance of the LSPMSM by optimising the transient performance of the equivalent IM.
To improve the steady-state performance of the LSPMSM, the steady-state performance of the IPM
is optimised.

The design procedure based on the sizing equations begins with the motor specification and desired
parameters as inputs. There are two essential inputs in designing an electrical motor based on machine
sizing: firstly, customer requirements (required mechanical power/torque, desired efficiency and
power factor) and, secondly, the key design assumptions (rotor length to inner stator diameter ratio,
number of stator and rotor slots, specific electrical loading and specific magnetic loading). In the
design process, based on the proposed method, similar input values (customer requirements) are used
to design a stator for both the IM and the IPM. The rotor topologies of the IM and the IPM for the
same stator are then designed.

4.3.2.1 Stator and winding design

Figure 4-2 shows the process of stator and winding design. The motor dimensions are generally
summarized into inner and outer diameters of the cores, motor length, air gap length, winding and the
rotor and stator slots. Table 4-1 lists the input parameters required to design the LSPMSM (case study)
based on the IM and the IPM.
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Table 4-1. Input parameters required to design the motor.

Parameters Symbol Value
Output Power Pout 4-kW
Frequency f 50 Hz
Input Line Voltage (Vpn) \Y 415 V- Delta
Number of Phase m 3
. Efficiency n >88%
Desired parameters Power Factor PF >0.84
Average flux density Bay 0.3<Bayy<0.9
Electrical Loading ac 103<ac<5.5x10*
Length/Inner Diameter € ~1.5
EMF/Vph e 0.7<e<0.95
Winding Factor Kw 0.95
Assumptions or constants —
Lamination Factor ki 0.95
Stator Slots/Pole/Phase Us 3
Number of Rotor Slots St 28
Shaft Diameter Dsh 38mm
Current Density Js 6 A/mm?
Stacking factor Ki 0.95

Assumptions:

eairgap

Stator Design
g enumber of slots

eouter diameter (Doyt)
eRatio of motor length to
inner stator diameter (at)

Constants:

soverload capacity (Koc)

eutilization factor (¢)

eemf to phase ratio (&)

eWinding coeeficient (k)

elron loss coefficients (ke,
kh,kc)

Electric and Magnetic Loading:

emaximum stator surface current
density (Am)

eairgap flux density (Bag)

emaximum flux density (Bmax)

Desired Parameters: |
eoutput power (Poy) i
eline-line voltage (Vims) |
espeed (w) i
efrequency (f) |
ecfficiency and power factor (7%cos ¢ ) 3

3 Using Sizing Equation

i Outputs
. (Design Parameters):

eMotor Dimensions |
eDes=Outer stator diameter |
eDis=Inner stator diameter }
}oOuter rotor diameter }
}oDir=Shaft diameter |
leStator slot dimensions }
#Air Gap length \
Length }
}oNumber of turns per phase }
|

Figure 4-2. Flowchart of the stafor design procedure of the proposed method.
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Figure 4-4. LSPMSM design algorithm based on the IM and IPM

Figure 4-3. Stator and rotor slot shapes. desi
esigns.

Based on the inputs listed in Table 3-1 (for the case study from Chapter 3), the stator inner diameter
is calculated by Equation 4.1. Apparent power (S) in KVA, synchronous speed (ns) in rps and number
of poles are calculated according to Equations 4.2 -4.5, respectively. The coefficient A=1.75 is
assumed based on the desired purpose (high efficiency and low construction cost) of the motor design
[27].

AXS
Dis = (7 )1/3 Stator inner diameter (4.1)
o S
Pout
= Apparent power 4.2
S X PF pparent p (4.2)
Co = 11 X ky, X Bgpg X ac x 1073 Design Coefficient (4.3)
ng = % Synchronous speed 4.4
120 x
P = N f Number of Poles (4.5)
S

The motor length is computed based on the stator inner diameter and the defined coefficient (A).
Equation 4.6 presents the motor length formula. The effective length of the rotor is defined by
Equation 4.7 where k; is a coefficient in range 0.9-1.0. The root mean square (rms) of the stator
winding phase current is presented in Equation 4.8.

AD;s X 1T

L= — Motor length (mm) (4.6)
Li=LXk; Effective motor length (mm) 4.7)
Iy = 8§ X 1000/m X Vyp, RMS stator phase current (4.8)
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The step after stator core sizing is the determination of winding factor (kw), number of turns per
phase of coil (Npn) and the required slot area and shape. The average flux density (Bavg) and specific
electrical loading (ac) for induction motors is chosen from the range of values 0.3-0.6 T and 8000-
30000 A/m, respectively [150]. In this research work, the values of Bayg and ac are selected as 0.465
T and 26500 A/m. The needed slot size is determined based on the Npn, winding area and fill factor.
To calculate wire area, the current density of the winding (Js) should be selected. Note that the fill
factor is considered to be 0.45 in the calculation process. The stator slot dimensions and winding
parameters are calculated using Equations 4.9-4.21 based on the inputs and the outcomes from the

previous step.

t, = m X Dis/P Pole pitch 4.9
fip = Bavg X tp X L Flux per pole (4.10)
Ss=qsXPx3 Number of stator slots (4.11)
Npp = ac X (P/2) X t,/(m X I) Number of coils turns per phase (4.12)
Zsiot1 = 2 X m X Npp /S Number of conductors in a slot (4.13)
ts = mX Dig /S Slot pitch (4.14)
Wep = Bayg X ts/B¢ See Figure 4-3 (4.15)
asc = Ig/J Avrea of stator conductor (4.16)
ws = 1.1 X y/(ase X 1076 x 4/ See Figure 4-3 (4.17)
Wy = tg — W See Figure 4-3 (4.18)
hps = 0.5 X fir, /(Li X Bys) Stator back iron height (4.19)
Wsp = (X (Dis + (2 X hy))/S) — wyp See Figure 4-3 (4.20)
Ws1 = ((Dis + hgy + hgy) X /S) — Wy See Figure 4-3 (4.21)

Where B, Bys, Byr, hs1 and hs, are tooth and yoke magnetic flux density in the stator and rotor, slot
dimensions assumptions, respectively. Air gap length, stator slot depth and the stator outer diameter
are calculated using Equations 4.22-4.23.

lg = 0.001 x (0.2 + 2 x /(L X Dys) Air gap length (4.22)

avg

B X D,
hs = 0.5 % ( B — (Dis+2 X% (hsl + hsz)))
t

Stator slot depth (4.23)

¢ (Bt X ((Dis +2 X (hsl + hsz)) 2 + Bavg X Dis
2 X B; T X [

After designing the stator, the stator circuit parameters, like winding resistance (Rs) and stator

reactance (Xs), are calculated using Equations 4.24-4.39. Note that, the material used for the winding
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is copper with resistivity of pc=1.68x10-8 (ohm.m) at 20°C and increasing factor of end winding (kov)
is considered to be 1.8. ksat is the saturation factor in the d-axis and is considered to be 3, and p is the
number of pole pairs. The temperature rise for the winding, AT, is assumed to be 65°C, but the
temperature rise for the aluminium (cage) and PM materials are considered to be 85°C to avoid
demagnetization of the PM due to temperature rise. Accordingly, it is assumed that there is an
approximately 10% reduction in the PM remanence for an 85°C temperature rise [28]. Also, the
resistivity of the copper and aluminium material should be updated based on the thermal coefficient
(a), which for the copper and aluminium is 0.0039 and 0.0043, respectively.
4.3.2.2 Rotor Design

In the design process of the hybrid rotor of the LSPMSM, the IPM rotor is designed first. Braking
torque due to the PM should be considered when designing the squirrel cage to supply the required
starting torque. The rotor design procedure is described in the following sub-sections. Figure 4-4
shows the procedure of the LSPMSM design based on the IM and IPM.

Dos = Dis + (2 X hg) + (2 X hyis) + (2 X 1y) Outer stator diameter (4.24)
ps =1 X (Dis + (2 X hy))/s Slot pitch at the end of slot (4.25)
Vg =2 X% (s/P) Coil pitch in number of slots (4.26)
Lew = ((/2) ><_(1(§9)s tWe)/2) F (s X kov X (¥ Length of endwinding ~ (4.27)
low =2 %X (L + 1) Average length of coil turn (4.28)
Rs = (pco X Npp X lgy/asc) X (1 + AT X a) Stator Resistance (4.29)
hgs = hg — hgy — hy, See Figure 4-3 (4.30)
t = wsp/Weq factor (4.31)
ke =3 % ((4% () — (M) x (3 — (4 x log(1))))

— /(X () - DD x (£ - 1) factor 432
te =t Coil pitch (4.33)
ls = ((hsl X kt/(3 X Wsl)) + (2 X hsz/(Wsl + Ws))

T (hen/ws)) X (((3 X to/t,) + 1)/4) Slot leakage permeance (4.34)

_ _ End winding leakage

le = (047 X g5 X (ley /L)) — (0.3 X g5 X (t,/L)) permeance (4.35)
le = (5 X 1y/wg)/(5+ (4 X 1g/wy)) Tooth-top leakage permeance  (4.36)
tg = ((((m*) x (((10 X (¢5)) + 2))/27))

x ((sin(/(6  :)))2)) - 1 factor 430

_ 202 Differential leakage

lg=mXqs Xty Xty X (ky) /(" X1y X kgqt) (4.38)
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= x (107 2% L; :

Xs =4 X Ho Xf ( (l(et/O/ L)l)x xf ljw()N-lzjhlz; N lf)l /?p(l; ) Stator leakage reactance in (4.39)
a. IM Rotor Design

To design the rotor of an 1M, selecting the number of slots (Sr) is important as they restrict the

leakage flux. Sr also depends on the number of poles. The flux density in the rotor yoke and tooth are

considered similar to those of the stator and, hence, the rotor slot height and width can be determined

accordingly. The outer diameter of the rotor is determined, using Equation 4.40, based on the inner

diameter of the stator and the air gap length. The back-iron length of the rotor depends on the flux

density flowing in the yoke and is calculated from Equation 4.41. The rotor slot dimensions are

calculated using Equations 4.42-4.46. The slot shape (stator and rotor) including air gap of the designs

are indicated in Figure 4-3.

Doy = Dis — (2 X 1g) Rotor outer diameter (4.40)
hypr = 0.5 X fi,/(Li X Byy) Rotor back iron length (4.41)
btr = (Bavg/Bt) X Ysr See Figure 4-3 (4.42)
by = (/S;) X (Dis — (2 X (lg + hyy))) — (ber) See Figure 4-3 (4.43)
bsy = (1/Sy) X (Dis — (2 X (I + hgy))) — (berr) See Figure 4-3 (4.44)
hg = ((Dis — Dgp)/2) — (hpir) — (Ig) See Figure 4-3 (4.45)
h, = hg + hoyr + hyp + (b /2) Rotor slot depth (4.46)

b. IPM Rotor Design

There are various rotor topologies for PM motors such as surface mount magnets (SMM), slotted
surface mount magnets (SSMM), imbedded radial flux magnets (IRFM) and imbedded
circumferential flux magnets (ICFM) [29]. In this study, only the interior radial-flux magnets (IRFM)
topology of IPMs is considered. The diameters of the stator and rotor of the IPM are the same as the
IM. The air gap flux density range for IPMs is 0.8-1.1 T [31]. Hence, the PM should generate the
required air gap flux density (0.85 T), which can be used to calculate the minimum PM volume by
Equation 4.47. Table 3-2 (Chapter 3) lists the permanent magnet properties used in this study. Note

that the leakage flux in the rotor is assumed to be zero.

Vpy = 1.4 X Py X 1000/(f X B, X H, X P) PM volume (4.47)
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Figure 4-5. 2D cross section views and the air gap flux of IPMO, IMO and LO.
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Figure 4-6. Flux density distribution of IMO, IPMO and LO.
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c. Hybrid LSPMSM Rotor Design

The hybrid rotor of the initial LSPMSM (LO) is based on the combination of the initial IM (1IMO0)
and initial IPM (IPMO) rotors. The stator and the rotor cage of the LSPMSM is the same as the IMO
rotor cage and the PM configuration of the LSPMSM is the same as that of IPMO. The space occupied
by the PM is designed based on the rotor of IM and if there was an overlap between the PM and the
cage bars, the height of the rotor bar is adjusted. There is very minor change in flux path due to this
combination as shown in Figure 4-6 and the impact on the combined performance due to this change
is assumed negligible. The main dimensions for the case study machine (4-kW 3-phase LSPMSM)
designed by the proposed method are presented in Table 4-2. The stator and rotor magnetic material
are chosen as non-oriented steel (M470-50A), which has saturation levels in 1.6-1.9 T, and aluminium

is the material for the rotor bars and the end rings.
Table 4-2. Main calculated dimensions of initial LSPMSM (L0) in mm.

Items Value Items Value
Dos 16500 brl 650
DiS 10500 bsr 250
Dor 104.10 Ws 2.80
Dir 38.00 bro 1.00

L 145.00 hir 9.00
hs3 12.65 Nph 336 Turns
Wi 7.70 PM width 28.00
Wi 3.00 PM thickness 7.20

16
mError_IM (%)
m Error_IPM (%)
12
g
S s
w
4
0 -l -.

Efficiency Rated Torque Stator Copper Iron Loss  Stator Phase Power Factor
loss current

Figure 4-7. Error comparison of the performance parameters calculated by the analytical methods with predicted ones by
FEM for IMO and IPMO designs.
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Figure 4-8. Comparison of efficiency, starting torque and phase current values estimated by the proposed method and
predicted by FEA for LO.

4.3.3 Verification of the proposed methodology (sizing equations vs. FEM)

In this section, the performance of the proposed mathematical design method is verified using FEM
in the Ansys/Maxwell software package. Figure 4-5 and Figure 4-6 show 2D cross section views and
the magnetostatic behaviour of the three motors in the steady-state. Magnetostatic in the steady-state
is determined when the motor operates with rated speed in the steady-state interval. The air gap flux
density (Bg) of the initial LSPMSM (LO0) is a combination of those for IMO and IPMO (see Figure 4-5).
Flux density distribution illustrated in Figure 4-6 shows the maximum flux density value is
approximately 1.9~2.3 T. It is seen that the three motors operate under a constant load at no significant
saturation although the LSPMSM has a lower flux density than the IPM.

