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Supervisor’s Foreword

Recent advances in multiphase fractional-slot concentrated-wound (FSCW) interior
permanent magnet (IPM) machines have made them prime candidates for
high-performance applications such as advanced electric drives in automobiles,
aircraft, and marine vessels. The knowledge and understanding of the design and
analysis of such revolutionary machines is limited, impeding further advances in
research and development, both in the academia and the industry. This thesis
addresses the knowledge gap by comprehensively analyzing, using first principles,
the operation of such machines in a systematic manner.

In this book, which is the outcome of around 4 years of research, basic elec-
tromagnetic and machine theories are synthesized to develop the complex magnetic
fields in generalized FSCW IPM machines. Two models are proposed and assessed
for such machines: A detailed electromagnetic model for conceptual understanding
and insight of the working principles; and a less complex electrical model for
facilitating precise control of the machine. Furthermore, based on the rigorous
analysis framework, for the first time, a general design methodology is proposed for
multiphase machines using FSCW windings.

The original ideas presented in this book support the evolution of electric drive
industries and can shape the further development of advanced electrical machines
for the energy sector.

Sydney, NSW, Australia
January 2018

Prof. John E. Fletcher
UNSW Sydney
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Abstract

This thesis focuses on the analytical modeling of fractional-slot concentrated-
wound (FSCW) interior permanent magnet (IPM) machines and establishes a basis
for their magnetic and electrical analysis. In the state-of-the-art methods for ana-
lyzing such machines, the nonhomogeneous magnetic saturation and the nonlinear
B-H curve of the rotor iron are not considered. Moreover, the effect of the FSCW
stator on the machine magnetic characteristics is overlooked.

Aiming at precise modelling of FSCW IPM machines’ magnetic and electrical
characteristics, a comprehensive mathematical treatment of the stator magneto-
motive force (MMF), the IPM rotor nonhomogeneous magnetic saturation, and its
airgap flux density are presented. The FSCW stator spatial MMF harmonics are
analytically formulated, based on which, a novel heuristic algorithm is proposed for
the design of optimal winding layouts for multiphase FSCW stators with different
slot/pole combinations.

The nonhomogeneous magnetic saturation of the rotor iron due to its B-H curve
and the residual flux of the embedded magnets is modeled and a saturation map is
proposed for the rotor iron. Accordingly, a novel airgap function is proposed for
FSCW IPM machines taking into account the effect of the FSCW stator and the
nonhomogeneously saturated rotor. A precise mathematical model is then proposed
for calculation of the airgap PM flux density.

The proposed mathematical models for the FSCW stator and the IPM rotor are
combined to derive detailed mathematical expressions for its operational induc-
tances, electromagnetic torque, torque ripple, and their respective subcomponents,
as a function of the machine geometry and design parameters. Both normal oper-
ation of the machine and open-phase fault condition are considered in the afore-
mentioned formulations. A “maximum torque per ampere” algorithm is then
proposed for the machine under an open-phase fault condition in which customized
currents are injected such that maximum average torque with a low torque ripple is
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guaranteed. Lastly, the derived geometry-based models for the machine charac-
teristics are used to propose an extended dq model for FSCW IPM machines which
takes into account its non-sinusoidal parameters.

The proposed theories and analytical models are validated using finite element
analysis and experimental tests on a prototype FSCW IPM machine.

x Abstract
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Chapter 1
Introduction and Literature Review

1.1 Problem Statement and Research Motivations

Fractional-slot concentrated-wound (FSCW) permanent magnet synchronous
machines (PMSMs) are an attractive candidate for many industrial and household
applications. This is because of their simpler manufacturing process and attractive
characteristics such as higher power-to-weight ratio, and wider constant power
speed range, compared with their distributed-wound (DW) counterparts. Among the
several types FSCW PMSMs, those that use an interior permanent magnet
(IPM) rotor are becoming more popular. This is because of their better mechanical
robustness and superior performance.

With an aim to improve the understanding of FSCW IPM machines and their
utilization, the main motivations behind the research reported in this thesis, are:

1. The lack of accurate analytical models in the literature for FSCW PMSM
characteristics, such as the stator and rotor magnetic fields, flux linkages, back-
EMFs, inductances, and the developed average torque and torque ripple under
healthy and open-phase fault conditions.

