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Preface
This technical licentiate thesis deals with the design analysis of a permanent
magnet synchronous motor for an electric vehicle. A thesis is a report that
conveys the used theoretical approach and the experimental results on a
specific problem in a specific area. A thesis could also develop a purely
theoretical approach to a topic. It is my aim as the author to present these
findings and theoretical approaches clearly and effectively with this concise
report.
Never Say Never! This is the phrase I have always referred to and it even
appears on my screensaver. When I started my doctoral study at KTH, my plan
was to write my doctoral dissertation directly without taking the licentiate
examination. Well, as I am now writing the preface of my licentiate thesis, my
thought has obviously changed through out the duration of the project work. A
good friend of mine, who has a PhD degree in Physics himself, once told me
that working on a doctoral degree is just like walking through a long dark
tunnel. The light is gradually diminished as you enter the tunnel and the time
you finally get a glimpse of the light again is when you almost reach the other
side. Not surprisingly, it is often that one feels he/she is complete lost. I,
personally, was experiencing this miserable feeling during the stretch. I am glad
that I can use this licentiate thesis to summarize on how much I have
progressed thus far and to benchmark where I am going. Just like a candle light
in the middle of the darkness, my spirit is rejuvenated. I am truly grateful to
those who assist me in lighting many small but necessary candles along the
way.
Indeed, 1% of aspiration and 99% of inspirations.
i

Abstract
This thesis presents the study and the design analysis of a permanent magnet
synchronous motor (PMSM) for the traction application of an electric vehicle.
An existing induction traction motor for an electric forklift benchmarks the
expected performances of the proposed PMSM design. Further, the possibility
of using the identical stator as the one used in the induction motor is explored
for the fast prototyping. The prototype motor is expected to be field-weakened
and to have a constant power speed range (CPSR) of 2.5 to 3.
A design approach based on the CPSR contour plot in an interior permanent
magnet (IPM) parameter plane is derived to obtain the possible designs that
meet all the design specifications and the targeted CPSR. This study provides
the possible alternative designs for the subsequent future prototype motors.
An analytical approach to estimate the iron loss in PM synchronous machines is
developed and included in the design procedure. The proposed technique is
based on predicting the flux density waveforms in the various regions of the
machine. The model can be applied at any specified load condition, including
the field-weakening operation region. This model can be ultimately embedded
in the design process for a routine use in loss estimations.
The first prototype motor with an inset permanent magnet rotor has been built
and the available measurements are used to validate the design performance. In
particular, the thermal analyses based both on the lumped-circuit approach and
the numerical method are compared with the measured results. A second and
possibly a third prototype motor targeting a wider and higher performance will
be carried out in the continuing phase of the project.
Keywords: Constant Power Speed Range, Electric Vehicles, Field-weakening,
Reference Flux Linkage, Iron Loss, Permanent Magnet Synchronous
Motor, Thermal Analysis
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Chapter 1
Introduction
This thesis is organised as an extended summary of the articles published in
different conferences and journals. These publications chronicle the progress of
the study and represent how the project evolved.
This chapter provides the background and the objective of the project, and the
list of the publications within the study.

1.1 Background
This work is an ongoing project within the Permanent Magnet Drives (PMD)
research program of the Competence Centre in Electric Power Engineering. The
PMD program is associated with the Division of Electrical Machines and Power
Electronics (EME), Department of Electrical Engineering (ETS), Royal Institute
of Technology (KTH).
As one of the pilot projects within the PMD, the main objective is to investigate
and develop new concepts of electrical drives in close cooperation with
industrial partners. The main industrial partners involved in this project are
Danaher Motion (in Flen and Stockholm) and Sura Magnets. The particular
application of the work is for the traction application in electric forklifts.
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1.2 Objective of the Project
The goal of the project is to investigate and develop permanent magnet
synchronous motors (PMSM) for traction applications such as electric driven
forklifts. An existing induction (asynchronous) traction motor that can be found
in electric forklifts is used as benchmark for the study. The aim of the design is
to have a high efficient permanent magnet motor drive that could be a feasible
alternative to the induction motor drive in a longer perspective, despite a
higher initial cost due to the expensive rare-earth permanent magnet (PM)
materials that are preferably used in these types of motors.

1.3 Objective of the Thesis
For the first phase of the project, it is planned to design and make a prototype
based on the same stator geometry of the induction machine that is running
presently in electric forklifts. The objective of this thesis is to present and
summarize the work that has been accomplished thus far and to lay the
foundation for further research in the continuation of the project. The
suggestions received from the licentiate dissertation will be used constructively
in the continuing phase of the project.

1.4 Publications
The following articles have been published in chronological order as the project
evolved:

PAPER I:
Modelling of Iron Losses in Permanent Magnet Synchronous Motors with
Field-weakening Capability for Electric Vehicles
Y. K. Chin, J. Soulard
Published in the Proceedings of the International Battery, Hybrid and Fuel
cell Electric Vehicle Symposium (EVS19), pp. 1067 – 1078, October 2002.

2

Publications

-

-

This paper presents the iron loss estimations in PM motors by using an
analytical approach that is based on the air gap flux density waveform.
The model can be applied at any specified load condition, including the
field-weakening operation region.
This paper was further selected by the EVS19 organising committee for
publication in the International Journal of Automotive Technology
(Science Citation Index listed), ISSN 1229 – 9138, Volume 4, Number 2,
pp. 87 – 94, June 2003.

PAPER II:
A Theoretical Study on Permanent Magnet Synchronous Motors for
Electric Vehicles
Y.K. Chin, J. Soulard
Published in the Proceedings of Sixth International Power Engineering
Conference (IPEC03), pp. 435 – 440, November 2003.
-

This paper gives the theoretical study on the influences of the geometric
parameters on the field-weakening performance of an inset permanent
magnet synchronous motor.

PAPER III:
Thermal Analysis – Lumped Circuit Model and Finite Element Analysis
Y.K. Chin, E. Nordlund, D.A. Staton
Published in the Sixth International Power Engineering Conference
(IPEC03), pp. 952 – 957, November 2003.
-

This paper focuses on the modern thermal design techniques, the
lumped circuit approach and the numerical analysis. Strengths and
weaknesses of two approaches are investigated. This study sets the
platform for future extensive research in this topic.
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PAPER IV:
A Permanent Magnet Synchronous Motor for Traction Applications of
Electric Vehicles
Y.K. Chin, J. Soulard
Published in the IEEE International Electric Machines and Drives
Conference (IEMDC03), pp. 1035 – 1041, June 2003.
-

This paper presents the proposed design of the inset permanent magnet
motor prototype. The loss model proposed in PAPER I and findings
from PAPER II are resulted and embedded in the design process of the
prototype. Originally intended experimental verifications will be a part
of the continuation work.

PAPER V:
Thermal Analysis of a Permanent Magnet Synchronous Traction Motor
Y.K. Chin, D.A. Staton, J. Soulard
To be submitted for IEEE Transactions on Energy Conversion/Magnetics or
International Journal in Numerical Heat Transfer – Application.
-

This paper can be viewed as an extension of the investigation made in
Paper III. In this study, the thermal measurements on the prototype
motor are compared with the results from the analytical lumped circuit
approach and the numerical analysis. Both 2-d and 3-d analyses are
reported.

All above listed publications are appended with this thesis report. The format of
the article is rescaled from the original size to fit into the thesis presentation.
The author has also been involved with some other studies that are not directly
relevant to the project work. These works have resulted in the following
publications:

4

Publications

•

On Finding Compact Motor Solutions for Transient Applications
W.M. Arshad, Y.K. Chin, T. Bäckström, J. Soulard, S. Östlund, C.
Sadarangani
Published in the Proceedings of the IEEE International Electric
Machines and Drives Conference (IEMDC01), pp. 743 – 747, June 2001.

•

Design of a Compact BLDC Motor for Transient Applications
Y.K. Chin, W.M. Arshad, T. Bäckström, C. Sadarangani
Published in the Proceedings of the European Conference on Power
Electronics and Applications (EPE), August 2001.

•

Speed Synchronized Control of Permanent Magnet Synchronous
Motors with Field-weakening
L. Samaranayake, Y.K. Chin
Published in the Proceedings of third IASTED International Conference
on Power and Energy Systems (EuroPES03), pp. 547 – 552, September
2003.

•

Distributed Control of Permanent Magnet Synchronous Motor Drive
Systems
L. Samaranayake, Y.K. Chin, U.S.K. Alahakoon
Published in the Proceedings of IEEE International Conference on
Power Electronics and Drive Systems (PEDS03), November 2003.
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1.5 Thesis Outline
The contents of this thesis are organised as follows:
Chapter 1 provides the background of this project work and an overview of
how this thesis report is organised.
Chapter 2 presents the reviewed literature on the field-weakening operation in
permanent magnet synchronous machines and the analytical iron loss
calculations.
Chapter 3 discusses an approach to find the possible designs that meet all the
given performance specifications and a desired constant power speed range
(CPSR). This approach provides a more in-depth way to select the proper
airgap length and the magnet thickness for a specific field-weakening capability
to be reached. It also further elucidates the study presented in Paper II.
Chapter 4 describes the principle of the proposed analytical model for iron loss
estimations. The approach is based on the predicted flux density waveforms in
the various regions of the stator and it can be employed to approximate the loss
under any specified load condition, including the field-weakening operation
region.
Chapter 5 presents the constructed prototype motor and the experimental tests
performed thus far. Measurements are compared with the results from the
finite element method (FEM) analysis and the analytical calculations.
The conclusions are drawn in Chapter 6 and the expected work to be completed
in the continuing phase of the project is also described.

6

Chapter 2
Field-Weakening Operation of
PM Motors
The purpose of this section is to introduce the principle of field-weakening
operations in PM motors and to summarize the findings and conclusions from
various studies.

2.1 Principle of Field-Weakening Operation
Motor characteristics of a separately excited DC commutator (or a synchronous
motor) can be used to explain the field-weakening operation. The excitation flux
is controlled by varying the dc current through the field winding. The torque is
the product of the armature current and the excitation flux in the d-axis. The
induced voltage is proportional to the speed and flux. At low speed, the rated
current I and the rated flux Φ are used to generate the rated torque. The voltage
and the output power both increase linearly with the speed. A rated speed is
reached when the voltage equals to the rated voltage that is defined as the
maximum voltage available from the drive. This rated speed is often referred to
as the base speed. Therefore, in order to increase the speed above the rated
speed, the flux must be decreased or weakened whilst the voltage is kept
constant at rated value. The torque is inversely proportional to the speed so
that the output power remains constant beyond the base speed. As shown in
fig. 2.1, this operating region is called the flux-weakening or field-weakening
region. It is also referred to as the constant power region in some publications.
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(a)

(b)

Figure 2.1 Ideal field-weakening characteristics: (a) Torque characteristics; (b) Power
versus speed curve.