Figure 4-7 shows the error in the performance prediction determined using the analytical method
and FEM for the IMO and IPMO. It shows that the sizing equation methods can design reliable 1Ms
and IPMs and their performance can be predicted by analytical methods. It is seen that the analytical
results are in good agreement with those predicted by FEM. Note that further comparison and
verification of the analytical analysis method and FEA of the IM is presented in Appendix A.

Figure 4-8 compares the performance of the proposed method with FEM in terms of predicting the
performance parameters of LO. The starting torque of LO is estimated using the combination of the
starting torque of IMO and braking torque of IPMO. Also, the efficiency of LO is calculated from the
IPMO considering the cage loss of IMO. It shows the LSPMSM performance predicted by the
proposed method is close to that predicted by FEM.
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Figure 4-9. Proposed Optimisation Method Flowchart for the optimum LSPMSM.

4.4 Proposed Optimization Methodology

4.4.1 Optimization Implementation
In this study, the initial LSPMSM is designed using the proposed mathematical method and FEM-
based optimization is used to verify the optimisation. Table 3-3 (Chapter 3) presented optimization
variables, ranges and shapes.
4.4.1.1 Optimization using proposed mathematical method
The genetic algorithm (GA) is used to optimize the IM for transient performance and the IPM for
steady-state performance using the sizing equation method. Then, the cage and PM (optimisation
variables) of the optimized IM and IPM are used as the basis for the optimum LSPMSM. Figure 4-9
shows the implemented optimization flowchart. The optimization procedure of the LSPMSM using

the proposed method is implemented in the scenarios below:
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1. Transient improvement: in this case the cage used for the initial LSPMSM is optimised via

the induction motor sizing equations to produce the maximum starting torque. The PM used
in the optimised LSPMSM in this case is the same as LO. The optimised LSPMSM in this

scenario (L1_Ana) is a LSPMSM with higher starting torque than LO formulated using

Equation 4.48 and the rotor cage bar dimensions are the optimization variables. The optimised
LSPMSM in this scenario (L1_Ana) is a LSPMSM with higher starting torque than LO.

(3 x Vph? X R,)

— Masimizi
fi aximizing ((2 X Xng X ((Rs + Rp)2 + (Xs +

X%

(4.48)

where Ry and X are the rotor resistance and leakage reactance transferred to the stator side and are

calculated using Equations 4.49-4.59. Note that the factor n in Equation 4.61 is the turn ratio and was

formulated in [31].
I, = (0.85 X 6 X Ny, X I5)/S,
ler = (Sp X I.)/( X P)

sz = (bOr X h4r + ((bOr + brll) X h2r/2) + ((brl + bsr)
X hir/2) 4+ (0.5 X (7 X (bsy/2)?))) X 10°

Ry = par X (L/Fpz) X (1 + AT X a)
Prpey = I.” X Ry X S,

Ler = m X Doy

Fer = (Fp2 X 5;)/(2 X P)

Re = par X Lor/For X (1 + AT X @)
R, = (Ry + R,) X n

Tsps = Mo X ((2 X (hyyr + hor) /(3 X (bgr + br1))) + ((2
X hlr)/(3 X (bsr + brl))))

Xp =2XTXfXLXTgpsXn

Rotor current

End ring current
Area of rotor bar

Bar resistance
Loss in rotor bars
End ring length
Area of end ring

End ring resistance at

Rotor resistance referred
to stator

Rotor slot permeance

Rotor slot leakage
reactance

(4.49)
(4.50)

(4.51)

(4.52)
(4.53)
(4.54)
(4.55)
(4.56)

(4.57)
(4.58)

(4.59)

2. Steady-state improvement: in this case the IPM is optimised to maximize the efficiency

defined in Equation 4.60 by varying the PM dimensions. In this case, the cage used in the
optimised LSPMSM and LO are similar. The optimised LSPMSM (L2_Ana) is expected to

operate with higher efficiency than LO.

Pout

= Maximizing (————
f2 g (Pout + Losses

)

Losses = Py + Pgge + Prron
P =3 X R, X I?

Pgge = 3 X Ry X I
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Total loss
Copper loss

Rotor cage loss

(4.60)

(4.61)
(4.62)

(4.63)



where Pcys and Pcage are the stator copper loss and rotor cage 10ss. Piron is the core loss in the stator
and rotor that is defined in [151].

3. Simultaneous transient and steady-state performance improvement: in this case, the optimum
cage of L1_Ana and the optimum PM topology of L2_Ana are combined to approximate the
optimum rotor. The optimized LSPMSM (L3_Ana) should operate with starting torque and
efficiency superior to LO.

In the first scenario, the optimisation tends to increase Ry and decrease X, through decreasing har
(leads to rotor bar area reduction) and increasing br1, respectively. Accordingly, it is predicted that
the new cage bar height should be less than the non-optimised cage. In fact, there may be no overlap
between the optimum PM and cage in scenario 3. However, the required space of the PM is checked
and if there is not enough space for the cage bars it will be optimised using an updated range of
variables for the cage bar dimensions.

4.4.1.2 Optimization using FEM

In this section, L0 is directly optimised by FEM to verify the proposed method’s performance. Hence,
GA called by Maxwell optimizes the 2D model of LO under the same optimisation variables and
conditions applied as in the proposed method. The implementation of the optimisation scenarios in
FEM is described as follows:

1. Transient improvement: starting torque maximization as a single-objective function (SOF) is

defined for the transient improvement of the initial LSPMSM (LO). The optimized design
under this scenario is labelled L1_FEM. The starting torque employed in this optimization is
determined as follows.
When examining the dynamic locked rotor torque in the steady-state, it was found that the
average of the first cycle (0-20 ms) of the torque-time graph is a good estimation of the starting
torque (objective function) in the optimization implementation. Hence, the average of the
dynamic torque in the first cycle is considered to be the objective function. To ensure
synchronization, a constraint is established that requires the steady-state speed to be equal to
the synchronous speed.

2. Steady-state improvement: efficiency maximization as a SOF is defined to improve the
steady-state performance of the initial LSPMSM (L0O). The optimised design under this
scenario is labelled L2_FEM. The efficiency employed in this optimization is determined
from the efficiency averaged in the last cycle of simulation time (380-400 ms), when the motor
should be in steady-state.

3. Simultaneous transient and steady-state performance improvement: using a defined multi-

objective function (MOF) optimization, LO is optimised to maximise the starting torque and
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the efficiency, simultaneously. The optimised design in this case is L3_FEM. The cost
function determination under this scenario is the weighted sum of the two objectives.
Note that FEM-based optimisation implementation procedure was extensively discussed in Chapter
3.

4.4.2 Optimization Result Discussion

Table 4-3 presents the cross sections of the LSPMSM designs optimized by the proposed method
and FEM for the three scenarios and lists the values of the optimized variables. The cross-section
variation of the optimized LSPMSM designs is discussed as follows:

» Scenario 1: starting torque maximization. The cross-sections of the designs show that the slot
depth (hr1) and bsr decreased significantly and br1 increased. The PM volume significantly
decreased in the FEM optimization, while in the proposed method, optimisation of the PM
size was not considered and only the dimensions of the cage bars were varied.

» Scenario 2: steady-state efficiency maximization. In this case, the PM volume increased. In
the FEM optimization, the slot widths br; and bsr sizes increased while the slot height hrl
decreased. In the proposed method optimisation for this scenario, the cage was not considered
and only the PM dimensions were varied.

» Scenario 3: simultaneous improvement in transient and steady-state performance. In this case,
the slot depth (hr1) slightly decreased while the slot width (bsr) and PM volume (width and
thickness) increased.

As a result, the cage dimensions are key parameters for the transient improvement and PM
dimensions play a key role in the steady-state performance of a LSPMSM.

The locations of the optimized LSPMSM designs in terms of the efficiency and the starting torque
are presented in Figure 4-10. The performance of the proposed method optimisation is compared with
FEM optimisation under each scenario. The two optimised designs for the first scenario have nearly
identical starting torque values. Likewise, in the efficiency maximization (second scenario), the error
between optimised efficiency values of L2_Ana and L2_FEM is only 0.9%. In the third scenario, the
errors of efficiency and starting torque values for L3 _Ana and L3 FEM are 2% and 3.5%,
respectively. Thus, the LSPMSM optimised by the proposed method has comparable performance to
the FEM optimised LSPMSM in all scenarios. Both L3_Ana and L3_FEM present optimum designs
with better performance in the transient and the steady-state compared with LO.
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Table 4-3. Variables and cross-sections of the optimized designs for the IM and LSPMSM.

Optimised Variables (mm)

Motor Type Cross Sections hat bry by W ™
LO ' "' 9.00 6.50 2.50 28.00 7.20
o
\\\ '
L1 _Ana v" 7.02 9.71 1.61 28.00 7.20
o b
QU A
v 4
4
L2_Ana A ’, 9.00 650 250 42.00 6.00
Ya =
L3_Ana v" 7.02 9.71 1.61 42.00 6.00
|
A
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L1 FEM v 4 [ 3 6.4 9.00 1.56 34.7 2.00
B
\"\\\ ‘
N\ 4
> ‘ |
L2_FEM 'r, 768 4.00 2.4 38.10 5.12
V4
V4
-l
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Figure 4-10. Location of the optimized LSPMSM designs by both the proposed method and FEM in efficiency and
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Figure 4-11. Net torque-speed comparison of the LSPMSMs optimised by both the proposed method and FEM.
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The synchronisation capability of the optimised LSPMSM designs is compared in Figure 4-11 to
Figure 4-16. Figure 4-11 to Figure 4-13 show the torque component curves (net torque, induction torque
and braking torque) of the optimised LSPMSMs versus speed. To ignore the effect of the PM in
Figure 4-12 the remanence of the PM issetto 0. L1_Anaand L1_FEM are less affected by the braking
torque because of the smaller amount of PM, while L2_Ana and L2_FEM have greater PM volume
and hence a higher braking torque. Accordingly, the optimised designs under the first scenario have
improved starting capability compared to those under the second scenario. Figure 4-14 shows the
synchronous torque of the optimised LSPMSMs as a function of the power angle. To extract these
curves, the motors are excited with a current source and the peak current values used in the excitation
are calculated based on the measured rated current of the LSPMSMs.

Figure 4-15 illustrates the speed-time response of L3_FEM with an inertia 14 times the rotor inertia
and under different load torques (TL) to identify the successful synchronisation boundary of the design
in this condition. It indicates that L3_FEM has successful synchronisation for load torques less than
21.7 Nm. This test has been done for all the optimised LSPMSMs for different inertia ratios and load
torques to detect the successful synchronisation boundaries of these designs. Figure 4-16 shows the
boundary of the successful starting and synchronisation of each optimised LSPMSM for different
inertia ratios and load torques. The LSPMSM optimised by the proposed method has the best
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synchronisation capability and can start successfully under load torque of 25.7 Nm and a load inertia

18 times the rotor inertia.

Table 4-4 presents a comparison between the performance of the proposed optimization method
and FEM-based optimization. It is seen that the developed analytical optimization method can present

an optimum design comparable with the one optimized by FEM in a significantly shorter time.

Table 4-4. Optimization performance comparison of the developed method and FEM in each scenario.

Optimum values of objectives
Motor T . - E % Optimisation ti
otor 1ype Starting torque (Nm) Efficiency (%) rror (%) plimisation time
L1 Ana 82.60 . 4sec
Not included 0.4
L1 FEM 82.20 6hrs
L2_Ana . 93.25 5 sec
Not included 0.9
L2 _FEM 92.40 9hrs
L3_Ana 79 92 3.6 9 sec
L3 FEM 82 90 2 12hrs

The proposed design and optimization methodology were demonstrated with a case study of a 4-
kW 4-pole LSPMSM. There was a good agreement between the proposed method and finite-element
method in terms of the estimated performance parameters and optimisation. In the following section,
another case study, a 1-kW 8-pole LSPMSM, is designed according to the proposed method and its
performance parameters verified by the FEA as further verification of the proposed analytical design

method.

4.5 Further Verification of the Proposed Design Method for a 1-kW 8-pole Case Study

4.5.1 Brief Details of the Case Study 1-kW 8-Pole

The present study considers a 3-phase, 8-pole IM of 1-kW power rating as a benchmark. Typical
values for efficiency and power factor of 1-kW, 400-V, 8-pole, 50-Hz three-phase IMs are 77% and
64%, respectively [129].

The initial 1-kW 8-pole LSPMSM is designed based on the proposed design method.
Characteristics of the initial LSPMSM design (LO) extracted from the proposed design technique are
presented in Table 4-5. The stator and rotor magnetic materials have been chosen as non-oriented steel
(M19-24G). The permanent magnet used in designing the IPM and LSPMSM is NdFe35, the
properties of which were presented in Table 3-2. Note that the effect of the temperature rise is
considered in the design process and the material properties are updated for a 55°C temperature rise.
Accordingly, it is assumed that there is an approximately 8% reduction in the PM remanence for a 55

°C temperature rise.
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Table 4-5. 1-kW 8-pole IM design characteristics.

Component Value
Stator outer diameter 160 (mm)
Stator inner diameter 110 (mm)
Number of slots of the stator 36
Rotor outer diameter 109.1 (mm)
Rotor inner diameter 30 (mm)
Number of slots of the rotor 24
Fill factor 55 %
Stack length 150 (mm)
Line voltage 400 V Star
Frequency 50 Hz
Number of poles 8
Rated torque 12.5 Nm
Inertia including rotor and load 0.012 kg-m?
Rated slip 0.04
Mass of stator core 7267 kg/m®
Mass of rotor core 7267 kg/m?®
Mass of PM 7400 kg/m®
Mass of copper (winding) 8933 kg/m®
Mass of aluminum (cage) 2700 kg/m?®
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Figure 4-17. Comparison of efficiency, starting torque and phase current values estimated by the proposed method and
predicted by FEA for the initial design of the 1-kW 8-pole LSPMSM.