It is essential during the design and analysis of FSCW IPM machines to have a
thorough understanding of the magnetic field interactions in the machine. In par-
ticular, precise analytical formulae are required for calculation of machine char-
acteristics, such as stator and rotor magnetic fields, flux linkages, back-EMFs,
inductances, and the developed average torque and torque ripple. This assists in
determining the effect of different geometrical parameters on the machine perfor-
mance characteristics.

Two sources of magnetic fields are present in a FSCW PMSM:

• The field generated by the FSCW stator, and
• the field developed by the IPM rotor.
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Electromagnetic torque in a PMSM is developed by the interaction of the stator
and rotor magnetic fields in the airgap. This makes accurate analytical models of the
magnetic fields essential to correct prediction of the torque.

The magnetic field intensity of a FSCW stator in the airgap of the machine is
generated by the stator magneto-motive force (MMF) across the airgap and has the
following relationship:

Hsðt; hsÞ ¼ 1
gðt; hsÞMMFðt; hsÞ ð1:1Þ

where hs is the angle subtended along the stator inner circumference, and g is the
equivalent airgap length and is a function of time, t, and hs. The MMF of a FSCW
stator is rich in spatial harmonics with their amplitudes determined by the slot and
pole combination of the machine. According to (1.1), this yields harmonics in the
stator magnetic field.

The stator MMF is also used for calculation of the machine inductances. The
self- and mutual inductances between phases x and y of a FSCW PMSM can be
analytically calculated from their respective winding functions as follows:

Lxy ¼ l0rlst

Z2p

0

wx hsð Þwy hsð Þ
g t; hsð Þ dhs ð1:2Þ

where wx and wy are the winding functions of phases x and y. Equation (1.2) gives
self-inductance of phase x by setting x = y. The winding function of phase x is
found from the MMF by setting the current of their respective phases equal to unity:

wx hsð Þ ¼ MMF t; hsð Þjix¼1 ð1:3Þ

From (1.1) to (1.3) it is observed that knowledge of the MMF and the equivalent
airgap function are essential to calculating the stator magnetic field and inductances.
Thus, analytical modelling of the MMF and equivalent airgap function are the first
steps to formulating the machine characteristics. Nevertheless, these topics have not
received enough attention in the literature. There is only sparse research reporting
analytical modelling of the MMF produced by FSCW stators with different slot and
pole combinations. Moreover, the existing equivalent airgap function that is being
used in the literature for IPM machines is adopted from the inset-permanent magnet
(PM) machine theory and returns inaccurate results for IPM machines. Therefore,
for a FSCW IPM machine, analytical modelling of the stator MMF and machine
equivalent airgap function are essential to correct calculation of the stator magnetic
field and inductances, and subsequently torque and torque ripple.

The magnetic field produced by an IPM rotor originates from the residual flux of
the embedded magnets in the rotor. The magnetic field intensity in the airgap
generated by the rotor PMs can be calculated from the PM flux density, BPM, as a
function of t and hs and as follows:
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Hrðt; hsÞ ¼ 1
l0

BPMðt; hsÞ ð1:4Þ

An accurate estimation of the PM flux density is essential for the calculation of
the rotor field intensity. The residual flux of the embedded PMs in the rotor causes a
non-uniform distribution of magnetic saturation in the rotor iron and should be
taken into consideration in the calculation of the PM flux density. The current
methods in the literature for analytical calculation of the PM flux density in IPM
rotors are proven to yield inaccurate results, which is mainly due to neglecting the
non-homogenously saturated rotor iron and the assumption of a rectangular PM flux
density in the airgap. This makes correct analytical modeling of the magnetic
saturation of the rotor iron and the PM flux density essential to accurate calculation
of the rotor magnetic field. The non-homogeneous saturation of the rotor iron also
affects the equivalent airgap function of the machine. However, this has not been
taken into account in the existing literature.

Once accurate analytical models for the non-homogenously saturated rotor iron,
rotor magnetic field, machine equivalent airgap function, and the stator MMF under
healthy and open-phase fault conditions are obtained, in addition to the inductances
and developed torque, analytical calculation of the back-EMF and PM flux linkages
also becomes feasible.

2. The lack of a comprehensive algorithm for designing multiphase FSCW stators
that would yield maximum torque density considering all the torque production
field harmonics.