2.2 Field-weakening Operation of Permanent
Magnet Motors
In permanent magnet motors, the excitation flux is produced by the magnets.
As the magnets resemble a “fixed excitation flux” source, the magnetic field
cannot be varied as in a separately excited DC motor by controlling the field
current. However, a control of the total flux in the d-axis (or field-weakening) is
achieved by introducing an armature flux against the fixed excitation field from
the magnets. It is achieved by injecting a negative d-axis current Id, as illustrated
in fig. 2.2. This can be further elucidated with simple vector diagrams of a nonsalient PM motor. Fig. 2.3(a) shows the phasor diagram when the motor is
running at a low speed well below the rated speed. When the motor is
operating at the rated condition with the maximum possible voltage Vb, it can
be noted that the voltage vector is on the voltage limit contour, as shown in fig.
2.3(b). It is virtually impossible to increase the speed further once the voltage
limit is reached. In order to increase the speed beyond the rated speed, an
introduction of the negative d-axis current Id is then necessary. As depicted in
fig. 2.3(d), with the help of the imposing current Id, the voltage vector V is
“brought back” within the voltage limit. The magnitude of Id is gradually
increased as the current angle γ varies from 0 to π/2 electrical radians. The
voltage limit Vb of the PM motor can be expressed as

[

(

Vb 2 ≥ ω 2 (Ψm + L d I d )2 + L q I q

8

)2 ]

(2.1)

Reviewed Literatures

where ω is the electrical operating speed, Ψm is the magnet flux, Ld and Lq are
the d-axis and q-axis inductance respectively.
The saliency ratio is defined as the ratio between the q-axis inductance (Lq) over
the d-axis inductance (Ld). Depending on the rotor configuration, a PM motor is
then referred to salient when Lq is not equal to Ld, and non-salient if Lq is equal
to Ld. Saliency ratio plays a significant role on the field-weakening performance
as it will be shown in the subsequent reviewed literatures.

2.3

Reviewed Literatures

The suitability of Interior Permanent Magnet motors (IPMs) for field-weakening
applications was investigated by Sneyers et al. [26] and Jahns [11] in mid-80s. An
inset PM motor design for the field-weakening operation is later investigated by
Sebastian and Slemon [22]. Their study examines the effects of motor parameters
on the torque speed capability and further demonstrates how the speed range
can be extended in the constant power region by an appropriate motor design.
They proposed that with the optimum alignment of stator and the magnet field,
the maximum torque per ampere is achieved up to a break point speed. An
operation at a higher speed with a reduced torque is achieved by adjusting the
current angle to weaken the effective magnet flux, i.e. the equivalent of fieldweakening.

Figure 2.2 Flux-weakening of permanent magnet motors.
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Figure 2.3 Phasor diagram of the PM motor (ideal condition assumed): (a) At low
speed; (b) At rated speed; (c) Beyond rated speed without Id (impossible); (d) Beyond
rated speed with Id.
It was in 1990 that Schiferl and Lipo [21] made the first serious attempt to
determine the influences of varying parameters on the field-weakening
performance. Their study was criticized for not fully normalizing the motor
parameters to unity rated speed and hence they had three parameters instead of
two. In addition they did not use the most suitable control strategy at high
speed for drives with theoretical infinite maximum speed. Despite these
drawbacks, their work laid the foundation for the subsequent analyses and
showed the optimal field-weakening design criterion that states the magnet flux
linkage Ψm should be equal to the maximum d-axis stator flux linkage to reach
the theoretical infinite maximum speed:
10

IPM Parameter Plane

Ψm = Ld I b

(2.2)

where Ld is the d-axis inductance and Ib is the rated stator current.
Morimoto et al. [18] comprehensively analysed the armature current control
method in expending the operating limits within the inverter capacity. The
study was also examined considering the possible demagnetisation of the
permanent magnet due to the d-axis current. Soong and Miller [23] later applied
this maximum torque field-weakening control strategy and fully normalized
the parameters in their investigations. They introduced the concept of the IPM
parameter plane that can be used to visualize graphically the effect of
parameter changes on the field-weakening performance. The two normalized
parameters they considered are the magnet flux linkage and the saliency ratio.
They concluded that the interior PM motors with their high saliency ratio are
the most promising designs for applications requiring a wide field-weakening
region.
Among dozens of the articles published by the authors mentioned above,
several research outputs from Soong and Miller are particularly interesting and
complete. In the following paragraphs, a summary of Soong’s studies is
presented.

2.4 Influences of Parameters on Fieldweakening Performances
In both Lipo and Soong’s study, the aim is to determine the effect of varying the
motor parameters on the field-weakening performance. In view of the fact that
the full normalization and the maximum torque field-weakening control
strategies were applied, it is apparent that Soong’s work is more adequate and
complete. In addition, with the introduction of the parameter plane, it is easy to
visualize the effect of parameters changes on the field-weakening performance.
The effects of practical factors such as stator resistance, saturation and iron
losses are also investigated.
Fig. 2.4 shows the three main types of brushless AC motors (PM motors).
Generally, the stator winding is sinusoidally distributed. Depending on the
arrangement of the magnets on the rotor structure, surface PM motor (SPM),

11
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interior PM motor (IPM) and synchronous reluctance motor (Synchrel) are
distinguished

Figure 2.4 PM motors with different rotor configurations [23].
The torque of PM motors can be expressed as

(

)

t = Ψm I q + L d − L q ⋅ I d I q

(2.3)

with the saliency ratio ξ = LqlLd, equ.(2.3) becomes
t = Ψm I q + (1 − ξ ) ⋅ L d I d I q

(2.4)

It is intuitive to notice that the generated torque comprises two parts, the
magnet torque and the reluctance torque. It is also apparent that the generated
torque in PM motors varies according to the machine parameters such as, the
saliency ratio ξ and the quantity of the magnet (or thickness) through the
magnet flux linkage Ψm. For instance, a SPM has no reluctance torque
component due to a saliency ratio of 1. In contrary, Synchrel has no magnet
torque due to the absence of magnet. In the case of IPM, both torque
components are utilized.

2.5 IPM Parameter Plane
The basis of the IPM parameter plane is that the shape of the power against
speed characteristics of an IPM depends on two independent normalized
parameters, the saliency ratio ξ and the normalized magnet flux linkage Ψmn.
Ψmn is defined as the magnet flux linkage Ψm at the based speed ωb over the
rated voltage Vb as

12
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Ψ ω
Ψmn =  m b
 Vb


.



(2.5)

Due to the “hybrid” construction of the IPM, Ψmn is selected to represent its
SPM nature and the saliency ratio ξ to reflect the nature of the reluctance motor.
Fig. 2.5 illustrates the IPM parameter plane. Along the x-axis when ξ is zero, it
shows that all designs are SPM design and the thickness of the magnet increases
as Ψmn increases for a given rated voltage and speed. Along the y-axis when
Ψmn is zero (no magnets), the saliency ratio varies depending on the rotor
construction.

Figure 2.5 IPM parameter plane [23].

Figure 2.6 Normalized power versus speed characteristics [23].
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In fig. 2.6, each point on the parameter plane corresponds to a particular shape
of normalized power versus speed characteristic. Designs with high degree of
permanent magnet nature lie on the right-hand side of the plane. Designs shift
to the upper side of the plane as the reluctance nature increases. It can be
noticed that SPMs with Ψmn close to unity have no field-weakening capability.
In the case of synchronous reluctance motors (corresponding to the y-axis of the
plane), the field-weakening performance improves with the saliency ratio. For
example, a rather good field-weakening performance is observed when Ψmn =
0.3 and ξ = 10. Contour plots are used to investigate this in more depth.
Fig. 2.7 shows the location of practical motor designs on the IPM parameter
plane with the contour plot of constant power speed range (CPSR). The CPSR is
used to quantify the field-weakening performance and it is defined as
ω
CPSR =  CPSR
 ωb






(2.6)

where ωCPSR is the maximum speed at which the motor can deliver the same
power (rated power) as at the base speed. The designs are grouped into five
classes and located separately (see shaded area on the parameter plane). This
figure gives a very good insight view of the field-weakening performance of
various practical designs as well as the impact of the parameters changes on the
performance. Some of the interesting facts from the plots are:
Surface Permanent Magnet motor (SPM):
-

Commercial SPM designs generally have a normalized magnet flux
linkage Ψmn between 0.83 and 0.96. The constant power speed
range (CPSR) is usually lower than 2.

Single-barrier synchronous reluctance motor:
-

These designs generally have a CPSR below 2 and with saliency
ratios in the range from 2 to 5.

Single-barrier IPM motor:
-

CPSR between 1.5 and 3.

Multiple-barrier (axially laminated) IPM motor:
14

IPM Parameter Plane
-

-

High saliency ratios between 5 and 14 can be achieved.
Theoretically this implies that these designs offer a wide fieldweakening region.
It is possible to obtain a design with the optimum field-weakening
performance (infinite speed range) by adding a suitable quantity of
permanent magnets. For example, one of the SOON (marked X)
designs.

Figure 2.7 Location of practical designs in the IPM parameter plane with the contour
plot of constant power speed range [23].
Examples of the measured and the calculated field weakening performances for
an IPM motor, a synchronous reluctance motor and an induction motor are
shown in fig. 2.8. Prototypes used for measurement were developed by Soong et
al. with high saliency ratio. It can be seen that the interior permanent magnet
motor has a superior field-weakening performance. In addition to the much
wider constant-power speed range, the studied interior permanent motor also
offers a better efficiency and power factor.
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Not surprisingly, the measured values are lower than the calculated ones. This
is due to the practical phenomena such as stator copper loss, iron loss, magnetic
saturation. One of the main aims in our ongoing research is to include those
aspects, in particular iron loss, during the design stage. Hence a more accurate
calculation model can be obtained to predict the actual field weakening
performance. Literatures reviewed on the analytical iron loss calculation are
presented in chapter 4.

Figure 2.8 Field-weakening performance comparisons by Soong [22].