Figure 4-17 compares the performance of the proposed method with FEM in terms of predicting the
performance parameters of LO. The starting torque of LO is estimated using the combination of the
starting torque of IMO and braking torque of IPMO. Also, the efficiency of L0 is calculated from IPMO

considering the cage loss of IMO. It shows the LSPMSM performance predicted by the proposed
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method is close to that predicted by FEM. This verifies the performance of the proposed analytical
design and analysis method. The electromagnetic performance of the designed IM and LSPMSM are

extensively analyzed by FEM in the following section.

4,5.2 Electromagnetic (FEA) Performance Analysis
4.5.2.1 Magnetic Analysis
The studies and simulation results are based on operation at a constant rated torque (13 Nm). The
performance of the initial LSPMSM and IM in the steady-state and on start-up are analyzed under
different loading conditions using FEM. Both motors are simulated over 480 ms with a time step of
0.2 ms using the finite element method. Figure 4-18a and Figure 4-18b illustrate the flux lines and flux
density distributions of IMO and LO. Figure 4-18b shows the maximum flux density value is
approximately 1.7~1.9 T. It indicates both motors operate under full constant load safely with the

LSPMSM having a slightly lower peak flux density than the IM.

4.5.2.2 Transient Analysis
The transient performance of IMO and LO under full-load conditions is studied in this section. The
speed-time responses of both motors are compared in Figure 4-19a. Although IMO has smoother start-
up than LO, the speed of LO reaches synchronous speed. All LSPMSM designs can reach synchronous
speed under full load, but not for high load inertia. Figure 4-19b compares the torque-time response
of both motors under full load. The overshoot in the torque response curve of the LSPMSM is higher
than that of the IM during the start-up.

Tesla

b. Flux density distribution

Figure 4-18. Magnetic analysis of IMO and L0, (a) Flux line and (b) Flux density
distribution.
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Figure 4-19. Transient performance comparison of the 1-kW 8-pole IM and LSPMSM under full load.

4.5.2.3 Steady-State Analysis
In this section, the steady-state analysis of IMO and LO under full-load conditions is analyzed.
Figure 4-20 compares the motor performance parameters under full-load conditions. LO has better
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performance, particularly in the steady state, than IMO. Efficiency improved by around 8% due to the
replacement of the rotor of the IM with the hybrid rotor of the LSPMSM. Figure 4-21 shows the loss
contributions of the two studied motors (excluding mechanical loss). The loss by LO is 100 W less
than the loss by IM at full-load operation. A significant contributor to this was the rotor cage loss
decreasing significantly in the LSPMSM compared with the IM. The rotor cage loss is roughly 20%
of the IMO total loss while for LSPMSM it is 5% of the LO total loss due to harmonic components of
the induced current at synchronous speed. The phase current has dropped because of the significant
reduction in magnetization current due to the presence of the PM. Therefore, the stator copper loss in
LO is reduced by 30% in comparison with IMO, which resulted in improvement in the efficiency and
power factor. The steady-state performance of IMO and LO as a function of the output power are
presented in Figure 4-22. Figure 4-22a to Figure 4-22c illustrate the variation of the iron loss and the
copper loss and cage loss of IMO and LO with output power. Figure 4-22d shows the efficiency
variations of IMO and LO versus output power. The efficiency of IM0 and LO is compared with the
values of the IE efficiency standards (IE3, IE4) for 1-kW 8-pole motors. The IM efficiency is in the
IE3 standard class while the LO efficiency is in the 1E4 category.
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Figure 4-20. FEA predicted performance parameters of the 1-kW 8-pole IM and LSPMSM under full load.
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Figure 4-22. Steady-state performance parameters variations of thel-kW 8-pole IM and LSPMSM versus output
power.

4.5.3 Optimisation challenge and discussion

The initial IM (IM0) and initial LSPMSM (LO) are individually optimised under a third
optimization scenario (MOF optimisation) to improve the transient and the steady-state performance.
The optimisation is implemented based on FEA and a genetic algorithm (GA) called by Maxwell.
Then, an LSPMSM is designed based on the optimised IM as its benchmark to present a comparative
study between the performance of the LSPMSM designs.

The transient and the steady-state behaviour of the non-optimised and optimised designs are
compared in this section. The cross sections reveal that the optimization for improving the steady-
state performance increased the slot depth of the rotor and reduced the slot width. Figure 4-23 shows
the cross section of the optimised initial IM (IM1), optimised initial LSPMSM (L1) and the LSPMSM
designed based on IM1 (L2). Figure 4-24 compares the performance parameters of the optimised
designs with the initial designs. The L1 design has better steady-state performance than the other
designs. The results indicate that L2 (designed from IM1) has similar performance to the initial
LSPMSM (LO) though the optimised IM (IM1) has better performance than IMO. All designs are
compared on axes of efficiency and starting torque in Figure 4-25. It is observed that L1 has higher
efficiency and power factor than the other designs. The transient performance of L1 and L2 are
compared with LO in Figure 4-26. The starting torque of L1 improved in comparison with LO, while
starting torque of L2 is less than LO. The results reveal that the optimised LSPMSM design (L1) has

better performance than the other designs, LO and L2. The L2 design has performance similar to LO.
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Therefore, it is now clear (in this case study) that a LSPMSM designed based on an optimised IM
does not necessarily have performance better than the initial LSPMSM designed based on a non-
optimised IM with the same magnet volume. Therefore, to get an optimum design of LSPMSM
designed based on an IM, an individual optimization study of the LSPMSM should be implemented.
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Figure 4-23. The optimised cross-sections of optimised designs.
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4.6 Conclusion

This chapter presented an optimum LSPMSM design based on the combination of an IM and an
IPM designed by sizing equations. By combining the IM and IPM rotors, the hybrid rotor of the initial
LSPMSM (LO) was designed. Two case studies designed a 4-kW 4-pole and a 1-kW 8-pole LSPMSM
based on the proposed analytical design method, and the performance parameters of the case studies
were estimated by the proposed analytical method. To verify the performance of the proposed design
and analysis method, the case studies were analyzed by FEM using Ansys/Maxwell. The performance
parameters of the designs estimated by the proposed analytical method and predicted by FEM were
compared. Good agreement was observed between the calculated and FEM performance.

An optimisation strategy was proposed based on the proposed analytical design method to provide
an optimum LSPMSM. The same optimization study was implemented by FEM to verify the
performance of the proposed optimization method. The results of the proposed analytical optimisation
method were compared with the FEM optimization. Three scenarios were considered:

e Maximizing starting torque (transient performance improvement).

e Maximizing efficiency (steady-state performance improvement).

e Maximizing starting torque and efficiency, simultaneously (overall performance
improvement).

The results of the study showed that the proposed method produced an optimum LSPMSM design
with a comparable performance to that by FEM in a much shorter time.

In addition, in this chapter (for the case study 1-kW 8-pole), it was realized that there is no
guarantee that performance of an LSPMSM designed based on an optimized IM is superior than an
LSPMSM designed based on a non-optimised M.

In this chapter, an electromagnetic design, analysis, and optimisation platform for the LSPMSM
was presented and its performance was verified by FEM. A complete electromagnetic and thermal
design and analysis platform is an aim of this thesis. The electromagnetic portion of the platform was
successfully presented in this chapter. The next chapter (Chapter 5) proposes a novel analytical
thermal design and analysis platform for LSPMSMs. The accuracy of the proposed thermal model is

verified by 3D FEM-based thermal analysis and experimental tests.
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5. CHAPTER 5

5. DEVELOPING AN ANALYTICAL THERMAL MODEL FOR LINE-START
PERMANENT MAGNET SYNCHRONOUS MOTORS

This chapter studies the thermal analysis of a LSPMSM’s main parts. It proposes an analytical
thermal method for the analysis of LSPMSMs as a reliable substitute for FEM-based thermal analysis,
which is a time-consuming process. The performance of the proposed analytical thermal model is
presented in this chapter for two case studies: a 3-kW, three-phase, 4-pole LSPMSM and the
commercial IM benchmark. The availability of thermal experimental data of the commercial 1M
allows us to validate the proposed thermal methodology. This chapter is divided in eight sections.
Section 5.1 presents a summary of the chapter. Section 5.2 reviews previous literature in this field
(introduction). Design methodology of the machines under study, with a focus on thermal aspects, is
presented in Section 5.3. Electromagnetic analysis of machines under study are discussed in Section
5.4. Thermal analysis and results are studied in Sections 5.5 and 5.6, respectively. As further
verification of the proposed thermal model, another case study, a 4-kW 4-pole motor (IM and

LSPMSM), is studied in Section 5.7. The conclusion for this chapter is presented in the Section 5.8.

5.1 Summary

This chapter proposes a thermal model of a line-start permanent magnet synchronous motor
(LSPMSM) based on lumped-parameters to predict/estimate the temperature rise of the main
components. The LSPMSM is designed based on a 3-kW commercial induction motor as the
benchmark. Hence, the lumped-parameter thermal model of the LSPMSM is proposed based on slight
modifications of the lumped-parameter thermal model of the IM by considering the PM in the rotor.
In addition, 3D FEM-based thermal models of the case studies are presented to compare the
performance of both methods. To validate the performance of the proposed lumped-parameter and
FEM thermal models, the commercial IM is tested at three voltage levels (under, rated and over
voltage) and two frequencies (50 and 60 Hz) under full-load condition with the temperature of the
main components being recorded. There is good agreement between experimental results and the
proposed lumped-thermal model and FEM-based model. Overall temperature rise of the LSPMSM is
significantly lower than the baseline IM, while the designed LSPMSM uses the same frame size of
the commercial IM. So, there is an opportunity to increase the output power of the LSPMSM while
the overall temperature rise does not exceed that of the baseline IM.

The advantage of the proposed thermal model is that it can be used to predict the temperature rise

of the LSPMSM based on the losses as a heat source. Accordingly, the model is used to study the
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temperature rise in the LSPMSM for maximum achievable output power, and it removes the need for
computationally intensive FEM analysis and experimental tests to conduct a thermal analysis of the
LSPMSM. Electromagnetic and thermal results show that the 3-kwW LSPMSM has higher efficiency
than the baseline IM and it operates in the steady-state with a temperature approximately half that of
the benchmark IM. Also, the LSPMSM can provide 4.2-kW with higher efficiency than the 3-kW IM
in the same frame size. The overall temperature of the LSPMSM providing 4.2-kW is roughly the
same as the 3-kW IM.

5.2 Introduction

Temperature rise is an important characteristic in the design of electrical machines as the material
properties change based on temperature variations [152]. The operating temperature of motors
increase due to losses. Thermal studies of induction motors [153]-[167] and permanent magnet
motors have been presented extensively in the literature [168]-[171].

Estimation of rotor temperature has been studied using several methods: parameter temperature
estimation method [153]-[154], intelligent and LSM algorithms [155]-[156], different solution (H-H
and H-g method) [157]-[158], hybrid methods [159]-[160], and IM thermal model (lumped-thermal
network) [161]-[162]. Thermal behaviour of total enclosed fan cooled (TEFC) induction motors of
different sizes (4-kW to 55-kW) was studied in [163]-[165]. Temperature variations of the motor
components as a function of frequency was investigated to give a guideline on the motor de-rating
calculation when inverter driven [153]. Calculation of the convection heat transfer and flow were
predicted using formulations based on empirical dimensionless analysis in [165]. The natural
convection thermal resistance between the frame and ambient of motors as a function of output power
was predicted. The air velocity in the air gap of the motors was determined based on the shaft speed.
Electromagnetic and thermal analysis/design of an induction motor for electric vehicle applications
was studied, and it was concluded that temperature difference between the rotor core and the rotor
bar is small, and the highest temperature appears in the stator windings [166]. The temperature
dependence of losses in permanent magnet motors and induction motors was studied in [167] and it
was concluded that joule losses in winding and cage bars increase with temperature rise while iron
losses decrease.

Steady-state thermal analysis of a 60-kW permanent magnet (PM) motor was studied in [168]. The
temperature behaviour of the PM motor was analyzed based on the lumped parameter thermal model
and compared with the experimental results. A 3-kW 150,000 rpm PM motor was designed and its
temperature distribution analyzed in [169]. A comparative thermal analysis of an interior permanent
magnet synchronous motor with integral-slot distributed-winding (ISDW) and fractional-slot
concentrated-winding (FSCW) was conducted for electric vehicle application. It was concluded that
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ISDW has better thermal behaviour in comparison with FSCW, particularly at high speed [170].
Temperature prediction of a surface-mounted PM motor was analyzed using a lumped-parameter
thermal network (LPTN) in [171] seeking to develop a fast and accurate analysis approach.

All thermal analysis research mentioned above were studied on induction motors and permanent
magnet motors. There has been very limited study on thermal analysis for LSPMSMs. Recently
published work on the thermal analysis of a LSPMSM was presented in [172]. Losses and permanent
magnet dependency on operating temperature were studied, and losses variations versus temperature
were predicted using a proposed analytical method. The iron loss and the PM remanence dependency
on the temperature rise were considered. It was interesting to see that the calculated efficiency
increased with temperature rise, which is unusual. Although the iron loss decreases as temperature
rises, the increase in stator and rotor conductive losses normally offset this.

There are several thermal analysis studies based on numerical methods in the context of electrical
machines [173]-[176]. 3D FEM thermal analysis of a water-cooled 30-kW induction motor for a
hybrid electric vehicle was studied in [173] to determine the temperature rise at the full-load
condition. A water-cooling system in a double-stator switched reluctance motor was analyzed using
a FEM-based thermal method [174]. Thermal analysis for the LSPMSMs using numerical methods
has not been extensively studied in the literature. In addition, it is desirable to understand better the
electromagnetic and thermal performance improvement that a line-start PM motor designed based on
a commercial induction motor (as a benchmark) can provide. The thermal analysis in the above
mentioned works based on FEM methods are computationally intensive in comparison with an

analytical method (like lumped-parameter method).