A thorough understanding of the stator and rotor magnetic fields through their
analytical models enables systematic design of the stator winding configuration in a
multi-phase FSCW PMSM. In an m-phase PMSM, injection of current harmonics
with an odd order smaller than m increases the developed average torque. The
existing methods in the literature for designing the winding configuration of
multi-phase FSCW stators are based on the spatial field harmonics that are asso-
ciated with the fundamental harmonic of the injected current, and no account is
taken of the spatial field harmonics associated with the higher order current har-
monics. In order to have a global design procedure for multiphase FSCW stators
that would yield maximum torque density, all the field harmonics that can con-
tribute to the average torque must be considered.

3. The lack of an accurate dq model for FSCW PMSMs that considers all the
machine non-ideal parameters.

The standard dq model used for PMSMs is based on the assumption of a
sinusoidal MMF which yields sinusoidal machine parameters. However, for
a FSCW PMSM, the generated MMF by the stator is not sinusoidal and contains a
wide range of spatial harmonics. This affects other parameters of the machine such
as electromagnetic torque, back-EMFs, PM flux linkages, and inductances.
Currently, the standard dq model of a PMSM is mainly used in the literature for

1.1 Problem Statement and Research Motivations 3



FSCW IPM machines. This requires formulating a general dq model for
FSCW IPM machines that takes into account all the machine non-idealities.

1.2 Research Objectives and Contributions

As a first step in accurate calculation of the FSCW IPM machine characteristics, the
accurate equivalent airgap function for the machine should be calculated. From
Sect. 1.1, the main shortcomings in the literature regarding analytical calculation of
the equivalent airgap function for FSCW IPM machines are ignoring the compli-
cated flux path, magnetic characteristics of the machine magnetic material, and the
non-homogeneous saturation of the rotor iron.

These shortcomings are addressed in this thesis and an equivalent airgap func-
tion is proposed based on the magnetic circuit length of the stator flux paths inside
the IPM rotor iron. To this end, the non-homogeneous saturation of the rotor iron in
a V-shaped FSCW IPM machine is modelled by deriving mathematical formulae
for the saturation intensity and relative permeability at different regions of the
magnetically saturated rotor. This model is governed by the B-H curve of the rotor
magnetic material and the machine geometry. The proposed saturation model is
used to obtain the magnetic circuit lengths of the stator flux paths in an IPM rotor,
which is later used for computing the equivalent airgap function in an FSCW IPM
machine.

In contrast with the existing methods where the equivalent airgap function is just
dependent on the angle subtended along the rotor circumference, the research
conducted in this thesis reveals that equivalent airgap length is a function of the
rotor angular position as well as the angle subtended along the rotor circumference.

The proposed equivalent airgap function in this thesis is compatible for use in
the standard formulae and techniques for analytical derivation of machine perfor-
mance characteristics. Accordingly, PM flux linkages, armature reaction airgap flux
density, and the machine inductance will be analytically formulated in this thesis.

Apart from the equivalent airgap function, correct analytical formulae for the
stator MMF are also essential to field calculations in a FSCW IPM machine. With
an aim to fill the knowledge gap in this regards, a thorough analysis of the MMF of
FSCW stators with different slot and pole combinations are conducted, leading to
proposition of lumped analytical formulae for the MMF. These analytical expres-
sions are used to derive formulae for the harmonic winding factors of the machine
which will be later used in formulating the PM flux linkages, back-EMFs, torque,
and torque ripple.

The other essential component in the analytical calculations of the IPM machine
characteristics is the PM flux density. As explained in Sect. 1.1, the current ana-
lytical models for the PM flux density are incapable of correctly predicting this
quantity for IPM rotors. In order to address this shortcoming, a trapezoidal model is
proposed in this thesis for the PM flux density that helps in a more accurate
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calculation of the machine output characteristics. The parameters of the proposed
PM flux density model are based on the proposed equivalent airgap function.

The other contribution of the research reported in this thesis is proposing detailed
formulae for the electromagnetic torque and torque ripple for an FSCW IPM
machine under both healthy and open-phase fault conditions. These models provide
a tool for customizing the input currents to the machine such that the output torque
under an open-phase fault condition gives maximum achievable average torque
with less torque ripple compared with the state of the art methods.

The obtained detailed expressions for the FSCW IPM machine in this thesis are
further used to propose an extended dq model that takes into account all the
machine non-ideal parameters. An equivalent circuit is also proposed for
the extended dq model which is later used in formulating a detailed expression for
the developed torque of the machine in terms of the proposed extended dq model
parameters.