2.6 Summary
With an IPM parameter plane, a good understanding of how the saliency ratio ξ
and the normalized magnet flux linkage Ψmn influence the field-weakening
performance can be grasped. Soong’s investigation shows that a probable CPSR
can be achieved with a specific combination of ξ and Ψmn. These contour plots
of the CPSR in an IPM parameter plane are later applied in our design analysis.
In Chapter 3, a design approach, which is applied in determining the possible
values of the airgap length and the magnet thickness to meet the expected
design performance, is described.
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Design Procedure
In the first part of this project, it is planned to design the rotor of a PM traction
motor for forklift applications using the stator of the existing induction motor.
The performance of the eventual prototype motor is expected to match the
existing induction drive. An inset permanent magnet rotor configuration is
chosen for the cost effective reason. In the following, with all the given
specifications and a certain constant power speed range (CPSR), a method of
finding out how to reach a satisfactory design is described.

3.1 Design Specifications and Given
Information
The design is for a 48 volts battery system and the drive of the induction motor
is used. Table 3.1 gives the design specifications and three IEC1 standard
loading operations considered from the thermal design perspective. Fig. 3.1
shows the given stator geometry (TSP112/4-165) referred in the study and
relevant geometry parameters are listed in Table 3.2.

1

IEC is the abbreviation for International Electrotechnical Commission.
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Table 3.1 Design Specifications
(a) Rated characteristics
Rated performance
Torque
Speed
CPSR
Battery voltage

60 Nm
1500 rpm
2.5 ~ 3
48 Volts

(b) Thermal requirements
Thermal loading
(Insulation class F, IP 20 protection, IC01 cooling)
S1 continuous operation at 1440 rpm
3.2 kW
21.4 Nm
S2 60 min operation at 1440 rpm
5.1 kW
34.1 Nm
S3 15% operation at 1440 rpm
9.3 kW
62.1 Nm

Table 3.2 Dimensions of the stator laminations – M800-65A
Geometry parameter
Dimensions
Stator outer diameter (Dout)
188 mm
Stator inner diameter (Din)
110 mm
Slot number (Qs)
36
Tooth width (bts)
4.8 mm
Slot opening (bo)
2.75 ± 0.01 mm
Stator back (hrs)
18.5 mm
Slot height (hs)
20.5 mm
Slot area (Aslot)
106 mm2
Slot liner thickness (d)
0.3 mm
Shoe height1 (h1)
0.7 mm
Shoe height2 (h2)
1.4 mm
Slot width1 (b1)
5.04 mm
Slot width2 (b2)
5.11 mm
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Figure 3.1 TSP112/4-165 series stator laminations.

Figure 3.2 Investigated geometry parameters.
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3.2 Design Procedure
3.2.1

Variable Parameters

In order to check whether it is possible to meet all design criteria with the given
stator geometry and the inset permanent magnet rotor configuration,
parametric studies are carried out. The three parameters studied are the airgap
length (g), magnet thickness (lm) and magnet coverage (2α), as shown in fig. 3.2.
The influences of these parameters are studied to ensure a field-weakening
capability or CPSR from 2.5 to 3. Possible combinations are selected and
rejected if the corresponding current loading is too high and might cause
magnet demagnetisation and overheating. The number of turns or conductors
per slot (ns) and the winding configuration is then selected to meet the required
rated voltage and speed.

Figure 3.3 d-and q-axis flux linkages.

3.2.2

Reference Flux Linkage (RFL)

In paper I and III, the d- and q-axis inductances are approximated by averaging
the airgap flux density over one pole pitch, and assuming the flux in the d- and
q-axis are solely linked through the magnet and the interpolar iron region
respectively, as shown in fig. 3.3. In reality, the d- and q-axis flux also pass both
through the interpolar iron region and the magnet respectively. Taking this into
considerations and assuming 2α = 120°elec, the d-and q-axis inductances can be
approximated by
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Ld =

Lq =

6µ 0 (q ⋅ ns ⋅ k w1 )2 r ⋅ L

2 ⋅ lm
π ⋅  g eq +
3⋅µr







6µ 0 (q ⋅ ns ⋅ k w1 )2 r ⋅ L

l
π ⋅  g eq + m
3⋅µr







.

[H]

(3.1)

[H]

(3.2)

where µo is the permeability of air, q is the number of slot per pole per phase, ns
is the number of conductors per slot, kw1 is the fundamental winding
factor, L is the active length, µr is the relative permeability of the magnet and geq
is the equivalent airgap length that can be expressed as
g eq = C f g

(3.3)

where Cf is the Carter coefficient and g is the actual airgap length. Hence the
saliency ratio (ξ=Lq/Ld) is solely determined by the equivalent airgap length (geq)
and the magnet thickness as

(

ξ g eq , l m

)

2 ⋅ lm 

 g eq +

3⋅µr 

.
=
lm 
 g eq +

3 ⋅ µ r 


(3.4)

Fig. 3.4 illustrates the saliency ratio for geq varies from 0.5 mm to 5mm and lm
that ranges between 1 mm to 5 mm. It can be noted that the highest possible
saliency ratio is less than 1.8. One can already foresee that the design will not be
a highly reluctant machine with an infinite CPSR [23]. Fig. 3.5 shows the
contour plots of CPSR in an IPM parameter plane, and marked spots on the plot
are various practical designs located by Soong and Miller. As illustrated in the
figure, with a specified saliency ratio and a targeting CPSR, a corresponding
desired normalized magnet flux linkage (Ψmn) can then be found. For example,
a saliency ratio of 1.2 and a CPSR of 3 lead to a normalized magnet flux linkage
of 0.81. This normalized magnet flux linkage value is then used subsequently to
find a specified reference flux linkage (RFL) for the possible design solutions.
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Figure 3.4 Surface plot of the saliency ratio as a function of the equivalent airgap
length and the magnet thickness (2α = 120°elec.).

Figure 3.5 Contour plot of CPSR in an IPM parameter plane [23].
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Reference Flux Linkage (RFL)

For a specific chosen saliency ratio ξref, the ratio of geq over lm can be obtained by
rearranging equ.(3.4) as
 g eq

 l
 m

(

)

2 − ξ ref

=
 3 ξ −1 ⋅ µ .
ref
r


(

)

(3.5)

ref
As previously mentioned, a reference normalized magnet flux linkage Ψmn
can

be found for a desire CSPR for a certain chosen saliency ratio ξref. To reiterate
the definition of Ψmn, as stated in equ.(2.5), Ψmn is the ratio of the magnet flux
linkage Ψm over the base flux linkage Ψb at the rated speed. As described in
Paper II, it can be expressed as
Ψmn =

4 2 (kw1q ⋅ r ⋅ L ) ⋅ ns Br sin (α )
  geq 

 ⋅ µ r  ⋅ Ψb
π  1 + 



  lm 


(3.6)

Hence, by substituting equ.(3.5) into (3.6), the number of conductors per slot
ref
(ns) can then be obtained for a specific Ψmn
and ξref as
ns =

(

(2 ⋅ ξ

ref

)

)

ref
− 1 ⋅ Ψb Ψmn
π

12 2 ξ ref − 1 ⋅ (q ⋅ r ⋅ L ) ⋅ sin (α ) ⋅ B r k w1

(3.7)

where α is half of the magnet coverage in electrical degrees or radians, Br is the
remanent flux density of the magnet and Ψb is the base flux linkage. The
quantities used for normalization are given in Appendix B. In the following, the
ref
way to obtain the reference flux linkage (RFL) with these reference values, Ψmn
and ξref, and the voltage equation is explained. At the rated conditions, due to
the saliency, the voltage equation can be expressed as
2

Vn = ω n

2

[(Ψ

mn

(

+ Ldn I dn ) + Lqn I qn
2

)]
2

(3.8)

or

(

1 = (Ψmn + Ldn I dn ) + Lqn I qn
2

)

2

(3.9)
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as both the normalized voltage Vn and speed ωn are equal to 1 at the rated
condition. Furthermore, the normalized d- and q-axis currents can be expressed
as
I dn = − I n sin (γ b )

(3.10)

I qn = I n cos(γ b )

(3.11)

where Ldn , Lqn, In, γb are the normalized d- and q-axis inductances, current and
the current angle at the base speed, i.e. the rated condition. Hence substituting
equ.(3.10) and (3.11) into (3.9) gives

(

)

1 = (Ψmn − L dn I n sin (γ b ))2 + L qn I n cos(γ b ) 2 .

(3.12)

With the reference values of the saliency ratio ξref and the reference magnet flux
ref
linkage Ψmn
, equ.(3.12) can be further rearranged as

[sin (γ
2

b

ref
) + ξref2 ⋅ cos2 (γ b )]⋅ (LdnIn )2 − 2 sin (γ b ) ⋅ (Ψmn
)⋅ (LdnIn ) +  Ψmnref



2


− 1 = 0


(3.13)

To give the maximum torque per current ratio, the current angle γb is obtained
by [33]
sin (γ b ) =

ref
− Ψmn
+

(Ψ )

ref 2
mn

+ 8(1 − ξ ref )2 (L dn I n )2

4(ξ ref − 1)(L ´dn I n )

(3.14)

By substituting equ.(3.14) into (3.13), an equation with (LdnIn) as the unknown
variable is obtained. This equation can then be solved numerically for an
ref
expected CPSR with the corresponding values of Ψmn
and ξref. The obtained
(LdnIn)ref is referred to as the reference flux linkage (RFL). Fig. 3.6 shows the
ref
.
reference flux linkage obtained for the different combinations of ξref and Ψmn
These reference values can be used to obtain the possible designs for a specified
CPSR to be reached. Fig. 3.7 further illustrates the design procedure that has
been described.
In the following section, a possible design solution is obtained with the specific
reference values for a CPSR of 3 to be reached.
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Figure 3.6 The reference flux linkage in the grid of the saliency ratio and the
normalized magnet flux linkage.

3.2.3

Example on Obtaining a Possible Design for a specific
CPSR.