5.3 Design Methodologies

Four-pole commercial super premium (IE4) LSPMSMs are designed to be replaceable with
conventional, commercial IMs (IE2). The presence of permanent magnets in the LSPMSMs produces
a higher power density than the squirrel cage IMs, although PMs increase the material cost of the
motor.

In the design process of an electric machine, the operating temperature is an important factor. The
temperature rise of different components of 4-pole induction motors (4-kW-55-kW) was presented in
[163]-[165]. Accordingly, in the design process of the 4-kW IM and the LSPMSM, the temperature
rise was assumed to be 85°C. This affects the properties of the permanent magnets and the stator and
rotor winding resistances, calculated as:

R=Rye X (14 ax (T —Tref)) (5.1)
which Rrer, Tref and o are the resistance at the reference temperature, reference temperature and

temperature coefficient of resistivity of the conductor, respectively [167].
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5.3.1 Commercial Induction Motor Design
The present study considers a 4-pole, 3-phase commercial IM as it is widely used in the industrial
sector. A 2D model of the commercial IM is developed based on the dimensions of the main
components. The stator and rotor magnetic material are non-oriented steel (W600-50A). Considering
iron losses, the thickness of lamination material is chosen to be 0.5 mm and the rotor cage material is
aluminium as well as copper for the winding. The same materials are selected in 2D design to obtain

more realistic results.

5.3.2 LSPMSM Design

In the design process of the LSPMSM, the rotor bar height is reduced to have a balance between
successful start-up and good steady-state performance. Stator and winding for both motors are the
same input source: 415V-Y, 50 Hz.

The magnetic properties of the permanent magnet (NdFe35) used in this study were presented in
Table 3-2. The PM remanence (Br) is reduced when the temperature rises. The range of remanence
reduction because of temperature rise was determined to be 0.1%-0.15% per °C [167]-[172].
Accordingly, in this study, it is assumed that there is approximately a 10% reduction in By of the PM
used in the LSPMSM for an 85°C temperature rise.

5.4 Electromagnetic Results Discussion (FEA)

The electromagnetic analysis of the LSPMSM providing 3-kW and 4.2-kW is compared with a 3-
kW IM. This section predicts how the LSPMSM performs in the transient and the steady-state when
it provides 4.2-kW in the same frame size as that of the 3-kW IM. The steady-state performance,
particularly loss variation analysis of the motor components in this section, will give a useful insight

into predicting thermal behaviour of the components.

5.4.1 Magnetic Performance
The IM and LSPMSM are compared in terms of generated flux density in the air gap as shown in
Figure 5-1. The flux density distribution at stator teeth and yoke is different while saturation is

observed at some points in the rotor of the LSPMSM around the PM edges.

5.4.2 Starting Performance

In this section the starting capability of the IM and the LSPMSM are compared and the aim is to
show the performance of the LSPMSM in comparison with the 3-kW M.

The start-up transients of the motors are presented in Figure 5-2. As expected, the start-up of the
IM is smoother than the LSPMSM due to the lack of PM braking torque, and the IM reaches the
steady-state faster than the LSPMSM. The LSPMSM can successfully start the 4.2-kW load, but has
a longer start-up time.
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Figure 5-1. Flux density distribution of the 3-kW IM and LSPMSM.
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5.4.3 Steady-State Synchronous Performance

The LSPMSM has better steady-state performance than the baseline IM. Figure 5-3 compares the
performance parameters of the IM at 3-kW and the LSPMSM at the rated load (3-kW) and at overload
(4.2-kW). The efficiency of the IM at 3-kW is 84% while the LSPMSM efficiency at 3-kW is 90%
and at 4.2-kW is 86%, still higher than the IM. For the same output power, the stator winding current
in the LSPMSM is less than the baseline IM due to the lack of magnetising current. It results in lower
copper loss and hence higher efficiency for the LSPMSM. The copper loss of the LSPMSM providing
4.2-kW is higher than the baseline IM and it is expected that the temperature of the end winding of
the LSPMSM in this case is higher than the IM.

5.5 Thermal Analysis

The temperature distribution of an electric motor gives valuable information. Means for reducing
high temperatures include decreasing losses, changing the effective cooling type, adjusting the fins
and frame, proposing a new cooling type, or optimizing the motor. There are two techniques to
implement thermal analysis for an electrical machine: 1) the lumped parameter thermal network, and
2) the finite element/volume method such as computational fluid dynamics (CFD) and steady-state
thermal analysis [177]. Finite element-based thermal analysis is implemented to analyse the thermal
behaviour of the IM and LSPMSM designs in this study. Ansys is employed to perform the steady-
state thermal analysis and then the component losses are determined by mapping the electromagnetic
FEA to the 3D geometry of the components to identify heat sources. The boundary conditions and
type of heat transfers in the case study should be defined carefully.

There are three ways that heat is transferred: conduction, convection, and radiation. Conduction is
the primary heat transfer mechanism from the inside of the stator and rotor to their outer surfaces.
Heat transfer between the stator and rotor and from the stator and rotor to the frame/ambient occurs
through convection. Generally, radiation is not taken into consideration in electric motors as its effect
is relatively small [175].

With regards to convection, there are two types:1) natural convection and 2) forced convection.
Forced convection is due to the motor’s speed and it influences the parts of the motor that are in
contact with the air flow (air gap, end winding, end ring, end rotor and stator faces). The air flow can
be classified as laminar or turbulent based on the Reynolds number [177]-[179]. The Reynolds and

critical Reynolds numbers in the air gap are calculated as follows [178]:

lg
Re =2 X Tor X n, X m (52)
Rey = 41.3 x 1, /1g (5.3)

111



where ror, Nr, Ig and p are rotor outer radius (m), rotor speed (rpm), air gap length (m) and the
kinematic viscosity of the fluid (m/s?). The calculated Reynolds number for the IM and the LSPMSM
at rated speed are 225 and 235, respectively. The critical Reynolds number is calculated at 445, and
because the Reynolds numbers are less than the critical Reynolds number, the flow type in the air gap
of the motors is determined to be laminar.

In this chapter thermal analysis of the case studies (IM and LSPMSM) is studied by three methods:
1) thermal analysis based on a proposed lumped-parameter; 2) FEM-based thermal analysis; and, 3)
experimental tests. Note that, firstly, the thermal analysis of the IM is studied to validate the proposed
thermal circuit model and FEM model with the experimental data and then the proposed thermal
circuit model and FEM model are used to predict the temperature of the main parts of the LSPMSM.
As the LSPMSM was designed based the baseline IM, the proposed thermal circuit model of the IM
was modified by adding a PM in the rotor with rotor bar size modification. Ansys was employed to
perform the steady-state thermal analysis and then the component losses were determined by
electromagnetic FEA mapped to the 3D geometry of the components to identify the heat sources. The
thermal modelling (boundary conditions definition) of the motors’ components is described in the

following sub-sections.

5.5.1 Proposed Thermal Circuit Model of the IM and LSPMSM Based on Lumped-
Parameter Network

The thermal circuit model of the IM and the permanent magnet synchronous motor are well-known
from studies and various thermal circuit models have been proposed in [180]-[183]. The lumped-
parameter thermal network model of an IM proposed in [180] is developed in this study. It includes
11 nodes (see Figure 5-4a and Figure 5-4b without node 12). In the proposed thermal circuit model,
the convective heat transfers between stator end faces with inner air, and the rotor cage are modelled.
It needs minor modifications to tune the thermal circuit model of the LSPMSM by including the PM
as node 12 in the rotor core as shown in Figure 5-4a and Figure 5-4b (highlighted in red), and each
node is linked with its immediate nodes. The losses are injected into corresponding nodes as heat

generation sources (Figure 5-4b).
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1: Rotor Core 7: Inner air (right)

2: Slot Winding 8: Inner air (left)
3: Stator Core 9: End Cap (right)
4: End Winding (right) 10: End Cap (left)
5: End Winding (left) 11: Cage bar

6: Frame 12: PM

a. Schematic axial view of an induction motor (without node 12) and LSPMSM.
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b. Proposed thermal circuit model based on lumped-parameter method for the IM an LSPMSM.

Thermal model of induction motor.
Figure 5-4. Thermal model of induction motor.

5.5.1.1 Thermal conductance
The steady-state temperature rise of each node of the lumped parameter thermal model is
calculated as follows:
AT =G 1xP (5.4)
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ZG(l,j) " —G(,m)
6=

~ : (5.5)
—G(n1) - ZG(i,n)
| i=1 |

nxn

where P is the loss vector including the loss at each node, AT is the temperature rise vector in each
node and n is the number of nodes. G is the thermal conductance matrix where the diagonal elements
consist of a summation of the conductances linked to the target node, and G(i,j) is the thermal
conductance connecting the i node to the j" node [182]-[183]. To determine the conductance of each
node, we need to calculate the resistance of each node. The procedure of determining thermal
resistances of the main components have been studied in the literature [164]-[165], [182]-[185]. The
most important thermal resistances are determined as follows:
e Convection Resistances
a) Frame to ambient resistance
Natural convection thermal resistance between the frame and ambient is calculated as follows
[164]:

AT

Rfa_natural = Loss (5.6)

where AT and Loss are the temperature rise (°C) of the frame measured experimentally and total
dc supply losses (W), respectively.

The calculated resistance is matched with frame to ambient resistance variation versus motor rating
(frame size) presented in [164]-[165]. Therefore, the natural heat transfer coefficient of the air is
determined according the well-known formula of the convection thermal resistance as follows:

1
Rene =354
where h and A are the convection heat transfer coefficient (W/m?.°C) and surface area (m?),

(5.7)

respectively.
Forced convection includes different methods such as liquid coolant [163]-[165], and total enclosed
fan-cooled (TEFC) with open fin channels. The case study is provided with TEFC and the forced

convection thermal resistance between frame and ambient are calculated as follows:
1

- 5.8
hforced X Af ( )

Rfa_forced =

where hrorces and As are convection heat transfer coefficient (W/m?2.°C) caused by air flow in fins
and surface area of frame (m?), respectively. The procedure for calculating hrorced based on air
velocity, the Nusselt and Reynolds number, was studied in the literature [165], [185].
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b) Air gap resistance

There are three methods to build a thermal model of the air gap: 1) heat transfer coefficient (HTC),
2) coupled field method (CFM), and 3) equivalent thermal conductivity (ETC) [177]. Because the air
gap length in electrical motors is narrow, calculation of the heat transfer coefficient in the air gap uses
a complex convection method. The heat transferred from the rotor side to the stator side in the air gap
is independent of the rotational speed in the laminar state [177]. The effective conductivity of a
fictitious stationary fluid transfers the same amount of heat as the actual moving fluid in a concentric
cylinder like air gap [179]. Hence, in this study, the HTC method is employed to model the thermal
analysis of the air gap. The convection coefficient and resistance of the air gap is determined as
follows [181]:

v X lg
e = (5.9
U
Re? x |
T, =229 (5.10)
rOT'
_ Nu X Aair (5 11)
g lg )
Ry =hy X 2m X 1 X L (5.12)

where Re, vy and p are Reynolds number, rotor surface velocity (m/s) and kinematic viscosity of
air (m2/s). The symbols Ta, ror, Zair and hg stand for Tylor number, outer rotor radius, air thermal
conductivity and convection coefficient (W/m2.°C). The Nusselt (Nu) calculation procedure
corresponding to Tylor number can be found in [181]. Rq and L are the air gap thermal resistance and
the stack length of the motors. The determination of the convection heat transfer coefficient for the
other parts like the end-winding, end faces of stator, rotor and end ring are presented in section (5.5.2),
and then, using Equation 5.7, the resistance of each of the parts is calculated.
e Conduction Resistances
The conduction heat transfer happens from the inner side of a component to the outside surface in
a radial direction, and in axial direction from right to left or vice versa. Conduction thermal resistance
of the main components are determined in the following sections.
a) Hollow cylinder parts
Based on the geometry of the main component of an induction motor, it is well-known that the
main components of the machine are considered to be hollow cylinder [182]. Generally, a hollow
cylinder consists of two types of thermal resistances: 1) radial thermal resistance, and 2) axial thermal
resistance, which are calculated as follows [186]:
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In(:2)
Rin radial = m
L
2 X (1, —1;)? X A

(5.13)

(5.14)

R th_axial =

where ro, ri, L and A are the outer radius, inner radius, axial length of the hollow cylinder and
thermal conductivity of the material. Note that the axial and radial thermal conductivity in lamination
stack are different and there is no accurate information produced by the manufacturer [163]. Aspects
like the clamping pressure, lamination thickness, stacking factor, lamination surface finish, and the
interlamination insulation material affect the axial thermal conductivity [187]. In fact, the axial
thermal conductivity of laminated structures is much lower in the radial direction due to dielectric

coating layers [182]. Thermal conductivity of the main components is listed in Table 5-1.
Table 5-1. Thermal Conductivity of Main Components.

Material Value (W/meC)
Lamination Iron (600W50A) 36
Copper 387
Aluminium 230
PM 8
Air 0.026

b) Resistance between winding and stator lamination
The composite thermal conductivity method [188] is considered to determine the heat transfer
within a winding. It is important to determine the proper equivalent thermal conductivity of air and

insulation material in the slots (keq). We use Equation 5.15 [163] to calculate keq as follows:
keq = 0.1076 X ks + 0.029967 (5.15)

where ks is the fill factor of a stator slot. The thermal resistance between the winding and the stator
lamination is calculated as follows [163]:
theq

Rpg = —2
U keq X As

(5.16)

where theq and As are the equivalent thickness of the air and the insulation material in the stator

slots, and interior slot area, respectively. These are defined as follows [163]:

Ssiot — S

theq = =2 —* (5.17)
D

Ag =S, XL (5.18)

where Ssiot, Scu, and Sy are stator slot surface (m?), copper surface in the stator slot (m?), and stator

slot perimeter (m), respectively.
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5.5.2 FEM-Based Thermal Model of the IM and LSPMSM

Analysing thermal behaviour of the machines by FEM, including transient and steady-state thermal
analysis, is a well-known method [189]. In this study, a 3D thermal analysis based on a FEM model
using steady-state thermal analysis software is studied. Hence, an electromagnetic analysis is first
studied and it is then coupled with the steady-state thermal analysis to map the losses onto the 3D
model to identify heat generation sources. The conductive heat transfer coefficient between
components is determined based on the geometry and material properties of each component. The
convective heat transfer is defined as boundary conditions on parts of the geometry that are in contact
with flow. Table 5-2 shows the boundary conditions for convections applied to the LSPMSM in the
FEM thermal analysis and similar boundary conditions apply for the IM with the exception that there
is no PM in the rotor part.