The final contribution of this thesis is a heuristic algorithm for designing the
winding configuration of multiphase FSCW stators with an objective of maximizing
the torque density. As explained in Sect. 1.1, in the existing methods, only the
fundamental torque producing harmonic of the magnetic field is considered.
Contrary to the state of the art, in the proposed algorithm, all the torque producing
harmonics in the magnetic field are taken into account in designing the winding
configuration. A “winding performance index” is proposed for evaluating the torque
density of different winding configurations. The proposed heuristic algorithm is
based on the rigorous analysis performed on the MMF and harmonic winding
factors in this thesis.

According to the above discussion, the main contributions of the research
reported in this thesis are:

• Analytical modelling of the MMF produced by FSCW stators with different slot
and pole combinations, leading to lumped formulae for the MMF and harmonics
winding factors of the machine

• Formulation of a general heuristic algorithm for designing the optimal winding
layout in multiphase FSCW PMSMs

• Analytical modelling of the non-homogeneous magnetic saturation in the rotor
iron due to the residual flux of the embedded magnets

• Analytical modelling of the airgap function in a FSCW PMSM taking into
account the effect of the non-homogenously saturated rotor iron and the FSCW
stator

• Analytical modelling of the airgap PM flux density
• Analytical modelling of the torque and torque ripple for FSCW PMSMs oper-

ating under healthy and open-phase fault conditions
• Proposing customized input currents for the FSCW IPM machine such that

maximum average torque under an open-phase fault condition is generated
• Formulation of an extended dq model for FSCW PMSMs that takes into account

all the machine non-idealities.
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1.3 Literature Review

Several types of PMSMs have been investigated in the literature, for which, a brief
review is first presented in this section. An overview on the choice of slot and pole
combination in a FSCW PMSM which determines its electric and magnetic char-
acteristics follows. The literature concerning analytical modelling of the electric and
magnetic characteristics of FSCW PMSMs are then reviewed which fall into the
following categories:

• Analytical modeling of the machine magnetic characteristics such as stator and
rotor spatial field distributions, the equivalent airgap function, stator MMF, and
rotor PM flux density. These magnetic characteristics can be used in formulating
detailed expressions for the machine output characteristics such as inductances,
flux linkages, back-EMFs, and electromagnetic torque.

• Detailed electrical models and equivalent circuits for the machine.

1.3.1 Types of PMSMs

Radial flux PMSMs are commonly categorized with respect to their rotor and stator
types. The stator utilized in a PMSM is usually either from the FSCW or DW stator
families as shown in Fig. 1.1, each of them with their own distinct features; while
the rotor can be chosen from a vast range of structures including, surface PM rotors,
inset PM rotors, and IPM rotors as shown in Fig. 1.2.

DW stator topologies are the major stator type used in PMSMs. This is due to
their near sinusoidal MMF which yields a high main harmonic winding factor and
low torque ripple. It was not until very recently that it was shown that the right
choice of slot and pole combination for a FSCW stator could yield a high main
harmonic winding factor which is essential to having a high average torque [1, 2].
As shown in Fig. 1.1, contrary to DW stators, the windings in a FSCW stator are
non-overlapping which yields to a shorter end-winding resulting in a less copper
usage, less copper losses, and a more compact design. Other advantages of FSCW
stators over their DW counterparts are the easier manufacturing process, higher slot
fill-factor, wider field-weakening region caused by their higher self-inductance,
reduced cogging torque, and a better fault tolerant capability [2–6].

The important factors in designing a FSCW PMSM that affect the machine
output characteristics are the number of slots and poles, and the number of winding
layers in the slots. The most common FSCW stators are either single-layer or
double-layer as shown in Fig. 1.1a and b, respectively. Each of these designs has its
own benefits and characteristics. Compared with single-layer FSCW stators,
double-layer stators feature lower spatial MMF harmonic content which lead to
lower magnet eddy current losses, lower airgap leakage inductance, lower torque
ripple at the cost of a reduction in the average torque, higher torque density leading
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to a more compact design, and higher efficiency [2, 7, 8]. The key advantage of
single-layer FSCW stators over double-layer stators is their improved fault toler-
ance capability due to their phase windings being magnetically decoupled which
yields a lower mutual inductance [3].

Not all combinations of slots and poles for an FSCW stator yield acceptable
performance. Commonly, for a three-phase machine, the slot and pole combination
should be chosen such that a sinusoidal back-EMF, a high main harmonic winding
factor resulting in a high average torque, and reduced torque ripple and cogging
torque, are achieved [9–11]. Various slot and pole combinations for a FSCW
machines and design considerations for obtaining an optimal design are investi-
gated in [3, 12–16].