As mentioned above, for a specific CPSR, a reference flux linkage (RFL) can be
found with the specified saliency ratio and the normalized magnet flux linkage.
For instance, with a saliency ratio (ξref) of 1.2 and a desired CPSR of 3 to be
ref
reached, a corresponding normalized magnet flux linkage ( Ψmn
) of 0.81 is
needed. From these reference values, a RFL of 0.573 is then calculated. In the
following, how to obtain the possible solution that satisfies this RFL value is
described.
The expression of the current is derived from the nominal (or rated) torque to
be reached at the base speed. The nominal torque at the base speed is obtained
by
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Figure 3.7 The design flow chart on obtaining a feasible solution for a specific CPSR.
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 (ξ − 1) ⋅ Ldn sin(2 γ b )  2
t n = (Ψmn I n cos(γ b )) + 
 ⋅ In .
2



(3.15)

As the normalized nominal torque tn is equal to 1, equ.(3.15) can then be
rearranged as
 (ξ − 1) ⋅ Ldn sin(2γ b )  2

 ⋅ I n + Ψmn cos(γ b ) ⋅ I n − 1 = 0 .
2



(3.16)

ref
Further, as Ψmn
and ξref have already been selected, equ.(3.16) becomes

(ξ ref − 1)(Ldn I n )ref sin(γ b ) cos(γ b )I n + Ψmnref cos(γ b )I n − 1 = 0

(3.17)

where sin(γb) is obtained by equ.(3.14) and cos(γb) is found simply by the
principle of the trigonometry identity
cos(γ b ) = 1 − sin 2 (γ b ) .

(3.18)

Hence the current In can be obtained as


1

I n =  ref
 Ψ cos(γ ) + ξ − 1 (L I ) sin (γ ) cos(γ ) 
b
ref
dn n ref
b
b 
 mn

(

)

(3.19)

where the (LdnIn)ref or RFL is previously found as 0.573.
The normalized d-axis inductance Ldn can be expressed as a function of the
effective airgap length (geq) and the magnet thickness (lm) as
Ldn ( g eq, l m ) =

6µ 0 (q ⋅ ns ⋅ k w1 )2 r ⋅ L

2 ⋅ lm
π ⋅  g eq +
3 ⋅ µr



 ⋅ Lb


.

(3.20)

where Lb is the base inductance. In order to reach the reference value of RFL,
with the normalized current In obtained from equ.(3.19), the following condition
is obtained
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L dn ( g eq, l m ) =

6µ 0 (q ⋅ ns ⋅ k w1 )2 r ⋅ L

2 ⋅ lm
π ⋅  g eq +
3⋅µr



 ⋅ Lb


=

(Ldn I n )ref
In

.

(3.21)

As the ratio of geq over lm is defined by the chosen saliency as described by
equ.(3.5), equ.(3.21) can then further be expressed only as a function of lm by
L dn (l m ) =

6µ 0 (q ⋅ ns ⋅ k w1 )2 r ⋅ L
 π ⋅lm

 µr

(
(

)
)

 2 − ξ ref
2

+  ⋅ Lb
 3 ξ ref − 1 3 

=

(Ldn I n )ref
In

.

(3.22)

ref
As stated earlier, with a target CPSR of 3, a Ψmn
of 0.81 is needed, this then

gives a reference flux linkage (RFL) of 0.573. Based on equ.(3.19) and (3.21), this
subsequently implies an expected Ldn of 0.469. Fig. 3.8 shows the curve of Ldn as
a function of lm for the saliency ratio ξref of 1.2. It can be noted that Ldn is equal to
0.469 with a magnet length (lm) of 3.3mm. A corresponding geq can then be
found by using equ.(3.5) as

(

)

 2 − ξ ref
g eq = 
 3 ξ ref − 1 ⋅ µ r


(

)


⋅l .
 m


(3.23)

This implies that an equivalent airgap length geq of 4.2mm or a physical airgap
length (g) of approximately 4mm is required (with a Carter’s factor Cf of 1.042).
Moreover, the solution found has to be within the current loading limit for
preventing possible magnet demagnetisation. An exact whereabouts of the
design can be visualised from a current loading limit marginal plot. The current
loading marginal factor M is defined by
 S1 max
M =
 S1 ⋅ k safety



 −1



(3.24)

where ksafety is the safety factor introduced, S1 is the stator linear current loading
and S1max is the maximum current loading allowed [24]. A positive marginal
factor implies that the design satisfies this constraint whilst designs with a
negative value are therefore rejected. In fig. 3.8, the current loading marginal
factor for different lm is plotted on the same figure as where the possible
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solution is obtained. It can be noted that the possible solution found (with geq =
4.2mm and lm = 3.3mm) satisfies the constraint of the maximum allowed current
loading.

ref
= 0.81
Figure 3.8 Possible design solution obtained for a CPSR of 3, ξref = 1.2 and Ψmn
within the constraints of the maximum current loading allowed.

3.2.4

On the Magnet Coverage

In the previous section, the analysis is carried out with a specific chosen magnet
coverage (2α). The choice of the magnet coverage has a direct influence on the
number of turns per slot (ns) to be selected. Fig. 3.9 illustrates how the number
of turns varies as the magnet coverage increases, for a targeted CPSR and the
RFL. As it can be noted from equ.(3.7), the number of turns per slot ns decreases
as the coverage widens. This can also be further explained as the airgap flux
density Bδ increases when the magnet coverage broadens, for a fixed RFL, so
that ns has to be decreased. Nevertheless, ns has to be an integer number from
the practical point of view. Furthermore, a low number of turns is expected in
our study as the base RMS voltage is only 20.7V. This can be seen from the
figure, the possible choices of ns are either 3 or 4 depending on the chosen
magnet coverage. In addition, for different winding configurations, a
connection factor cs is then multiplied to get the actual physical number of
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turns per slot. For instance, with a parallel delta connected winding, the actual
possible number of turns are then 12, 13 or 14.

Figure 3.9 The number of turns per slot for different magnet coverage.
However, this does not imply that any arbitrary magnet coverage could be
suitable as the volume of the magnet is increased by a percentage of
 V '   α' 
  =   ⋅100%
V   α 

(3.25)

where V and V’ are the magnet volume when the coverage broadens from α to
α’. For instance, a 33% increase in the magnet coverage required when the span
widens from 120 to 160 electrical degrees. From a cost point of view, this is not
attractive at all. The other aspect is normally to be considered is the cogging
effect phenomenon. With an appropriate magnet span[9, 10], the cogging can be
reduced effectively. In [10], Slemon et al. proclaimed that, to minimize the
cogging effect, the magnet coverage should be equal to
α = (n + 0.17 ) ⋅ τ s

(3.26)

where n is an integer and τs is the slot pitch. In this study, the cogging effect is
not expected to be significant due to the high number of slots per pole per
phase (q) [9] and the large airgap length.
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3.3 Investigations on Different Design
Solutions
In this section, some of the different design solutions are investigated based on
the design procedure described earlier. The ideal torque speed and power
speed performance characteristic of these designs are also presented.

3.3.1 Designs with a Targeted CPSR of 2 or 3
With a chosen saliency ξref, in order to reach a target CPSR of 2 or 3, a specific
ref
magnet flux linkage Ψmn
can be found based on the Soong’s IPM parameter
plane. Table 3.3 and 3.4 give six different designs that satisfy all the given
design specifications and within the demagnetisation constraint. Nevertheless,
the design variables found, lm and geq, have also to be checked from the practical
aspect. The minimum value of the air gap g above the magnet is set by
mechanical considerations. An empirical expression by Say [20] is
g ≈ 0.0002 + 0.003 rL

(3.27)

where r and L are the airgap radius and the active length of the machine
respectively. Hence a minimum physical airgap length of 0.5mm is set for a
feasible design. For design A and D, the small airgap length is therefore well
beyond the mechanical limitations and hence these two designs are not
practically feasible. The ideal performance characteristics of the designs can be
obtained by calculating the torque and speed in the field-weakening region
when the current angle γ is gradually increased, as shown in equ.(3.8) and
(3.15). Fig. 3.10 shows the ideal torque and power performance characteristic of
these designs in the field-weakening operation region.
The number of turns per slot (ns) obtained is the Y-equivalent value. Depending
on the winding configuration, the actually turns per slot can then be found as

(n s )actual = (n s )Y −equivalent c s

(3.28)

where cs is the winding connection factor.

31

Chapter 3. Design Procedure

Table 3.3. Possible designs for a targeted CPSR of 3
CPSR = 3, 2α = 120 °elec
Possible Design

A

B

C

ξref

1.7

1.5

1.2

ref
Ψmn

0.75

0.78

0.81






0.136

0.317

1.27

RFL

0.522

0.546

0.573

ns

1.356

1.64

2.98

In

1.214

1.216

1.223

ns In

1.646

1.994

3.643

Bδ

1.061 [T]

0.91 [T]

0.52 [T]

Lref
d

0.426

0.449

0.469

lm

1.59 [mm]

1.7 [mm]

3.3 [mm]

geq

0.22 [mm]

0.55 [mm]

4.2 [mm]

g

0.21 [mm]

0.54 [mm]

4 [mm]

M

Positive (OK)

Positive (OK)

Positive (OK)

ksafety

150%

150%

150%

 g eq

l
 m

∧

(Remark: Unless stated, the values in the table are in per-unit.)
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Table 3.4 Possible designs for a targeted CPSR of 2
CPSR = 2, 2α = 120 °elec
Possible Design

D

E

F

ξref

1.7

1.5

1.25

ref
Ψmn

0.82

0.84

0.86






0.136

0.317

0.952

RFL

0.455

0.477

0.493

ns

1.472

1.764

2.703

In

1.149

1.149

1.196

ns In

1.691

2.027

3.112

Bδ

1.061 [T]

0.91 [T]

0.61 [T]

Lref
d

0.396

0.415

0.428

lm

2 [mm]

2.2 [mm]

3.7 [mm]

geq

0.27 [mm]

0.71 [mm]

3.5 [mm]

g

0.26 [mm]

0.68 [mm]

3.4 [mm]

M

Positive (OK)

Positive (OK)

Positive (OK)

ksafety

150%

150%

150%

 g eq

l
 m

∧

(Remark: Unless stated, the values in the table are in per-unit.)

33

Chapter 3. Design Procedure

Figure 3.10 The ideal performance characteristic of the selected possible designs in the
field-weakening operation region.