The value of convection heat transfer coefficients are determined based on defined formula for the
main components. Equations 5.6-5.12 shows how to calculate the convection heat transfer
coefficients for the frame and the air gap.

The fluid in the air gap removes a certain amount of the heat generated from the stator, end winding
and rotor to the outside. Forces occurring from the rotating rotor force the fluid to tangential
movement and, therefore, toroidal vortices are induced [173]. Hence, the heat transfer coefficients of
the motor’s end faces are calculated in the following sections.

5.5.2.1 Stator core end face

The heat transfer coefficient of the stator core end face is defined as [178]:

hee = 15 + 6.5 X 127 (5.19)

where v, is the rotor surface velocity (m/s).
5.5.2.2 Stator end winding

The stator end winding heat transfer coefficient is calculated as [178]:

Nugy,Agi

Roy = % (5.20)
eq_ew

Nu,,, = 0.456 X Rgigw (5.21)
2 X

Rey_ew _ T X Tor X Ny Teq_ew 60# (522)
T,e T 13

Teqew = = 2 = (5.23)

where Nuew is the Nusselt number of the end winding, Rey ewis the air Reynolds number of the end
winding, req_ew IS the mean radius of the end winding, and ros and ris are the outer and inner radius of

the stator, respectively.
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5.5.2.3 Rotor end face

The rotor end face heat transfer coefficient is described as follows [178]:

Nu, Ay
hy. = NUrcAair (5.24)
rOT
Nu,. = 1.67 x R8> (5.25)
2T X 12 XN
Re_ew = T or r 60” (526)

where Nu. is the Nusselt number of the rotor end face, Rey_r is the air Reynolds number of the end
core rotor.
5.5.2.4 End ring face

The heat transfer coefficient of the end ring is calculated as follows [178]:

Nug, Ag;
her = % (5.27)
er
Nutgy = 0.456 X R%S (5.28)
Re er = 2 X Tor X 1y X her/60’u (5.29)

where NUer is the Nusselt number of the end ring, Rey_er is the air Reynolds number of the end ring
and her is the end ring height (m). Table 5-3 shows the boundary conditions applied to the LSPMSM
in the FEM thermal analysis and similar boundary conditions exist for the IM with the exception that

no PM is present in the rotor part.

5.5.3 Experimental Test Procedure

The IM is tested at three voltage levels (under, rated and over voltage) and two frequencies (50 and
60 Hz). Figure 5-5 shows the tested motor and the temperature sensors used to measure the
temperature of the frame parts. The motor was on full load (19.5 Nm) at start up, and temperature
measurements were captured from the beginning of the test. However, the motor was still warm from
the previous test. This test ran for 1hr 26 mins, and the previous test ran for 3hrs. We run the motors
until the temperature rise achieved a defined steady state of 2 °C/hr rise. The error of the tests only
needed to be +2°C. So, all this meant that the sensor time constant was not considered, and
instrument/sensor accuracy only needed to be mid-range. Winding temperature was measured by two
methods, an embedded PT100 sensor in the head winding, and the resistance method (RT Resistance)
on cool down. RT photo is data from photos taken of the instrument measuring the winding resistance
during the cool down phase at a period of 30 secs (see Figure 5-6a). The rotor temperature was
measured by a probe being inserted through a hole in the end-shield after power off and the rotor
forced to a stop as quickly as possible (See Figure 5-6b).
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Table 5-2. Applied boundary conditions.

Parts Heat transfer type Boundary
Frame Convection to the outside air
Outer Rotor Surface Convection to the air gap
Inner stator slots Surface Convection to the air gap
Stator End Faces Convection to the inside air
End Windings Convection to the inside air
Rotor End Faces Convection to the inside air
Cage End Faces Convection to the inside air
Shaft Convection to the outside air
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Table 5-3. Thermal convection coefficient calculated for each part of the 3-kW IM and LSPMSM.

Parts Convection heat transfer coefficient (h) Unit
IM LSPMSM

Frame 133.0 133.2 W/m?.°C
Air gap 116.0 116.0 W/m?2.°C
End face stator 53.0 54.0 W/m?.°C
End winding 92.0 94.0 W/m?2.°C
End face rotor 42.0 425 W/m?.°C
End ring 160.0 164.0 W/m?2.°C

Winding is in direct contact with a heat sink so will cool down from the point in time that power is
turned off. The rotor probe is on the shorting ring (end ring) so there is some lag for the heat in the
centre of the rotor to reach the shorting rings. There is also minimum conduction mechanism of heat
dissipation due to air gap. There is a lag in the temperature probe stabilising to the same temperature
as the point on the rotor. This will manifest as a rising temperature trace until the probe and rotor are
at the same temperature. Afterwards, a downward trend will result indicating cooling down.

As experimental temperature is recorded on cool down, there are drops in temperature during this
time, particularly in the rotor where the probe takes around 250 s to stabilise. In fact, the reported
rotor temperature is the rotor temperature after 250 s of power off and so there is a drop in temperature
estimated between 0-10 °C. Likewise, the first winding temperature is reported 30 s after power off
and the temperature drop in this case is estimated to be between 0—4 °C.
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Figure 5-6. Experimental winding and end ring temperature of the IM @ 415 V, 50 Hz.

Power off is the calculated time at which the power was isolated from the motor and the cool down
phase started. It is also the point in time that we must exploit. From their cool down curves, the rotor
and stator temperature rise back in order to find the stable temperature rise (as per explosive
atmosphere standard IEC 60079-7).

5.6 Thermal Analysis and Result Discussion

In this section, the performance of the proposed lumped-parameter model is compared with the
FEM-based model and experimental data to validate the proposed model. As the lumped-parameter
model of LSPMSM is quite similar to the IM, we can predict temperature rise of each node of the
LSPMSM motor, using the proposed thermal circuit model, with high accuracy. This lumped model
will take less time than a thermal analysis of the LSPMSM based on FEM and cost less than expensive
experimental tests. Prior to discussing temperature distributions, we would like to discuss the
temperature dependency of the main components in the following section to understand how

temperature affects the performance parameters of an electric motor.

5.6.1 Temperature Dependency Analysis of Main Components
The properties of materials used in an electric motor are dependent on temperature and their
properties such as conductivity change as temperature changes. Hence, motor performance is

dependent on operating temperature and temperature rise causes total loss to grow although core loss
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reduces [167], [172]. The core loss reduction due to temperature rise in PM motors is higher than IMs
[167], and it is important to consider this phenomenon in the post processing calculation of core loss
to get accurate results. Hence, a FEA is implemented to show temperature dependency of the main
components for the IM at 415 V, 50 Hz using 2D FEA simulations and the similarly for the LSPMSM.
For this purpose, in FEA simulation, the conductivity of the aluminium and steel core were defined
dependent on the temperature rise and the stator resistance is dependent on temperature as well. Then,
a parametric analysis is studied based on the variable variation that is the winding temperature. Figure
5-7 shows the temperature dependency of the main performance parameters such as the stator winding
loss, the rotor cage loss, core loss and efficiency of the IM. It shows motor performance (Efficiency)
affected by the total loss growth. As expected, the efficiency of the IM dropped with temperature
growth and, hence, it is important to consider the operating temperature in the design process to get

a precise design.
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Figure 5-7. Performance parameters variations versus temperature of the 3-kW IM @ 415 V, 50 Hz.

5.6.2 Temperature Rise Distribution of Case Studies
Using experimental data of frame-top temperature rise of the 3-kW IM tested at 374 V, 50 Hz, the

thermal time constant (z) is calculated from the well-known formula as follows:

T() =Ty + (1 - eé)) X AT (5.30)

where To is the ambient temperature and AT is the steady-state temperature rise of the frame-top,
which was 51 °C. It is well-known that temperature rise in t=t equals 63.2% of the steady-state
temperature rise and using this information and experimental data the thermal time constant is
calculated as 29 minutes. To predict the temperature rise of each node over time using Equation 5.30,
we need to know AT of each node. Table 5-4 to Table 5-6 list the temperature rise of the main
components estimated by the proposed lumped-parameter model, FEM model and experimentally
measured values at under-voltage (374 V), rated-voltage (415 V) and over-voltage (460 V) at
frequency 50 Hz. Note that the losses injected in each node were extracted from FEA simulation
validated with reported experimental values (see Figure 5-8 as sample). Copper losses for end-winding

is measured with considering the impact of end-winding resistance in excitation.
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Table 5-4. Temperature rise of main components of 3-kW 1M under

374 V, 50 Hz.

Component Proposed lumped-parameter Model FEM Experimental (average)
Frame 50.24 47.14 58.7
Winding 83.41 83.00
End Winding 89.00 86.00 81>
Rotor Iron 96.82 99.16 08
Rotor End Ring 102.24 103.00
Table 5-5. Temperature rise of main components of 3-kW IM under 415 V, 50 Hz.
Component Proposed lumped-parameter Model FEM Experimental (average)
Frame 45.55 40.00 475
Winding 66.60 60.50 625
End Winding 71.43 64.01
Rotor Iron 77.80 84.12 79
Rotor End Ring 81.7 87.46
Table 5-6. Temperature rise of main components of 3-kW IM under 460 V, 50 Hz.
Component Proposed lumped-parameter Model FEM Experimental (average)
Frame 47.38 39.00 47
Winding 63.11 63.01 615
End Winding 68.44 66.43 '
Rotor Iron 73.50 72.45 -
Rotor End Ring 76.17 75.34 '
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Figure 5-8. Experimental data of the 3-kW IM tested at 374V, 50 Hz in comparison with FEA.

Figure 5-9a shows the frame-top (see Figure 5-5) absolute temperature variations versus time for
the IM tested under 374 V, 50 Hz. This temperature is used to calculate the thermal time constant
using Equation 5.30. This figure indicates the precision of the calculated thermal time constant using
Equation 5.30 in comparison with experimental temperature variations versus time. Then, using the
calculated thermal time constant, the steady-state temperature rise and Equation 5.30, the absolute
temperature variations versus time of the main components are estimated by the proposed lumped-
parameter model for the IM under 374 V, 50 Hz (see Figure 5-9b). The experimental data of the
temperature rise of the frame (see Figure 5-5) was higher than temperature rise of the frame-top and
we can see that the predicted temperature of the frame by the proposed lumped-parameter is also
higher than the experimentally measured frame-top temperature over time, and this shows the
accuracy of the proposed thermal model.

Figure 5-10 and Figure 5-11 illustrate absolute temperature variations of the main parts versus time
of the 3-kW IM at 415 V and 460 V, respectively. The main components temperature rise of the IM
at under-voltage (374 V) was higher than rated-voltage (415 V) and this was higher than over-voltage
(460 V) (see Tables V-5 and V-6). For example, the temperature rise of frame at 374 V and 415 V
are 58.7 and 47.5 °C, respectively. From experimental data, the temperature rise of the frame at 415
V (47.5 °C) is slightly lower than the temperature of the frame-top at 374 V (51 °C). In Figure 5-10,
it is clearly seen that the frame temperature predicted by the proposed lumped-parameter model is
slightly lower than the measured frame-top temperature of the IM at 374 V.
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The winding and rotor temperature rise of the IM predicted by the proposed method and the FEM
model are compared with experimental test data at two frequency levels (50 and 60 Hz) and three
voltage levels (under, rated and over voltage). This analysis confirmed the reliability and accuracy of
the proposed method and is considered to be a calibration for the proposed lumped-parameter model.
Figure 5-12a and Figure 5-12b illustrates variations of the winding temperature rise of the IM versus
voltage changes at frequencies 50 Hz and 60 Hz, respectively. Similar analysis is studied for the rotor
end ring shown in Figure 5-12¢ and Figure 5-12d. The predicted temperature by the proposed lumped-
parameter model is in good agreement with FEM model and experimental data. So, the proposed
thermal model of the LSPMSM is studied to predict the temperature rise of the main components of
the LSPMSM when it provides 3-kW and 4.2-kW. Based on the results of both case studies, it is clear
that the rotor end ring and end winding are hotter than other components of the motor.
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Figure 5-12. Winding and end ring temperature rise comparison at different voltage and frequency levels.

Figure 5-13a and Figure 5-13b show the absolute temperature distribution of the LSPMSM at 3-kW
and 4.2-kW under 415V, 50 Hz. There is considerable temperature reduction in the LSPMSM
providing 3-kW compared with the baseline 3-kW IM due to loss reduction, particularly in the rotor.
It is seen that the temperature of the main components in the LSPMSM are considerably lower than
those in the baseline IM. In fact, replacing the rotor of the IM with the hybrid rotor including a PM
leads to not only efficiency improvement (IE4) but the operating temperature of the LSPMSM is also
much lower than the IM. The FEM-based thermal analysis of the LSPMSM has been studied to verify

the performance of the proposed lumped-parameter model.
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Figure 5-14 illustrates temperature distribution of the 3-kW IM and LSPMSM at 3-kW and 4.2-kW
under 415 V, 50 Hz based on FEM thermal analysis using commercial software package Ansys/
steady-state thermal analysis. Thermal analysis of the LSPMSM operating at 4.2-kW indicates that
the overall temperature of the LSPMSM is comparable with the baseline IM providing 3-kW. The
winding temperature of the LSPMSM at 4.2-kW is higher than the 3-kW IM and the LSPMSM at 3-
kW, as was predicted by the proposed lumped thermal model. This experiment verifies the reliability
and performance of the proposed lumped-parameter thermal model for estimating the temperature
rise of the LSPMSMs’ parts by knowing the value of the losses.