It is the choice of the design engineer to choose the most suitable type of
winding and slot and pole combination for designing application-oriented FSCW
PMSMs.

Another design choice for PMSMs is the rotor topology for which the most
common types was shown in Fig. 1.2. In Surface PM (SPM) rotors and some
inset-PM rotors the magnets are glued to the rotor surface, directly accessing the
airgap, as shown in Fig. 1.2a and b, respectively. However, in IPM machines, the

Fig. 1.1 Common stator types: a Single-layer FSCW stator. b Double-layer FSCW stator. c DW
stator
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magnets are buried inside the rotor iron, which makes IPM machines superior over
SPM and inset PM machines in several aspects, including [5, 17–20]:

• Higher power rating.
• Smaller eddy current losses in the PMs and smaller possibility of their

demagnetization since they are not directly exposed to the airgap.
• Lower iron losses under open-circuit conditions.
• Higher overall efficiency.
• Smaller airgap, making the machine more suitable for flux-weakening operation.

In SPM machines, since the permeability of the magnets is close to that of air,
the effective airgap becomes relatively large.

• Increased mechanical robustness of the rotor because the magnets are buried
inside the rotor iron. This makes the rotor capable of withstanding higher
speeds.

• Presence of a reluctance torque component compared with SPM machines due
to the saliency of IPM machines. This leads to production of more torque and
can be used to extend and enhance the flux-weakening operation.

• Easier sensorless control of the machine because of the saliency effect.

Fig. 1.2 Common PM rotor types: a Surface PM rotor. b Inset PM rotor. c Flat-shaped IPM rotor.
d V-shaped IPM rotor
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1.3.2 Machine Magnetic Characteristics

Electromagnetic torque generation in a PMSM originate from the interaction
between the rotor and stator magnetic fields in the airgap. Several methods have
been explored in the literature for obtaining the magnetic characteristics of electric
machines, among which, numerical techniques such as dynamic reluctance mesh
(DRM) modelling [21–23] and finite element analysis (FEA) [24–27] are the most
accurate ones that consider magnetic saturation in the rotor and stator iron. This has
led to their extensive use in the past two decades for analysis and enhanced design
of electric machines. Nevertheless, these techniques suffer from the common
drawback of being time consuming. Besides, they cannot provide an insight into the
effect of different geometry parameters on the machine performance characteristics.

In order to overcome the shortcomings of numerical techniques, analytical
methods have been used in the literature for computing the magnetic fields in
electric machines. Among analytical techniques, direct analytical methods that are
based on the solution of Laplacian or quasi-Poissonian field equations are most
accurate [28–31]. These equations are solved by applying boundary conditions on
the interface between the stator slots, magnets, and the airgap. The main assumption
in these techniques is a negligible reluctance for the stator and rotor yoke which
means neglecting the saturation.

Direct analytical methods are commonly used for inset-PM and SPM rotors [28–
30, 32]. However, for an IPM rotor, the embedded magnets in the rotor saturate the
iron bridges, complicating the boundary conditions which in turn make analytical
solution of Laplacian or quasi-Poissonian equations unfeasible. This has led to
introduction of analytical methods that are based on magnetic equivalent circuit
(MEC) model and winding function theory (WFT) [33–36] of the IPM machine
[37–39]. In these techniques, flux sources are used to model the saturated rotor iron
bridges. These flux sources produce a constant flux density of Bsat which is the
saturated flux density of the rotor iron and obtained from its B-H curve. In MEC-
and WFT-based methods, similar to direct analytical methods, the rotor and stator
yoke reluctances are often neglected, thus saturation due to the stator currents is not
considered. Such assumptions could lead to negligible errors in the airgap magnetic
field calculation [23, 37–41].

1.3.2.1 Equivalent Airgap Function

Magnetic reluctance and the MMF across the reluctance are the crucial elements in
MEC- and WFT-based techniques. In these methods, a constant MMF equal to that
of the stator is assumed across a position variant equivalent reluctance. This
equivalent reluctance is realized by an equivalent airgap length that is a function of
the angle subtended along the rotor circumference. Magnetic potential distribution
in SPM and inset-PM machines is uniform on the rotor surface. Thus, because of
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