3.4 Summary
In this chapter, an approach to find the possible designs that meet all the given
performance specifications and a desired CPSR is presented. The analysis is
based on the CPSR contour plot on the IPM parameter plane introduced by
Soong and Miller. With a specific chosen saliency ratio, in order to reach a
certain CPSR, a corresponding normalized magnet flux linkage can be found.
These values then give a reference flux linkage (RFL) that eventually applied to
find the possible geq and lm. The current loading (S1) of the possible design
found has to be within the maximum current loading allowed (S1max). It is
visualized by using the current loading marginal factor plot. An example is
given in this chapter to illustrate the described method. Different possible
design solutions could be obtained with the identical approach are also
presented and discussed. This chapter goes a step further than the study
presented in Paper II.
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Analytical Iron Loss Model
This chapter proposes an analytical approach to estimate the iron loss in PM
synchronous machines. This model can be applied at any specified load
condition, including the field-weakening operation region.

4.1 Iron Loss in PM Motors
Iron loss can account for a significant portion of the total loss in a PM motor.
Consequently it might have a substantial influence on the efficiency and
thermal performance. Great emphasis is being placed on the efficient and
optimal utilisation of PM motors for a variety of automotive applications. It
requires attention to many aspects related to the machine design and
performance. The output power capability of PM motors at higher speed is
strongly limited by the increasing of iron loss. This loss acts to reduce the power
capability at high speed, and it ultimately limits the speed at which power
capability drops to zero. Moreover, with a clear knowledge of losses and their
distributions, thermal variations within the design can also be foreseen to avoid
the hot spots [28]. The motor lifetime can hence be prolonged. In all these above
respects prediction of iron losses, which may influence the field-weakening
performance and the efficiency significantly, is particularly important and
challenging. Not surprisingly, loss prediction is often referred to one of the
most essential areas in optimising electric motors.
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The rotor loss in PM ac motors is usually considered to be small and negligible.
This is due to the reason that high-order time harmonics in the stator current
waveform and space harmonics in the winding distribution are generally small
[1]. The rotor loss has not been considered in the present work.

4.2 Reviewed Literatures
The Finite Element Method, which is considered to be the most accurate tool
for obtaining the flux density distribution and waveforms, is widely used for
core loss calculation. Good estimations have been reported by Cassat in [5].
However, this approach is not practical as it requires much effort and may be
too time consuming for rapid “sizing” and design optimisation. It is therefore of
a great interest to calculate the iron loss with an analytical model, which can
then be implemented during the design iteration stages. Many analytical
approaches have been developed to calculate the no-load iron losses from
various studies.
A sinusoidal magnetic flux in the magnetic core is often assumed when
calculating the iron loss in electrical machines. The estimations evaluated with
this assumption may be 20% lower than the measured values. Bertotti et al. [2]
showed that the discrepancy could be even larger in PM machines. In [12, 16,
31], the alternative approach considering the harmonics of the flux density is
used. The iron loss is then the sum of the losses from each harmonic. Slemon
and Liu [25] presented a method by assuming trapezoidal flux density
waveforms in the tooth and the yoke. The eddy current loss is considered to be
proportional to the square of the time change rate of the flux density. Similarly,
Tseng [30] investigated the flux distribution and the core losses in an interior
PM motor. In the study, the search coil induced voltage technique is also
applied for comparisons. This technique can be used to provide real time core
loss estimations for minimum energy control algorithm for variable speed
drives.
Deng [7] proposed an improved estimation that includes the anomalous loss
and is capable of accounting the stator skewing. Good agreements (within 5.2%)
between the estimation by the proposed approach and the measurement are
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proclaimed. The general analytical expression derived by Deng accounts for the
harmonic components as

Piron = Ph + Pe + Pexc

2

k exc
k  dB 
= k ch k h f ⋅ B m + e 2  
+
2π  dt  rms 2π 2 0.75
α

( )

3

 dB  2
  [W/m3] (4.1)
 dt  rms

where kh, ke and kexc are constants depending on the iron material and can be
determined empirically from the specific loss data of the used lamination
provided from the manufacturer. kch is an empirical correction factor to account
for the effect of minor hysteresis loops on the hysteresis loss [3, 14]. As the
model is based on the fundamental concept of the time rate of change of flux
density, the harmonic effects of the magnetic fields on the core losses are
inherently included in the computed results. However, the rotation of the flux
and the compression of the laminations during the assembly increase the
specific loss. Detailed discussions on the rotational losses can be found in [17,
32].
There are very few publications on iron loss analysis in the field-weakening
operation. Stumberger et al. [29] investigated this aspect in an interior permanent
magnet motor over a wide-speed range of constant output power operation.
Their analysis is based on finite element method and uses the information on
local flux density variation in different motor parts. The total iron loss is then
calculated by summing up separately the hysteresis, eddy current and excess
losses for each element of discretization over one electrical cycle of magnetic
field variation. In this study, discrepancies between measured and calculated
values of iron losses over the measured range of speed were up to 15%.

4.3 Strategy
It is possible to estimate the iron loss either analytically or numerically.
Nevertheless, as pointed out by Zhu in [33], although the finite element method
has been employed to compute iron loss at any specific load condition, it is too
time-consuming for a routine use in a design environment. In contrast,
analytical approaches offer the rapid estimation of loss, but generally they are
limited to the specific motor topologies and considered only for no load or open
circuit condition.
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In our study, an analytical model that can be applied at any specified load
condition is developed. The field-weakening operation is accounted by
advancing the current angle accordingly (as the d-axis current increases) at
different operating speeds. This strategy has been first applied to surface
mounted PM motors [27] and then further developed for the inset PM motors.
In the following section, the developed model used for the inset PM prototype
motor is summarized.

4.4 Analytical Model Developed
4.4.1

Flux Density Waveform

This proposed technique accounts for the stator armature reaction current and it
is based on predicting the flux density waveforms in the various parts of the
machine. The stator iron is divided into three regions, namely teeth, yoke and
the tooth projection areas. The flux density variations in these regions are
derived from the airgap flux density waveform. The flux density waveform in
the airgap consists of two components that are caused by the magnets and the
stator currents respectively. As shown in fig. 4.1(a) to (c), different flux density
waveforms caused by the magnets in the airgap can be used, and fig. 4.1(d)
shows the results from the FEM simulations. The flux density waveforms in the
teeth, yoke and teeth projection are then derived based on the airgap flux
density waveform.

A. Tooth flux density waveform
It is assumed that all the airgap flux over one slot pitch (τs) passes through the
corresponding stator tooth without any leakage. As the radial flux components
form the predominant part of the teeth flux, the teeth flux density waveform
(Bt(θ)) can be obtained by:
 1 
⋅
Bt (θ ) = 

 bts 

θ +τ S

∫

θ

∧


 Bm (α ) + Barm cos(α + γ ) ⋅ r ⋅ dα



(4.2)

where bts is the tooth width, τs is the slot pitch angle, Bm and Barm are the airgap
flux density due to the magnets and stator currents, γ is the advanced current
angle, r is the airgap radius and θ is the angular position of the rotor, i.e., θ=ωt,
where ω is the angular speed in electrical radians per second.
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Figure 4.1 Airgap flux density waveforms approximations with: (a) Linear; (b)
Trapezoidal; (c) Sinusoidal; (d) FEM results.
B. Yoke flux density waveform
In contrast, the tangential (or circumferential) flux dominates in the yoke
region. It is assumed that the total airgap flux over one pole pitch (τp) splits into
two and completes the path (or magnetic circuit) via the two adjacent poles. The
yoke flux density waveform (By(θ)) can be found by:
 1 
⋅
By (θ ) = 

 2 ⋅ hss 

θ +τ P

∫

θ

∧


 Bm (α ) + Barm ⋅ cos(α + γ ) ⋅ r ⋅ dα



(4.3)

where hss is the stator back height and τp is the pole pitch angle. Fig. 4.2 and 4.3
illustrate the obtained teeth and yoke flux density waveforms respectively
compared with the finite element method results. Furthermore, fig. 4.4 gives an
idea of the tooth flux density variations for the different current angle. It can be
noted that the waveform becomes more suppressed and distorted when the
current angle γ increases. In a similar way, the yoke flux density variations are
shown in fig. 4.5.
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Figure 4.2. Derived tooth flux density waveforms compared with FEM simulations, at
rated speed of ω = 314 rad/s, and γb = 15 elec. degrees.

Figure 4.3. Derived yoke flux density waveforms compared with FEM simulations, at
rated speed of ω = 314 rad/s, and γb = 15 elec. degrees.
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Figure 4.4 The tooth flux density waveform for the current angle γ is 0, 10, 25, 40 and
60 electrical degrees.

Figure 4.5. The yoke flux density waveforms for the current angle γ is 0, 10, 25, 40 and
60 electrical degrees.
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C. Tooth projection
In the region of the tooth projection, the magnitude of the radial flux is
gradually decreasing towards the peripheral of the yoke as the flux splits into
the yoke region tangentially. These radial components might only contribute to
a very minor portion of the total flux, but it might be prudent to consider them
especially when the flux is highly distorted in deep flux weakening region. The
flux density variations at six different points (fig.4.6(a)) into the tooth projection
region from the FEM simulations are shown in fig. 4.6(b).
The gradient of the decreasing radial flux can be approximated by:
Bteeth _ projection _ r (θ , r1 ) =

Bt (θ )
r1

(4.4)

where r1 is the radial distance into the tooth projected region and it is greater
equal to 1. The point A shown in fig. 4.6(a) corresponds to the point where r1 is
considered as 1, as shown in fig. 4.7. The figure illustrates how the radial flux
component vanishes towards the peripheral of the stator yoke. In an earlier
study [26] and the study presented in Paper I, a simpler expression
Bteeth _ projection (θ) =

Bt (θ)
7

(4.5)

is used to find the tooth projection flux density waveform (Bteeth_projection(θ)). This
expression is derived based on the RMS value of the radial flux density
component through out the tooth projection region from point A to the
peripheral of the stator back.
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Figure 4.6 (a) Divided regions; (b) Radial flux density component waveforms at
different points into the projection region from the FEM analysis.
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Figure 4.7 The radial flux components in the tooth projection region.

4.4.2 Calculation of Stator Iron Losses
The iron loss can generally be separated into three components: hysteresis,
eddy current and anomalous (or excess) losses. Each of these losses is calculated
as described in the following:
A. Hysteresis Loss
In all ferromagnetic materials, the flux density (B) lags behind the magnetic
field intensity (H) throughout the whole cycle of magnetization and
demagnetisation, this lagging phenomenon occurred in the material is called
hysteresis. The loss caused by this effect is termed hysteresis loss (Ph). The
magnetic energy dissipated is converted into heat and is permanently lost, this
lost energy (Wh) is the area enclosed by a hysteresis loop. ABH_loop, which defines
the area, can be calculated as

∫

ABH _ loop = Wh = HdB
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and the power loss associated can then be obtained as
Ph = V material Wh f

[W].