In this part of chapter, the methodology of the proposed thermal model has been discussed for a
case study, 3-kW motors, both IM and LSPMSM. The experimental test data has been employed to
support the performance of the proposed method. In the next part (Section 5.7), the thermal analysis
of another case study, a 4-kW motor (the case study from Chapter 4), is studied based on the proposed
model as further verification. In this case, the performance of the proposed thermal method is verified

by 3D FEM-based thermal analysis due to lack of experimental data for this case study.
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5.7 Thermal Analysis of 4-kW IM and LSPMSM (further verification)

5.7.1 Analysis Strategy

In this part, the 4-kW LSPMSM and the 4-kW commercial IM (discussed in Chapter 4) are studied
in terms of thermal behaviour using the proposed lumped thermal model. Temperature affects
machine performance and, hence, studying the temperature dependency of the performance
parameters has been a subject of research [190]-[191]. The designed 4-kW LSPMSM is studied to
provide the maximum achievable output power in the same frame size as the 4-kW IM under rated
condition 415 V, 50 Hz. The finite-element analysis (FEA) is used to study the motors’ performance.
Thermal analysis of the motors is studied using the proposed method and FEM-based thermal model

to verify the accuracy of the proposed method.

5.7.2 Electromagnetic Results Discussion (FEA)

The electromagnetic analysis of the LSPMSM providing 4-kW and 6.5-kW is compared with the
4-kW IM. This section predicts how the LSPMSM performs in the transient and the steady-state when
it provides 6.5-kW in the same frame size as the 4-kW IM. The steady-state performance, particularly
loss variation analysis of the motor components, in this section will give a useful insight into
predicting thermal behaviour of the components.

5.7.2.1 Starting performance

In this section the starting capability of the IM and the LSPMSM are compared with the aim being
to show the performance of the LSPMSM providing 6.5-kW in comparison with the 4-kW IM. The
start-up transients of the motors are presented in Figure 5-15. The zoomed-in view of the curve
indicates that the IM reaches steady-state faster than the LSPMSM. The LSPMSM can successfully
start the 6.5-kW load but has a longer start-up time in comparison with 4-kW IM and the LSPMSM
providing 4-kW.

5.7.2.2 Steady-state synchronous performance

Figure 5-16 shows the FE calculated LSPMSM torque versus current angle characteristics at
currents of 5A and 9A, which correspond to output powers of 4-kW and 6.5-kW. For the 5A/4-kW
case, the machine was simulated both with magnets to find the net torque and without magnets to find
the reluctance torque. The magnet torque was found by the difference between these results. The
maximum value of the electromagnetic torque occurs at a current angle of about 60 electrical degrees.
Figure 5-17 compares the performance parameters of the IM at 4-kW and the LSPMSM at the rated
load (4-kW) and overload (6.5-kW). The efficiency of the IM at 4-kW is 86.6% while the LSPMSM
efficiency at 4-kW is 92 % and at 6.5-kW is still 89%.
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Figure 5-15. Speed-time responses of the IM with a 4-kW load and the LSPMSM with 4- and 6.5-kW loads.
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Figure 5-18 shows the variations of the cage loss, stator copper loss and iron loss of the IM and the
LSPMSM versus output power. Figure 5-18a compares the cage loss variations and it is seen that the
cage loss of the IM is significantly higher than the LSPMSM, particularly at high output powers due
to slip in the IM. This loss is small in the LSPMSM because the rotor of the LSPMSM rotates with
synchronous speed. Figure 5-18b and Figure 5-18c show the winding copper loss and the iron loss of
the case study as function of output power. For the same output power, the stator winding current in
the LSPMSM is less than the IM due to the lack of magnetising current. It results in a lower copper
loss and, hence, higher efficiency for the LSPMSM. The copper loss of the LSPMSM providing 6.5-
kW is significantly higher than copper loss of the 4-kW. Therefore, it is expected the winding
temperature of the LSPMSM at 6.5-kW should be higher than that of the 4-kW (this will be discussed
in the next section).
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5.7.3 Thermal Result Discussion
5.7.3.1 Thermal analysis of 4-kW case study by the proposed lumped-parameter model
The frame size and air gap length of the commercial 4-pole, 4-kW IM is the same as for the 4-pole,

3-kW IM studied in first part of this chapter. Hence, the value of the convection heat transfer
coefficients of the main parts of the 4-kW IM and the LSPMEM are the same as those calculated for
the 3-kW motors (same boundary conditions). Figure 5-19a to Figure 5-19¢ show the estimated
absolute temperature variations versus time of the main parts of the 4-kW IM and the LSPMSM at 4-
kW and 6.5-kW, respectively. It is seen that the winding temperature of the LSPMSM providing 6.5-
KW is higher than both the 4-kW IM and the LSPMSM at 4-kW, as expected due to higher copper
losses in the LSPMSM at 6.5-kW. The rotor temperature of the LSPMSM at 6.5-kW is comparable
with the IM at 4-kW.
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Figure 5-19. Absolute temperature estimated by the proposed lumped thermal model of the LSPMSM at 4- and 6.5-
kW under rated condition 415 V, 50 Hz.

5.7.3.2 Thermal analysis of 4-kW case study by 3D FEM-based model

Figure 5-20 shows the temperature variations of the winding, the stator and the rotor as a function
of output power for the IM and the LSPMSM as determined by 3D FEM-based thermal analysis. For
the IM providing 6.5-kW, the large rotor losses cause the rotor to be significantly hotter than the
stator winding. However, for the LSPMSM, the low rotor losses mean the rotor is comparable in
temperature to the stator winding. The rotor temperature of the LSPMSM at 6.5-kW output power is
comparable to that of the IM at 4-kW output power.

The 3D temperature distribution of the 4-kW IM and the LSPMSM in both rated load (4-kW) and
maximum achievable output power (6.5-kW) conditions are presented in Table 5-7. The temperature
differences between the rotor core and the rotor cage as well as the PM are very small, and the highest
temperature appears in the end of the rotor bars. The overall operating temperature of the LSPMSM
at 4-kW is significantly lower than the 4-kW baseline IM in the same frame size. The maximum
temperature within the LSPMSM at 6.5-kW belonged to the rotor and end winding while the
maximum temperature of the 4-kW IM is the rotor part.

The average temperature in all components of the IM and the LSPMSM are compared with the 4-
kW IM (as the baseline). There is a 17 °C drop in the stator winding temperature of the LSPMSM at
4-kW, while the stator winding temperature of the LSPMSM at 6.5-kW increased 35 °C. The
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temperature of the rotor, including cage and core, of the LSPMSM at 4-kW dropped by 45 °C while
there was a slight increase of 4 °C for the rotor of the LSPMSM at 6.5-kW compared to the 4-kW
IM. Therefore, the LSPMSM provides 6.5-kW with increased stator winding temperatures but

comparable rotor temperatures compared with the 4-kW IM in the same frame size.
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Figure 5-20. Temperature variations of the winding, the rotor, and the stator versus output power for the IM and
LSPMSM.
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Table 5-7. Temperature distribution of the 4-kW IM and LSPMSM@ 4- and 6.5-kW with same frame size.

omponent
S

Winding Rotor Overall Color Bar
Motors typ

IM @ 4-kW

LSPMSM
@ 4-kwW

LSPMSM
@ 6.5-kW

The temperature rise of the main parts as estimated by the proposed method and predicted by 3D
FEM-based model is compared in Table 5-8 to Table 5-10. There is good agreement between the
estimated temperature of the design components with 3D FEM-based thermal analysis results. It

verifies the accuracy of the proposed thermal method in estimating the temperature of the LSPMSMs.
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The electromagnetic and thermal simulation results show that the 4-kW LSPMSM operates with

higher efficiency and lower temperature than the 1M at rated condition. Also, the designed LSPMSM

provides 6.5-kW in the same frame size of the 4-kW IM with higher efficiency and lower maximum

temperature.

Table 5-8. Temperature rise of main components of 4-kW IM under 415 V, 50 Hz.
Components Proposed lumped-parameter model 3D FEM-based model

Frame 53 48

Winding 72 67

End winding 76 70

Rotor core 96 98

End ring 103 104

Table 5-9. Temp

erature rise of main components of 4-kW LSPM

SM under 415V, 50 Hz.

Components Proposed lumped-parameter model 3D FEM-based model
Frame 38 37
Winding 51 50
End winding 54 52
Rotor core 59 56
End ring 60 58

Table 5-10. Temperature rise of main components of 6.5-kW LSPMSM under 415 V, 50 Hz.

Components Proposed lumped-parameter model 3D FEM-based model
Frame 60 57
Winding 95 98
End winding 101 103
Rotor core 107 104
End ring 110 108
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5.8 Conclusion

In this chapter, an analytical thermal model has been proposed for line-start permanent magnet
synchronous motors (LSPMSM) based on the lumped-parameter method. Hence, a thermal circuit
model was proposed for the IM and, as there is not a considerable difference between the LSPMSM
and the IM, the thermal circuit model was tuned to a LSPMSM. To verify the performance of the
proposed thermal model, a 3D FEM-based thermal analysis was conducted for case studies. The
LSPMSMs were designed based on commercial IMs (3- and 4-kW) using some modifications in the
rotor with same stator, winding and frame size. Electromagnetic performance of both motors was
studied using FEA, and the LSPMSMs were studied to figure out the maximum achievable output
power in the same frame size. Also, their operating temperature were compared with the baseline
IMs.

In the first part of the chapter, an extensive discussion of the proposed methodology was presented
for a 3-kW case study (IM and LSPMSM). The 3-kW IM was experimentally tested at three voltage
levels (under, rated and over) and two frequencies (50 and 60 Hz) to validate the simulation results
estimated by the proposed thermal model and FEM-based model. The results indicate that the
performance of the proposed lumped thermal model is in good agreement with the FEM-based model
and experimental tests. The temperature of the LSPMSM at 3- and 4.2-kW (maximum achievable
output power for the LSPMSM) was estimated by the proposed thermal model for the LSPMSMs and
verified by 3D FEM-based thermal analysis. It showed that the designed LSPMSM is able to provide
4.2-kW in the same frame size of the baseline 3-kW IM with higher efficiency and a comparable
overall temperature.

In addition, the thermal analysis of a 4-kW case study (IM and LSPMSM) was investigated by the
proposed thermal model as a further verification in the dedicated section. The 3D FEM-based steady-
state thermal model of the designs was studied to verify the performance of the proposed thermal
model. Likewise, there was good agreement between the proposed analytical thermal method with
the 3D FEM-based thermal model for the case study 4-kW IM and LSPMSM. In addition, it revealed
that the designed LSPMSM is able to provide 6.5-kW in the same frame size of the baseline 4-kW

IM with successful synchronisation, higher efficiency, and comparable overall temperature.
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6. CHAPTER 6
6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

6.1 Conclusion

This thesis was an industry-framed project to design a LSPMSM based on a commercial IM to
improve the efficiency of the motor (studied in Chapter 3). As it aimed to use the same housing, there
were manufacturing constraints such as using the same stator and winding for the LSPMSM. The
LSPMSM was designed based on modifications to the rotor of the IM. It was targeted to meet the
IEC super premium efficiency (IE4) standard with good starting performance. Knowing that a focus
only on steady-state performance causes degradation in starting performance, an aim was to
implement an optimization with a focus on both transient and steady-state. Hence, a multi-objective
optimization based on FEM was studied to optimize the initial LSPMSM to improve the efficiency
and starting torque as representatives of steady-state and transient performance, respectively. The
optimization was conducted by two different optimization approaches to present a comprehensive
optimization study. This part of the project was successfully completed, and the optimum LSPMSM
not only met IE4, but its starting torque was comparable with the benchmark IM. The only
disadvantage recognised in this part was time of optimization by FEM. Optimization implementation
using FEM is time-consuming and, hence, a follow on aim was to propose a faster method that was
comparable with FEM in terms of accuracy.

The next step of this thesis proposed an analytical electromagnetic and thermal design, analysis,
and optimization process of LSPMSMs. Hence, this research was divided into two parts: (a)
electromagnetic analysis (studied in Chapter 4), and (b) thermal analysis (studied in Chapter 5). The
electromagnetic part was divided into two phases: (a) design and analysis, (b) optimization. In the
design and analysis phase, an analytical design and analysis method based on machine sizing
techniques of IMs and PM motors was developed. Hence, an IM and an IPM were designed based on
the developed sizing equation methods and the performance of them was extensively analyzed using
FEA. Next, the LSPMSM was designed using a combination of the rotors of the IM and the IPM. The
LSPMSM used the same stator of the IM and the hybrid rotor of the LSPMSM was designed by
combining the rotors of the IM and the IPM. The combination process included inserting the interior
permanent magnet in the rotor core and modifying the induction cage of the IM to provide a successful
start-up. The configuration of the permanent magnet locations and volume and rotor cage bar shape
were calculated based on sizing equations to reach a balance between starting and synchronization
performance. Then, the performance parameters of the LSPMSM were estimated analytically by the
developed method. Using the dimensions of the designed LSPMSM extracted from the proposed

design, a 2D FEA was studied to verify the performance of the developed method. There was good
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agreement between the results estimated by the analytical method and FEA for the two different motor
ratings studied, i.e., 4-kW 4-pole and 1-kW 8-pole.

In the optimization phase, an analytical optimization approach was proposed to design an optimum
LSPMSM based on the developed design method. The optimization strategy was based on a
combination of the optimized IM and PM motor. The improvement focused on the transient and the
steady-state performance of the LSPMSM. Since LSPMSM performance when starting is like an IM
motor and, in the steady-state, its performance is like a PM motor, the optimization strategy was to
optimize the IM and PM motor individually, and then combine them to obtain an optimum LSPMSM.
The IM aimed to improve the starting performance via maximizing starting torque and the cage bar
dimensions were selected as optimization variables. The PM motor was optimized to maximize
efficiency and the PM dimensions were the optimization variables. There were constraints in each
optimization to keep a balance between starting and synchronization performance. To verify the
performance of the proposed optimization method, the initial LSPMSM design was optimized by
FEM-based optimization under the same optimization conditions. The performance of the optimum
design extracted from the proposed method was analyzed by 2D FEA and then compared with the
optimized design by FEM for an accurate verification. The results of this study showed that the
proposed optimization method can generate an optimum LSPMSM comparable with FEM
optimisation in a much shorter time than FEM optimization techniques. In fact, the proposed
analytical design and optimization method is a fast and reliable technique to design an LSPMSM and
it can be used as a substitute in performance analysis and optimization implementation for FEM,
which is time-consuming and computationally intensive.

The thesis then shifted to present an analytical thermal model based on the lumped-parameter
thermal network to analyse the thermal behaviour of the LSPMSMs. Hence, a lumped-parameter
thermal circuit was proposed for the LSPMSM based on a developed thermal circuit of the IM. The
contribution to knowledge from this part was the development of a thermal model of the IM and then
modifying the model to be a fine-tuned model for the LSPMSM. The model included a novel thermal
circuit model of the LSPMSM and a method to calculate the temperature of the main parts based on
the thermal resistance, calculated based on the lumped-parameter network, and losses (as heat
generation source), calculated in the electromagnetic part of the platform. Also, a 3D FEM-based
thermal analysis was studied to present a comparison between the two methods.

The performance of the developed lumped-parameter thermal model of the IM was verified with a
3D FEM-based model and all simulations were validated with experimental tests for a case study (3-
kW, 4-pole IM). Then, the analytical thermal model of a LSPMSM was proposed based on slight
modifications in the IM thermal model. The modification includes adding PM, adjusting the rotor
bars and considering different rotor speeds in computations. The inputs for the proposed lumped
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thermal model are the dimensions of the design parts in order to calculate the thermal resistance of
each part and the main loss values as heat generation in each node. The proposed analytical thermal
method was verified by a 3D FEM-based thermal model for two case studies: 3-kW and 4-kW motors
(IM and LSPMSM). The results indicated that the proposed thermal model could estimate the
temperature of the main parts of the designs with a high accuracy and comparable with the 3D FEM-
based model and experimental tests (for the 3-kW IM) in a time much shorter than FEM and
experimental tests. The advantage of the proposed analytical thermal model is that it can be used in
optimization studies where temperature of the design can be an objective for optimization. This
removes the requirement to execute time-consuming methods like FEM and CFD analysis for this
purpose.

The two parts of this thesis, 1) an analytical electromagnetic design, analysis and optimization
method, and 2) an analytical thermal design and analysis method for LSPMSMs, when combined
provide a novel electromagnetic and thermal design and analysis platform for LSPMSMs. The
advantage of the proposed platform is that it can generate an optimum LSPMSM with complete
electromagnetic and thermal performance analysis in a short time with accuracy comparable with
FEM.

6.2 Recommendations for Future Studies
Improving the performance of line-start permanent magnet motors is a hot topic with extensive
research in terms of electromagnetic performance improvement focussing on transient and
synchronisation operation. However, there are research gaps in LSPMSM performance improvement
research that can be taken as suggestions for future work. The potential studies in this field are

presented in the following subsections.

6.2.1 Electromagnetic performance analysis
Although there are extensive optimization studies in LSPMSM electromagnetic performance
improvement, there are places in this area that can be studied in future work.
6.2.1.1 Optimization study considering the stator and winding parameters as optimization
variables
In the literature review (Chapter 2), the optimization strategies studied in LSPMSM performance
improvement were discussed. It was recognized that most of the research has focused on rotor factors
such as rotor bar and PM dimensions to improve LSPMSM performance, with very limited research
considering stator factors such as the number of turns per slot and stator slot dimensions in the

optimization of LSPMSMs, particularly using MOF optimization.

6.2.1.2 Multi-objective optimization study considering cogging torque
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Cogging torgue is a serious challenge in PM motors and is of great significance to consider cogging
torque minimization in LSPMSMs. There were design methods to reduce the cogging torque in the
LSPMSMs, but there is very limited work studying cogging torque reduction in a multi-objective

optimization as one of the objectives.

6.2.2 Thermal performance analysis
There has been limited work studying the thermal behaviour of LSPMSMs whereas there has been
extensive thermal analysis of IMs and PM motors in the literature. Hence, this is an area of research
that has space to be considered in future works. Some suggestions in this area are discussed as follows:
6.2.2.1 Analytical transient thermal model of LSPMSM based on the lumped-parameter thermal
model proposed in this thesis
Transient thermal analysis of the LSPMSM gives useful information that can be considered in
implementing an optimization with a focus on reducing the risk of overheating in the transient state.
The steady-state thermal analysis was studied in this thesis and transient thermal analysis can be
modelled using the proposed thermal circuit model of the LSPMSM in this thesis considering thermal
capacitance of the main parts.
6.2.2.2 Optimization study considering temperature dependency of the material as an
optimization variable
The material used in an electric machine depends on temperature and their properties changes with
increasing temperature. Hence, an area for research is the temperature dependency of the material in
an optimization problem as an optimization factor to improve the accuracy of the optimization study
in terms of temperature effect.
6.2.2.3 Multi-objective optimization study considering thermal performance of the design as a
key optimization objective,
Based on the LSPMSM performance improvement literature, it was recognised a main focus has been
on electromagnetic performance improvement. There is a lack of studies considering performance
improvement of an LSPMSM in both electromagnetic and thermal performance. The proposed
platform in this thesis can be used to improve LSPMSM performance with a focus on electromagnetic

and thermal performance.
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7. APPENDIX A

7. FURTHER RESULT DISCUSSION OF 4-kW IM

The proposed analytical design procedure based on the developed sizing equation techniques was
extensively discussed in Chapter 3 and its performance was verified by FEM for two case studies (4-
pole, 4-kW and 8-pole, 1-kW). In this section, an extended comparison between the developed
analytical design method and FEM is studied in analysing the steady-state performance parameters
of an IM. Hence, the 4-kW IM is selected as the case study in this section. Next, further dynamic
results studied by FEA of the 4-kW IM are discussed.

7.1 Analytical Method vs. FEM for the 4-kW IM

Determining performance parameters of the motors based on the extracted equivalent circuit is a
well-known strategy studied in [192]-[197]. It is feasible to approximate the parameters of the
equivalent motor circuit from the manufacturer's data sheet [199]-[200]. To analyse steady-state
performance parameters of the 4-kW IM, equivalent circuits (EC) of the motor are extracted by the
analytical design method (sizing equation) and FEM. Resistance and inductance of the stator, rotor
and magnetizing branch are the main EC parameters that need to be determined. In the following
sections, the EC of the 4-kW IM is extracted based on both methods.

7.1.1 EC Extracted from FEM Tests

To extract a FEM-based equivalent circuit of a motor, it is tested based on the routine tests’
procedure including no-load (TL=0) and locked-rotor (N/=0) [201]. Then, the EC parameters are
calculated based on the proposed method. The calculation process of the equivalent circuit parameters
for the commercial 4-kW IM based on no-load and locked-rotor tests using FEA is as follows.

7.1.1.1 No-load test:

The no-load test is conducted by exciting stator winding with a 3-phase balanced voltage (rated
voltage) at the frequency of 50 Hz. The slight input power delivered to the IM is due to friction loss,
no-load copper loss, and core loss. This test is performed to calculate magnetizing branch parameters
(Rc and Xm). These parameters are because of the stator and rotor iron losses containing hysteresis,
eddy current and additional losses. Thanks to Ansys Maxwell we can directly extract iron losses,
which depend on the stator and rotor material properties such as the specific iron loss, mass density,
maximum flux density and iron losses coefficients [201]. The value of the iron coefficients like
hysteresis, eddy current and additional coefficients are calculated based on the value of the mass,
conductivity, maximum flux density and corresponding specific loss of iron at a specific frequency

(50 or 60 Hz), which is normally reported by the manufacturer. Table 7-1 shows properties of the iron
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steel (M470-50A) used in the 4-kW IM. Figure 7-1a and Figure 7-1b show BH curve of the steel and

specific iron loss variations versus corresponding maximum flux density, respectively.

Table 7-1. M470-50A properties.

Bm (T) Specific Iron Loss (W/kg) ac (A/m)
0.1 0.03 65.6
0.2 0.12 83.8
0.3 0.25 94.1
0.4 0.42 103
0.5 0.61 110
0.6 0.82 118
0.7 1.05 127
0.8 1.3 136
0.9 1.57 147
1 1.87 159
1.1 2.21 177
1.2 2.59 205
1.3 3.01 255
1.4 3.53 370
15 4.13 718
1.6 4,78 1840
1.7 5.39 4370
1.8 5.82 8330
2
1.8
1.6
—~ 14
-
2 12
x 1
[
0.8
0.6
0.4
0.2
0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Electric Loading (A/m)
a. BH curve

152



,
6

3 y = 1.759x + 0.0586x + 0.0779

=3

2

S 4

c

5

2 3

:‘E

S

wn
2
e
N

Flux density (Tesla)
b. Specific graph of the M470-50A vs flux density.

Figure 7-1. BH curve and specific iron loss variations vs flux density.

The iron loss of the motor was determined by FEA and the values of R¢ and X are defined in

Equations 7.1- 7.4.

cos(@n1) = P/ 3 X Vo X Iyy) (7.1)
Iy = Iy X sin(@yy) (7.2)
Ime = Iyp X cos(@yr) (7.3)
Re = Vpn/le (7.4)
Xin = Von/Im (7.5)

The calculation process of the stator phase resistance including end winding effect was described
extensively in Chapter 3. In the following section, the stator reactance and rotor resistance and
reactance are calculated based on the locked-rotor test conducted using FEA.

7.1.1.2 Locked-rotor test:

The values of the leakage reactance and rotor resistance are determined by the locked-rotor test.

The rotor is forced at a zero speed and the stator windings are excited with a small voltage to provide

similar value of the rated current. The measured phase voltage and power are used to calculate EC

parameters as follows:
cos (B1r) = Prr/(3 X Vph X Ppg) (7.6)

sin (@,r) = /1 — cos ()2 (7.7)
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Zig = Vph_LR/ILR (VIL8)

R, =Z,g X cos (@) — Ry (VI11.9)
X.r = Z.g X sin (@) (VI1.10)
X, = 0.6 X X,z (VI1.12)
X, = 0.4 X X, (VI1.12)

The FEM-based EC of the 4-kW machine provided based on the no-load and locked-rotor tests in
FEA is illustrated in Figure 7-2.

7.1.2 EC Extracted from Analytical Method
The calculation procedure for the EC parameters of the motor based on the analytical design
method was discussed in Chapter 3. According to the analytical sizing equations and 4-kW IM
characteristics, the EC of the 4-kW IM extracted from analytical sizing equations is presented in
Figure 7-3. As expected, both ECs have similar values for their EC parameters. The steady-state
performance parameters of the 4-kW IM are studied in the following section to compare the

performance of the developed analytical design method with 2D FEM simulation.

R.=4.52 jx =j5.3 jX=j7.94

R,/s=4.62/s

Figure 7-2. Equivalent circuit of 4-kW IM extracted from FEM tests.
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Figure 7-3. Equivalent circuit of 4-kW IM extracted from analytical sizing equations.
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7.1.3 Comparison of Performance Parameters of the IM by Three Methods
Steady-state performance parameters of the 4-kW IM calculated by FEA, EC from FEM tests and
EC extracted from the analytical method are studied in Figure 7-4. Figure 7-4a shows the torque vs

speed of the motor for the three methods. Note that in the analytical method the torque is calculated

as follows:
3 x Vph? X R, /s
Tom = (3 xVp r/5) (V11.13)
(2 x 7 xns X ((Rs + Ry /5)?* + (X5 + X)?))
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Figure 7-4. Comparison of steady-state performance parameters calculated by three methods as function of shaft

speed.

Efficiency, power factor and current variations versus speed of the motor as determined by the
three methods are compared in Figure 7-4b to Figure 7-4d. It is seen that there is good agreement
between the developed analytical method and 2D FEA.

In Figure 7-5 the variation of the steady-state performance parameters as a function of output power
(load) are studied. These parameters are computed using FEA, ECs extracted from FEM tests and
analytical methods. It verifies the accuracy of the analytical method to analyse steady-state
performance of an IM in a time much shorter than a 2D FEA simulation. Figure 7-5a illustrates the
efficiency variations versus output power. FEA indicates the efficiency drops in overload (120% of
the rated load) and it has highest value at 75% of the rated load. It is seen that the developed analytical
design predicted similar performance to the 4-kW IM.

Variations of the power factor, rotor speed, copper loss and rotor cage loss are studied in Figure
7-5b to Figure 7-5e, and they illustrate the capability of the developed method in analysing steady-

state performance of an IM under different load conditions.
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Figure 7-5. Comparison of steady-state performance parameters calculated by three methods as function of output
power.

7.2 Further Electromagnetic Analysis of the 4-kW IM
The motor’s electromagnetic performance (transient and steady-state) is extensively studied by 2D
FEA. To study transient performance, an initial shaft speed of 0 rpm is defined at the transient solution

and the motor is simulated for 400 ms using a time-step of 0.2 ms.

7.2.1 Mesh Independency Analysis

To find the best meshing giving the fixed results, the design was tested under five levels of the
mesh guantities types. Table 7-2 and Table 7-3 show the meshing characteristics including length and
surface mesh applied in bar and cores (stator and rotor) in this analysis. Comparison of the
performance parameter under each mesh is presented in Table 7-4. It is seen that the results of the
performance parameters for meshes 3-5 are independent of the mesh type. Therefore, mesh 3 was
applied in the design to start the motor performance evaluation. Note that the time step in this analysis
was 1 ms for half geometry fractions. Schematic view of meshing for default mesh, mesh 3 and mesh
6 is depicted in Figure 7-6a to Figure 7-6¢, respectively. It shows the level of mesh resolution for these

three mesh types.
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Table 7-2. Surface Mesh characteristics defined in each mesh type.