(4.7)

where Vmaterial is the volume of the associated material and f is the frequency.
However, it is difficult to quantify the area of hysteresis loop due to the
nonlinearity of the B-H characteristic. For magnetic materials used in electric
machines, a well-known approximate relation first presented by Charles
Steinmetz is used to evaluate the area of the loop

∫

β
ABH _ loop = HdB ≈ K h Bmax

[m2]

(4.8)

where Bmax is the maximum flux density, kh is an empirical constant that
depends on the ferromagnetic material and β is Steinmetz index that varies
from 1.5 to 2.5. With this approximation, the hysteresis loss in a given volume
of material can be calculated as
β
Ph = V material K h B max
f

[W]

(4.9)

Further, a correction factor, kch, can be used to account for the minor hysteresis
loops due to the small flux variations caused by the stator slots. This factor is
given by Lavers et al. [14] as
k ch = 1 +

c
B max

n

∑ ∆B

(4.10)

i

i =1

where c is a constant ranged from 0.6 to 0.7 and ∆Bi is the flux variation around
the minor loops.
B. Eddy Current Loss
In a ferromagnetic material, eddy current losses (Pe) are due to the induced
eddy currents caused by the alternating magnetic field. Eddy current loss is
proportional to the rate of change in flux density and can be expressed as
k  dB  
Pe = e2 
 
2π  dt  rms 

2

[W/m3]

(4.11)
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and the eddy current constant, ke, is calculated as
ke =

σπ 2 d 2
6

[m/Ω]

(4.12)

where σ is the conductivity of the material and d is the lamination thickness. It
can be noted that with a sinusoidal approximation, equ.(4.11) becomes the
classical Steinmetz model described as
2
Pe = k e f 2 B max

[W/m3]

(4.13)

Nevertheless, as pointed out by Berotti et al [2] and Rabinovici [19], with the
sinusoidal assumption, estimated figures might be 25% lower than the
measured values. The discrepancy is even larger in PM machines. This is
evident from the teeth and yoke flux density waveforms observed previously,
they are far from sinusoidal. In our analysis, the flux density waveforms
derived in the respective regions are applied directly by integrating over the
whole period T. They can be given by:

Pe _ teeth

σd 2
=
12

1
⋅
T


σd 2
12


1
⋅
T


Pe _ yoke =

Pe _ teeth _ projection =

2

 dBt 
(t ) ⋅ dt 


 dt
0


∫

[W/m3]

(4.14)

2

 dB y 


(
t ) ⋅ dt 
 dt



0


[W/m3]

(4.15)

[W/m3]

(4.16)

T

T

∫

σd 2
12


1
⋅
T


2

 dBteeth _ projection 


(
t ) ⋅ dt 


dt


0


T

∫

and
 T
2
2 
 1  dB  
 dB 
≡



 dt  .
 dt  rms  T  dt  
 0


∫

(4.17)

Assuming the flux density waveform is piece-wise linear, equ.(4.14)-(4.16) can
then be expressed as
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 σd 2
Pe = 
 12


  ω 2  N ∆B i2
⋅
⋅
  2π 
 
 i = 1 ∆θ i

∑

[W/m3]

(4.18)

where ∆Bi is the incremental change of flux density, ∆θi is the incremental
interval in electrical radians and N is the total number of intervals over the
period T. The intervals should be selected adequately to ensure the linearity of
the incremental change of the flux density is preserved. It is worthwhile to
mention that the same principle can also be applied in a time-stepping
simulation with the finite element method.
C. Excess or Anomalous Loss
Excess loss (Pexc) can be defined as the difference between the total iron loss
measured and sum of the hysteresis and the eddy current losses, it is also often
called the anomalous loss (Panomalous). It can also be viewed as unexplained loss
component introduced to reconcile the difference between the estimated and
measured values. Hence,
Ptotal = Ph + Peddy + Panomalous

[W]

(4.19)

The origin of the anomalous loss has been a subject for extensive investigations
from different viewpoints. In Chen [6], an anomalous factor κ is used to
evaluate the relative importance of the anomalous loss and κ is defined as
κ=

(Ptotal − Ph )
Pe

.

(4.20)

It has been shown that a strong dependence of κ on the ratio of domain width
and lamination thickness. Further, as described by Chen, a strong dependence
on frequency of this loss is discernible as the movements of the domain walls
are correlated to the frequencies [4]. This further elucidates why the anomalous
loss becomes more conspicuous at higher frequencies. In this study, the
anomalous loss is estimated with a similar approach used for eddy current loss.
They are calculated as

Pexc _ teeth =

k exc

(2π )

2 0.75

1
⋅ 
T


T

 dBt



 dt (t ) 


0

∫

1.5


⋅ dt 



[W/m3] (4.21)
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Pexc _ yoke =

kexc

(2π )0.75


1
⋅
T


Pexc _ teeth _ projection =

T

 dBy 

(t ) 
 dt

0

∫

k exc

(2π )

2 0.75


1
⋅
T


1.5



⋅ dt 



 dB teeth _ projection


(t ) 

dt

0

T

∫

[W/m3]

1.5



⋅ dt 



(4.22)

[W/m3] (4.23)

where kexc is the excess loss coefficient.
Similarly, with a piece-wise linear increments, equ.(4.21)-(4.23) can be expressed
as

Pexc

 k
exc
=

2 0.75
 2π

( )

  ω 1.5
⋅
  2π
 

1.5

 N ∆B i
⋅

 i = 1 ∆θ i

∑

[W/m3] (4.24)

4.5 Summary and Future Improvement
An analytical approach that is based on the flux density waveforms for iron loss
estimation is presented and it is employed to estimate the loss under at
specified load condition, including the field-weakening operation region. In the
work presented in Paper I, the model shows a good agreement with the FEM
simulations and gives an idea on how iron losses vary in the field-weakening
region. Nevertheless, the model is yet to be validated by the practical
measurements. The validation with the measured results is expected to be a
core part of the project in the continuing phase of the project.
In the world of science, it is often a great interest in attempting to derive an
analytical model that can simply be used to explain an existing phenomenon or
practical problems. In most cases, it requires a tremendous effort to come up
with a reasonable model even though it is confined to a specific condition.
Further development on how such a model can be adapted to become a more
global solution is an interest topic for research. In our case, further studies
should look into different motor topologies, and if necessary, developing
methods on how to adapt the model effectively to different motors. Moreover,
rotational losses that have been overlooked thus far should be studied, as it
might be significant in some regions [8, 17, 32].
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Prototype Motor and
Measurements
This chapter presents the prototype motor built during this thesis work, and
results of the measurements available up to the time that this thesis is written.
The findings and the practical experience learned from this prototype will form
a valuable asset in the next phase of the project work.

5.1 Prototype Motor
The basic idea to build this first prototype is to use the available stator from one
of the existing induction traction motor today and to use its performance
characteristics for benchmarking. The prototype motor should have a maximum
speed up to 2.5 ~ 3 times the base speed. The iron losses are considered over the
whole operating speed range to ensure the desired performance is reached. Iron
losses at different operating speeds are estimated and taken into consideration
in the design stage. The design specifications together with some other
information were previously given in Table 3.1. With the given stator geometry,
a design study for the proposed prototype is made as presented in Paper IV.
Fig. 5.1 shows the different parts of the prototype motor. Nevertheless, due to
the practical limitation and the resources available, two changes are made when
the prototype is built. One is that 2.35mm – thick VACOMAX 145S magnets (Br
~ 0.9T) are used instead of 2mm – thick (as given in Paper IV) VACOMAX
225/240HR magnets (Br ~ 1.1T). The block of the magnet piece has a length of
49

Chapter 5. Prototype Motor and Measurements
24.8 ± 0.4mm and a width of 5.32mm. Each pole consists of 80 pieces of magnets
placed in 10 columns. Each magnet segment is glued onto the rotor and a
further reinforcement is made by the bandage, as shown in fig. 5.1(c). The other
change is that a 36V TSP112-4-165 stator (a delta-connected winding with 2
parallel paths) is used instead of a 48V stator (a series star-connected winding).
The dimensions of the stator remain unchanged as previously given in fig. 3.1,
but the winding configuration and the number of turns per slot (ns) are different
in the two voltage systems. In the proceeding section, practical measurements
performed thus far are presented.

Figure 5.1. Prototype motor: (a) Different parts of the prototype motor; (b) Stator
windings (36V TSP112-4-165); (c) Inset permanent magnet (IPM) rotor.
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5.2 Measurements
Up to the time of the publication of this thesis, the following measurements on
the prototype have been completed:
-

Induced voltage at rated speed.
d- and q-axis inductances.
Thermal analyses at three standard IEC34-1 operations: S1, S2-60min
and S3-20%

These measured data are presented in the proceeding sections, with the
comparisons to the analytical calculated values and the results obtained with
the FEM simulations.

5.2.1 Induced back EMF
The induced back EMF at rated condition is measured by running the prototype
motor as a generator at the rated operating speed. Fig. 5.2 shows the set-up of
the test bench. The induced EMF waveforms are monitored and measured by a
digital oscilloscope. Fig. 5.3 further illustrates the measured values compared to
the results from the finite element method simulations and the analytical
calculations with a sinusoidal assumption. The RMS value of the induced
voltage (E) is analytically calculated by:




 4 2 ⋅ q ⋅ ns ⋅ r ⋅ L ⋅ B k sin (α ) 
r
w
1

E = ω ⋅


µr ⋅ g eq 




π ⋅ 1 +




lm 




[V]

(5.1)

where ω is the rated speed in electrical radians per second. With this
expression, a RMS voltage of 12V is obtained and the analytical sinusoidal
waveform with the amplitude of 17V can therefore be drawn as illustrated in
the fig. 5.3. The induced voltage waveform is however far from sinusoidal and
it has a trapezoidal shape. A good agreement (±1%) is shown between the
measurement and the FEM results. The fundamental component of the
measured back EMF has an amplitude of approximately 14.4V.