Surface Mesh in Bar Surface Mesh in Cores
Mesh Type Surface deviation Normal deviation Surface deviation Normal deviation
(mm) (deg) (mm) (deg)
Default 0.05205 15 0.0825 15
Mesh 1 0.05205 15 0.0425 15
Mesh 2 0.02705 10 0.04125 10
Mesh 3 0.02 20 0.0265 20
Mesh 4 0.02 5 0.0265 5
Mesh 5 0.02 10 0.03 10
Table 7-3. Length mesh characteristics defined in each mesh type.
Length Mesh in Bar Length Mesh in Cores
Mesh Type Max length (mm) Max elements number Max length (mm) Max elements number
Default Non Non Non Non
Mesh 1 2 1000 10.82 1000
Mesh 2 1.6 1000 8 1000
Mesh 3 1.6 1000 8 1000
Mesh 4 1.6 1000 8 1000
Mesh 5 1.6 1000 8 1000
Table 7-4. Main performance parameters dependency to mesh type.

Parameters | Torque (Nm) Mecharzb(igl POWer Cage loss (W) Copper loss (W) Core loss (W)
Default 27.13 4088.62 145 341.4 36.9
Mesh 1 27.1 4083.81 144.8 3405 36.9
Mesh 2 27.1 4084.08 145.3 341.3 37
Mesh 3 26.64 4018.32 137.7 329.3 37.6
Mesh 4 26.64 4018.32 137.7 329.3 37.6
Mesh 5 26.64 4018.3 137.6 329.7 37.4

Default Mesh
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Figure 7-6. Comparison of applied mesh for cases default, mesh 3 and mesh 6.

7.2.2 Magnetic Analysis
Magnetic analysis of the motor includes flux density and flux lines variations on the motor surface,
and flux density in the air gap. These plots give a useful understanding of the motor performance in
terms of the magnetic behaviour.
7.2.2.1 Flux density
Figure 7-7 depicts the saturation state of the cores (stator and rotor) in no-load and full-load
conditions through plotting the flux density field on the surface of the stator and rotor. Locations of
the cores highlighted in red express that saturation occurred in those areas that corresponded to core

losses growth. The value of the flux density in saturation locations is 2 T.

7.2.2.2 Flux Lines
Magnetic vector potential (A) is measured along the motor’s surface and the result is called

magnetic flux line (Wb/m). Figure 7-8 illustrates flux lines distribution on the surface of the motor in
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no-load and full-load conditions. Flux moves in clockwise (blue lines) and anti-clockwise (red lines)

directions. The clockwise direction provides negative potential and anti-clockwise generates positive
potential.
B (T)
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1.6
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1.0
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a. No-load b. Full-load
Figure 7-7. Magnetic flux density (B) geometry overlay plots.
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-8.9E-03
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b. Full-load
Figure 7-8. Magnetic flux field lines.
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Air Gap Flux Density (T)
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c. Full-load and no-load air gap flux density comparison
Figure 7-9. Flux density distribution in the air gap measured at time of 400 (ms).
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7.2.2.3 Air gap flux density distribution
An arc line is drawn in the air gap section for one pole corresponding to 180 electrical degrees (or
90 mechanical degree) to plot the flux density distribution in the air gap. Figure 7-9a and Figure 7-9b
present no-load and full-load stands for the air gap flux density measured at time of 400 ms. Maximum

and average values of the air gap flux density in no-load and full-load are compared in Figure 7-9c.

7.2.3 Harmonics Analysis

Phase current and induced voltage of the motor is analysed in terms of harmonic components in
this section. Figure 7-10 and Figure 7-11 show no-load and full-load phase current and induced voltage
signals including their harmonics components. The values of fundamental and 3rd harmonic
component of the signals are presented. The effect of saturation on the phase current in no-load and
full-load is seen in Figure 7-10a and Figure 7-10b, which illustrates phase current signal containing
critical harmonics components. The well-known method to eliminate harmonic impact on the phase
current is skewing rotor bars. Figure 7-11 indicates the effect of skewing on the phase current and
induced voltage signals extracted from no-load and full-load conditions. It is seen that skewing of 6.5
degrees in the rotor bars leads to harmonic reduction in phase current and makes a sinusoidal signal,

which is desired to improve the quality of electricity system.
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a. No-load phase current signal and its harmonic components
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d. Full-load phase current signal and its harmonic components
Figure 7-10. No-load and full-load phase current and induced voltage signals including harminc components of the 4-
KW.
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Figure 7-11. Effect of rotor bar skewing on the phase current and induced voltage of the 4-kW at no-load and full-
load.
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8. APPENDIX B

8. ABBREVIATIONS LIST

Abbreviations Description
AC Alternative current
AFLSPMSM Axial-flux line-start permanent magnet synchronous motors
CFD Computational fluid dynamics
CFM Coupled field method
DC Direct current
DEAs Differential evolution algorithms
EC Equivalent circuit
EMF Electromotive force
EAs Evolutionary algorithms
ETC Equivalent thermal conductivity
FEM Finite-element method
FEA Finite-element analysis
FSCW Fractional-slot concentrated-winding
GA Genetic algorithm
GBA Gradient-based algorithm
GFA Gradient-free algorithm
HTC Heat transfer coefficient
IEC International electro-technical commission
IRFM Imbedded radial flux magnets
ICFM Imbedded circumferential flux magnets
ISDW Integral-slot distributed-winding
IE International efficiency
IE1 Standard Efficiency
IE2 High Efficiency
IE3 Premium Efficiency

170



Abbreviations

Description
IE4 Super Premium Efficiency
IE5 Ultra-Premium Efficiency
IM Induction motor
IPM Interior permanent magnet
LSPMSMs Line-start permanent magnet synchronous motors
LPTN Lumped-parameter thermal network
MOF Multi-objective function
PM Permanent magnet
PSO Particle swarm optimization
PF Power factor
rms Root mean square
RFLSPMSM Radial-flux line-start permanent magnet synchronous motors
RS Response Surfaces
SMM Surface mount magnets
SSMM Slotted surface mount magnets
SNLP Sequential nonlinear programming
TEFC

Total enclosed fan cooled
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9. APPENDIX C

9. LATIN SYMBOLS LIST

Symbols Description Unit
A Vector magnetic potential [Whb/m]
Aq Cross section area of air gap [m2]

Apm Cross section area of permanent magnet [m2]
A Air flow in fins and surface area of frame [m2/s]
As Interior slot area [m?]
ac Electric loading [A/m]
asc Stator conductor area [m?]
Bav Average flux density [T]
B, Air gap flux density [T]
By Fundamental of the air gap flux density [T]
Bpm Permanent magnet flux density [T]
Br Residual Flux Density [T]
Bsat Saturation level of flux density [T]
Bt Teeth magnetic flux density [T]
Bys Stator yoke magnetic flux density [T]
Byr Rotor yoke magnetic flux density [T]
Co Design Coefficient -
Dis Inner stator diameter [m]
Dos Outer stator diameter [m]
Dir Outer rotor diameter [m]
Dsh Shaft diameter [m]
E Back-EMF N4
Eo No load phase back-EMF V]
e EMF to input phase voltage ratio -
Foz Area of rotor bar [m?]
f frequency [Hz]
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Symbols Description Unit
fip Flux per pole [Whb]
G Thermal conductance matrix -
Hc Coercive force [A/m]
hs Stator slot depth [m]
he Rotor slot depth [m]
his Stator back iron height [m]
hor Rotor back iron height [m]
hsc Stator end face heat transfer coefficient [W/m?.°C]
hew End winding end face heat transfer coefficient [W/m?.°C]
hrc Rotor end face heat transfer coefficient [W/m?.°C]
her End ring end face heat transfer coefficient [W/m?.°C]
hg Air gap heat transfer coefficient [W/m?.°C]
Is RMS stator phase current [A]
Iy Rotor current [A]
ler End ring current [A]
lsq Stator d-axis current [A]
Isq Stator g-axis current [A]
lrd Rotor d-axis current [A]
Irq Rotor g-axis current [A]
Js Stator winding current density [A/m?]
Jc Moment of load inertia [Kg. m?]
Jor Critical inertia [Kg. m?]
Keq Equivalent thermal conductivity of air and insulation material in the slots [W/m?.°C]
Ke Carter’s factor -
Kill Fill factor coeficient -
Kov End winding increasing factor -
Ksat Saturation factor -
Kw Winding factor -
ki Lamination Factor -
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Symbols Description Unit
L Motor stack length [m]
Li Effective motor length [m]
Lsq d-axis stator inductances [H]
Lsq g-axis stator inductances [H]
Lrd d-axis rotor inductances [H]
Lrq g-axis rotor inductances [H]

Lnd d-axis mutual inductances [H]
Lmg g-axis mutual inductances [H]
Ler End ring length [m]
lg (Ig) Air gap length [m]
lew Length of end winding [m]
lay Average length of coil turn [H]
Is Slot leakage permeance [H]
le End winding leakage permeance [H]
Ik Tooth-top leakage permeance [H]
lg Differential leakage permeance [H]
m Number of phase -
Ns Synchronous speed [rpm]
Nr (or ny) Rotor speed [rpm]
Nph Number of coils turns per phase -
Nu Nusselt number -
NUew Nusselt number of the end winding -
Nurc Nusselt number of the rotor end face -
NUer Nusselt number of the end ring end face -
n Number of nodes -
P Loss vector matrix -
P Number of poles -
P Stator copper loss (W]
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Symbols Description Unit
Peage Rotor cage loass (w]
Piron Iron loss (W]

Pi, Rated input power (W]
Pout Rated output power (W]
PaL Measured no-load loss [W]
Pir Locked-rotor Power [wi
PF Power factor -
Ps Slot pitch at the end of slot [m]
Qs Stator slots per pole per phase factor -
Rs Stator resistance [ohm]
Rr Rotor resitance [ohm]
Rp Bar resistance [ohm]
Re End ring resistance [ohm]
Re Core losses resistance [ohm]
Rret Resistance at the reference temperature [ohm]
Rrd Rotor d-axis resitance [ohm]
Rrq Rotor g-axis resitance [ohm]
Rih ¢ Convection thermal resistance [K/W]
Rfa_natural Natural convection thermal resistance between frame to ambient [K/W]
Ria_forced Forced convection thermal resistance [K/W]
Rth_radial Radial condution thermal resistance [K/W]
Rih_axial Axial condution thermal resistance [K/W]
Req Thermal resistance between winding and stator lamination [K/W]
Rg Air gap thermal resistance [K/W]
Re Reynolds number -
Recr Critical Reynolds number -
Rey ew Air Reynolds number of the end winding -
Rey r Air Reynolds number of the end face rotor -
Rey er Air Reynolds number of the end ring -
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Symbols Description Unit
Fsp3 Rotor slot permeance [H]
Feq ew Mean radius of the end winding [m]
For Rotor outer radius [m]
Fir Rotor inner radius [m]
Fos Stator outer radius [m]
Fis Stator inner radius [m]
S Apparent power [kKVA]
Spm Cross-sections of the PM [m?]
Smin Maximum cross-sections of the PM [m?]
Smaz Minimum cross-sections of the PM [m?]
Ss Stator slot number -
Sr Rotor slot number -
Sslo Stator slot area [m?]
Scu Copper area in the stator slot [m?]
Sp Stator slot perimeter [m]
Tecage Asynchronous torque [Nm]
Trag Magnet-generated torque (braking torque) [Nm]
Thot Total resultant torque of LSPMSM [Nm]
Tat Starting torque [Nm]
Tend Torque near synchronous speed [Nm]
Tso Torque generated at 80% of synchronous speed [Nm]
Tripple Torque ripple [Nm]
Tavg Average electromanetic torque [Nm]
T Load torques [Nm]
Tret Reference temperature pCl
Ta Tylor number -
Th PM Thickness [m]
To Ambient temperature pCl
theg Equivalent thickness of the air and the insulation material in the stator slots [m]
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Symbols Description Unit
to Pole pitch [m]
ts Slotpitch [m]
\Y Input line voltage [V]

Vph Input phase voltage [V]
Veum PM volume [m?]
Vsd Stator d-axis voltage [V]
Vsq Stator g-axis voltage [V]
Vrd Rotor d-axis voltage V]
Vrq Rottor g-axis voltage [V]
Vy Rotor surface velocity [m/s]
W PM widh [m]
Xs Stator reactance [ohm]
Xr Rotor reactance [ohm]
Xm Magnetising reactance [ohm]
XLR Locked-rotor reactance [ohm]
Xd d-axis synchronous reactance [ohm]
Xq g-axis synchronous reactance [ohm]
Xer Maximum allowed load inertia coefficient -
Yq Coil pitch in number of slots [m]
Zsjot Number of conductor in stator slot -
Zir Locked-rotor impedance [ohm]
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10.APPENDIX D

10. GREEK SYMBOLS LIST

Symbols Description Unit
o Temperature coefficient of the conductor resistivity -
Ysq Stator g-axis flux linkage [Whb]
Psd Stator d-axis flux linkage [Whb]
Py Rotor g-axis flux linkage [Whb]
P Rotor d-axis flux linkage [Whb]
P Permanent magnet flux-linkage [Wh]
r Angular speed of the rotor [rad/s]
1 Kinematic viscosity of the fluid [m?/s]
n steady-state efficiency [90]
& Stack length to stator inner diameter -
A Stack length to pole pitch ratio -

A Thermal conductivity of the material [W/m?.°C]
Jair Air thermal conductivity [W/m?.°C]
p resistivity [ohm.m]

AT Temperature rise pCl
AT Temperature rise vector matrix -
T Thermal time constant minute
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