51

Chapter 5. Prototype Motor and Measurements

Figure 5.2 Test bench for the generator test.
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Figure 5.3 Back EMF waveforms at rated speed 1500 rpm.
52

0.015

0.0175

0.02

Inductances in d- and q- direction

5.2.2 Inductances in d- and q- direction
The test bench set up for the inductance measurements is illustrated in fig. 5.4.
The rotor is first aligned by putting a dc current source in one of the phase and
then locked mechanically. A variable frequency voltage source is fed into the
winding for the measurements. The q-axis inductance measurement is
conducted with the same approach with the rotor rotated by 45 (or 180/p)
mechanical degrees from the d-direction. Based on the measured apparent
power (S) and power factor (cos δ), the Y-equivalent d- and q-axis inductances
can then be calculated at different frequencies by

2
 S d 1 − (cos δ )d
Ld ( f ) = 
2
 (2π ⋅ f )⋅ I d



  1.5 
 ⋅  2 
  cs 


(H)

(5.2)


2
 S q 1 − (cos δ )q
Lq ( f ) = 
2
 (2π ⋅ f ) ⋅ I q



  1.5 

 ⋅ 
2 
  cs 


(H)

(5.3)

where Sd, Sq are the apparent power measured in d- and q-direction,(cos δ)d and
(cos δ)q are the power factor measured in d- and q-direction, and cs is the
winding connection factor.
The results obtained from the measurements at different frequencies are
presented in Table 5.1. It is of great interest to compare the measured values
with the figures calculated analytically and by FEM simulations. In our study,
FLUX2D is employed to carry out the FEM computations. The simulations are
carried out as the transient magnetic type problems with time varying three
phase current sources. The rotor is fixed (locked rotor) by assigning a zero
angular velocity. The d- and q-axis inductances are then calculated respectively
by having the total flux linkage (Ψtotal) in the windings divided by the peak
input current (Ipeak). The d-axis inductance waveform has a DC offset that is due
to the existence of the PM in the rotor, and this offset can be found when zero daxis current is applied. Hence d- and q-axis can be obtained as


Ψ

Lq =  ∧total  ,
 Iq 



(5.4)
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and
Ψ

 total − Ψtotal( Id = 0 ) 
Ld = 

∧


Id



(5.5)

∧

∧

where Ψtotal (Id=0) is the total flux linkage when Id is equal to zero, I d and I q are the
peak current in the d- and q-axis respectively. Fig. 5.5 shows the inductance
variations with current from the FEM analysis. It can be noted that saturation
becomes more pronounced as the current increases. In particular, the q-axis
inductance is influenced substantially at high current levels as the interpolar
iron region becomes highly saturated. The saliency ratio is consequently
reduced as the reluctance nature of the geometry gradually diminishes. Table
5.2 presents the d- and q-axis inductances measured at 50 Hz compared with
the results obtained analytically and by FEM simulations. FEM simulation
results provide closer estimations although the end-winding leakage is not
included in a 2-d analysis. One can notice that the values calculated by equ(3.1)
and (3.2) give closer estimations to the measured inductance than the figures
obtained by the equations described in Paper I and III. As previously described
in section 3.2.2, this is because that d- and q-axis flux also pass through the
interpolar iron region and the magnet respectively. Not surprisingly, the
measured inductances are higher than the calculated values as the leakage
inductances are not considered in the analytical approach. Nevertheless,
leakage inductances can be approximately calculated analytically as described
in Appendix A. These values can then be added to the calculated values from
equ.(3.1) and (3.2) for a better estimation of the total inductance.

Figure 5.4 Schematics of the inductance measurements set-up.
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Table 5.1 Results of d- and q- axis measurements
Current (A)
d
q

Frequency
(Hz)
50
100
200
300
400
500
600
700
800
900
1000
1500
2000
4000
6000
8000
10000

4.289
3.578
3.69
3.61
3.61
3.474
3.41
3.43
3.42
3.37
3.417
3.399
3.306
2.98
2.252
1.848
1.502

4.199
3.791
3.92
3.88
3.81
3.694
3.74
3.66
3.62
3.55
3.436
3.428
3.475
3.063
2.289
1.945
1.648

Resistance (Ω)
d
q

Inductance (mH)
d
q

0.0046
0.0054
0.0078
0.0116
0.0150
0.0199
0.0259
0.0306
0.0374
0.0448
0.0526
0.0998
0.1568
0.4705
0.8650
1.3045
1.7561

0.05517
0.05321
0.05173
0.05133
0.05058
0.05029
0.05043
0.05021
0.05016
0.05003
0.04966
0.04919
0.04834
0.04585
0.04314
0.04066
0.03827

0.0047
0.0073
0.0096
0.0154
0.0212
0.0284
0.0375
0.0470
0.0573
0.0687
0.0816
0.1548
0.2475
0.7207
1.2935
1.9014
2.5079

0.06781
0.06692
0.06491
0.06489
0.06468
0.06447
0.06435
0.06414
0.06382
0.06365
0.06336
0.06214
0.06116
0.05674
0.05224
0.04840
0.04492

Saliency
ratio ξ
1.23
1.26
1.25
1.26
1.28
1.28
1.28
1.28
1.27
1.27
1.28
1.26
1.27
1.24
1.21
1.19
1.17

Table 5.2 d- and q-axis inductances of the prototype motor
Analytical

Ld (µH)
Lq (µH)

FEM

Paper
I & III

Equ.(3.1)
& (3.2)

Leakage
inductance
included

FLUX2D

45
77

52
62

58
68

55.4
64.9

Measurement

55.1
67.8
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Figure 5.5 FEM simulation results of inductance variations with the current.

5.2.3 Thermal Analysis
5.2.3.1

Lumped-circuit approach and numerical analysis

Thermal analysis consists of two main aspects, heat removal and temperature
distribution within the motor. They are closely related as the temperature
distribution is dependent on how the heat is dissipated. With an accurate study,
clear views within the design can be obtained and subsequently possible
compromises can be made for a better cooling. The analysis of heat transfer in
motors is actually more non-linear and more difficult than the electromagnetic
behaviour. Owing to the continuing improvements in computation capability,
solving these complicated phenomena with good accuracies is now possible.
Modern thermal design techniques can be classified into two general methods,
analytical lumped circuit approach and numerical analysis by finite element
method.
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In the work presented in Paper III, the strengths and weaknesses of the two
approaches are investigated with two commercially available softwares, MotorCAD and FEMLAB. In general, lumped circuit analysis provides a fast
calculation method that is important when carrying out the sensitivity analysis
and modelling thermal transients with complex duty load cycles. Fig. 5.6
presents the lumped circuit model of the steady state thermal network of a
PMSM developed by Motor-CAD. Fig. 5.7 shows the duty cycle editor provided
in Motor-CAD, which can be applied in a transient analysis to describe how the
motor is operated. On the other hand, FEM approach gives a more detailed
resolution throughout the machine and can model complex component shapes.
It is more sensible to apply FEM analysis at later stages of the design process for
model confirmation and fine-tuning of the design. It is possible to target and
analyze the temperature profile within a specific geometric region, i.e. stator,
rotor and end-windings etc. Fig. 5.8 shows the temperature distribution in the
end-winding region.

Figure 5.6 Schematic of the lumped-circuit model of the Motor-CAD steady state
thermal network.
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Figure 5.7 Motor-CAD duty cycle editor.

Figure 5.8 End-winding temperature profile obtained for the S2 – load cycle.
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Figure 5.9 (a) IC-01 cooling type (IEC-34 part 6); (b) S1 – Continuous operation; (c)
S2 x min – Intermittent operation; (d) S3 y% - Intermittent operation.

Paper V presents the thermal analysis on the prototype motor, using MotorCAD, FEMLAB and FLUX. 3-d analyses are employed to gain the insight of the
axial temperature variation and the end-winding region temperature
distribution. Further, Paper VI will present a more in-depth investigation on the
transient thermal behaviour in a motor that is running intermittently such as
traction motors for a forklift. In both articles, the simulation results are
validated and compared with the practical measurements. In the following
section, the measurements performed on the prototype motor are presented.
5.2.3.2

Measurements

The prototype motor is naturally cooled as specified by the ICE-01 cooling type
with an insulation class F. Ventilation holes and axial cooling fins in the
aluminium housing are used to dissipate heat more effectively. In this study,
three standard IEC34-1 types of operations (load cycles), S1, S2 and S3, are used
in the thermal analysis of the prototype motor, as illustrated in fig. 5.9 There are
five thermocouples placed inside the motor, four of them are located in the endwinding region and close to the slot on both the drive and the non-drive ends.
59

Chapter 5. Prototype Motor and Measurements
The fifth one is embedded inside the slot. An additional one is placed externally
for monitoring the ambient temperature. The thermocouples used are Philips
KTY/150 type that have a temperature operating range from –40 to 300 degrees
Celsius with a ± 5% tolerance. A configurable signal conditioning enclosure
(CA-1000) from National Instrument interfaces the thermocouples with the
computer to record the measurements, as shown in fig. 5.10 The temperature
data are logged and stored with a specified incremental logging time, i.e. 5ms,
30ms or 3min etc.

Figure 5.10 Test bench for the thermal measurements.
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The thermal measurements are carried out under the same operating conditions
as the ones for the induction motor thermal tests. The measurements of the
prototype motor for each test are shown in fig. 5.11, 5.13 and 5.15 respectively.
Followings can be observed from these figures:
-

-

The temperature rise in the non-drive end is higher than the rise in the
drive-end. This might be due to the set-up of the test bench, as the
motor is mounted onto the bench from the drive end side, providing
some extra heat conduction.
The temperature in the end-winding region is warmer than in the slot
region. This is because that the end-windings are surrounded by air
instead of the stator steel, and air is an inferior heat conducting
medium compared to steel.

The analytical results of each load cycle calculated with Motor-CAD are shown
in fig. 5.12, 5.14 and 5.16. It can be further noted that the temperature rise in the
end-windings of the non-drive end of the machine is the highest in all three
load conditions as it is observed from the measured data. However, the thermal
nodes available in the Motor-CAD do not exactly correspond to the location of
the thermal couples in the prototype. Hence the nodes that might provide the
closest estimation to some of the thermal couples are selected for comparisons.
For instances, the node “Stator Tooth” is selected to check the temperature rise
by the edge of the slot at both ends. Moreover, the “Winding Layer 1” is used to
approximate the temperature rise inside the slot. In general, the calculated
temperature profile obtained from the Motor-CAD matches the measured
values despite many assumptions made, such as impregnation goodness factor
in the slot and the assumed distribution of the iron and frictional losses. The
thermal time constant (τ1) extracted from fig. 5.12 is approximately 48min. The
value obtained by the Motor-CAD is only slightly longer (3min) than the time
constant based on the measured data (shown in fig. 5.11). This might due to the
fact that the starting temperature is not at ambient temperature when the
measurements were carried out, hence the shorter time constant.
It is worthwhile to mention that the copper loss variation with the temperature
rises of the resistances is fully accounted for in all the transient calculations by
Motor-CAD. Additionally, an adjustment factor of 0.5 has been applied to the
fin sides as there are only fins on the upper and lower side of the machine. A
zero factor is applied to the overhanging region as the fins are only located
along the active region. In a naturally cooled machine, the cooling through
convection is normally not significant. However, in the prototype motor, the
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natural convection could be substantial as there are ventilation holes at the
overhang region of the machine, and the ambient temperature of 25°C is much
cooler than the air trapped in the machine. An Open Endcap Vent Model has been
used with an assumed flow in Motor-CAD for the analysis. An up to 25°C
increase in the winding temperature is observed when no-flow is assumed. This
phenomenon further exemplifies the interest in looking closely at the cooling in
the end-winding region. It is planned to perform the tests with these ventilation
holes open and closed in the future.

Figure 5.11 S1-continuous operation thermal measurement results of the prototype
motor.
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Figure 5.12 Analytical results with Motor-CAD for the S1 operation.

Figure 5.13 S2-60 min thermal measurement results of the prototype motor.

63

Chapter 5. Prototype Motor and Measurements

Figure 5.14 Analytical results with Motor-CAD for the S2-60 min load cycle.

Figure 5.15 S3-20% thermal measurement results on the prototype motor.
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Figure 5.16 Analytical results with Motor-CAD for the S3 20% load cycle.

5.3 Summary
The built prototype motor with the inset permanent magnet rotor is presented
as well as the measurements available at the time that this thesis is published.
Due to the practical limitation of the test bench set up, many tests such as iron
loss measurements and the field-weakening operation are yet to be carried out.
These measurements will be prioritized in the continuing phase of the project.
The analytical calculated values of the d- and q-axis inductances with equ.(3.1)
and (3.2) give a better agreement with the measured results than the equations
applied in Paper I and III. More emphases will be placed on the inductance
calculation by the FEM analysis and the simulation results are to be presented
in Paper VI. Regarding the thermal analysis, the typical results that can be
obtained from the lumped circuit approach (Motor-CAD) and the FEM analysis
(FEMLAB and FLUX) are presented. These simulation results are further
compared and validated by the measurements in Paper V. Generally, due to the
rapid model set up and the calculation speed of the Motor-CAD, a sensitivity
analysis can be easily carried out. FEM approach should be applied at later
stages of the design process for model confirmation and fine-tuning of the
design.
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Conclusions and Future
Work
In this licentiate thesis, progress made on the project work thus far has
been presented. A PM prototype motor with an inset permanent magnet
rotor has been studied and built. The prototype motor is designed to
propel a 48V electric forklift and its performance is benchmarked with
the existing induction motor. The motor is expected to be field-weakened
and run at a maximum speed of 3800 rpm, about 2.5 times the base
speed. Five appended articles reflect the steps progressed during the
thesis work. The following summarizes the findings from these studies
and the future work that still has to be carried out:
-

-

An analytical iron loss model based on the flux density
waveforms is developed for estimating the iron losses at any
specified load condition including the field-weakening region.
The predicted values give a good agreement with the FEM
results. As a part of the continuing work, in Paper VIII, the model
will be tested by comparing the predicted values to the
experimental test results.
It is possible to design a PM motor with the given stator
geometry for the specified CPSR and the required performance.
A method to find the possible designs that satisfy all the given
performance specifications and a desired CPSR is introduced and
presented. The approach is based on the CPSR contour plot in an
IPM parameter plane.
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-

-

-

-

The prototype motor is yet to be tested in the field-weakening
region due to the limitation on the test bench available. It is
intended to set up a proper bench for the required measurements
in the next phase of the project.
The number of conductors per slot should be selected to ensure a
right induced EMF at base speed, particularly in the low voltage
system application such as electric forklifts.
Analytical expressions used in paper II and IV to calculate the dand q-axis inductances are inadequate as the leakage inductances
are ignored and because of the large magnetic equivalent airgap
length in PM machines. The modified analytical expressions,
equ.(3.1) and (3.2), are derived, and a better agreement with the
measured results are achieved. In paper VI, as a part of the future
work, a further improved analytical approach to calculate the
inductance of both the concentrated and the distributed winding
configurations will be presented.
As a pre-study, the strengths and weaknesses of analytical
lumped-circuit approach and numerical analysis are highlighted
in Paper III. The measured data for S1, S2 and S3 are presented. It
has been observed that the temperature rise in the end-winding
region is the highest. This is further noticed in the analytical
values predicted by Motor-CAD and the results from FEM
simulations. In paper V, the detailed thermal analyses are carried
out on the prototype motor and simulation results are validated
by the measurements.

A broad area of studies has been conducted up until now for the project
work. These studies lay the foundation for more in-depth investigations
in the continuing phase of the project. The main focus of the future works
is to validate all the theoretical analysis with the practical measurements
on iron losses and the field-weakening operation. An accurate
measurement on the different losses can subsequently lead to an accurate
and complete thermal analysis. A second and possibly a third prototype
motor will be designed for a wider field-weakening range. As always,
there are many other interesting aspects that can be looked into. For
instance, it is possible to incorporate the proposed iron loss model into a
lumped-circuit thermal program like Motor-CAD. For a more complete
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thermal analysis, computational fluid dynamics (CFD) can be an
alternative numerical technique that is capable of modelling the
convection and radiation boundaries directly.
The following articles have been submitted by author prior to this thesis
publication, these studies will contribute as parts of the author’s doctoral
dissertation. They are:

PAPER VI:
Analysis of the Inductance of Permanent Magnet Synchronous
Machines with Distributed and Concentrated windings
Y.K. Chin, F. Magnussen, J. Soulard
Accepted for publication in the proceedings of International
Conference on Electrical Machine (ICEM), September 2004.

PAPER VII:
Transient Thermal Analysis using both Lumped Circuit Approach
and Finite Element Method in Rotating Electric Machines
Y.K. Chin, D.A. Staton, J. Soulard
Accepted for publication in the proceedings of International
Conference on Electrical Machine (ICEM), September 2004.

PAPER VIII:
Iron Loss in Salient Permanent Magnet Machines at Fieldweakening Operation
F. Magnussen, Y.K. Chin, S. Eriksson, C. Sadarangani
Accepted for publication in the proceedings of IEEE Industry
Application Society (IAS) Annual Meeting, October 2004.
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Glossary of Symbols,
Subscripts and Acronyms
Symbols
A
ABH_loop
Acu
Aslot
bo
b1
b2
bts
Barm
Bm

area
area of the B-H loop
copper area in the slot
slot area
slot opening
inner slot width
outer slot width
tooth width
air gap flux density due to
stator currents
air gap flux density due to
magnets
maximum flux density
flux density in the stator teeth

Bmax
Bt
Bteeth_projection
flux density in the teeth
projection region of the stator
By
flux density in the stator yoke
Bδ
airgap flux density
Cf
Carter factor
cs
stator winding connection
coefficient

d
Din
Dout
f
g
geq
g’
hs
hss
H
Id
Idn
In
Iq
Iqn
IR
kch

thickness of stator lamination,
slot insulation thickness
Stator inner diameter
Stator outer diameter
frequency
physical airgap length
equivalent airgap length
magnetic equivalent airgap
length
height of slot
height of stator back
magnetic field strength
d-axis current
normalized d-axis current
normalized current
q-axis current
normalized q-axis current
rated current
minor hysteresis loop losses
coefficient
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Glossary of Symbols, Subscripts and Acronyms

ke
kexc
kh
ksafety
kw1
lm
L
L1
Ld
Ldn
Lq
Lqn
m
M

eddy current loss coefficient
excess loss or anomalous
coefficient
hysteresis loss coefficient
current loading safety margin
fundamental winding factor
magnet thickness
active length
total length including the
end-winding region
d-axis inductance
normalized d-axis inductance
q-axis inductance
normalized q-axis inductance
mass
current loading marginal
factor
integer
number of conductors per slot
integer number
pole number
active power
eddy current loss
eddy current loss in the teeth
eddy current loss in the yoke

n
ns
N
p
P
Pe
Pe_teeth
Pe_yoke
Pe_teeth_projection
eddy current loss in the teeth
projection region of the stator
Pexc
excess or anomalous loss
Pexc_teeth excess loss in the teeth
Pexc_yoke excess loss in the yoke
Pexc_teeth_projection
excess loss in the teeth
projection region of the stator
Ph
hysteresis loss

Ph_teeth
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hysteresis loss in the teeth

Ph_yoke hysteresis loss in the yoke
Ph_teeth_projection
hysteresis loss in the teeth
projection region of the stator
Ptotal
total iron loss
q

t
T
V
Vn

number of slots per pole per
phase
number of stator slots
stator bore radius, radial
distance from the machine
centre
Reynolds number
apparent power
stator linear current loading
stator linear current loading
constraints
time
torque, temperature
voltage, volume
normalized voltage

VR
Wh

rated voltage
hysteresis magnetic energy

Qs
r

Re
S
S1
S1max

Greek symbols
α
β
γ
δ
ε
η
θ
κ
λ
µo
µr
ξ

angular width of magnets
Steinmetz constant or index
current advanced angle
load angle
ratio between geq over lm
efficiency
angular distance or position
anomalous factor
specific permeance
permeability of air
relative permeability of PMs
saliency ratio

Glossary of Symbols, Subscripts and Acronyms

ρ
σ
τp
τs
ω
Ψm
Ψmn
Φ

mass density
conductivity
pole pitch
slot pitch
angular frequency
magnet flux linkage
normalized
magnet
linkage
magnetic flux

Subscripts
b
d
i
n
q
r
rms

base parameter
d-axis parameter
index term of series
normalized value
q-axis parameter
rated value
root mean square

Acronyms

flux

ac
CPSR
dc
EMF
FEM
IEC

alternating current
constant power speed range
direct current
electromotive force
finite element method
International Electrotechnical
Commission
IPM
inset
permanent
magnet
motor
NdFeB neodymium iron boron
pu
per unit
PF
power factor
PM
permanent magnet
rms
root mean square
SmCo Somarium cobalt
SPM
surface mounted permanent
magnet motor
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