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Abstract

Permanent magnet (PM) electric machines have been widely used in many applications
because of the high power density and efficiency. Several topologies of PM machine have been
proposed and investigated, and each topology has its own features and advantages. Flux-switching
permanent magnet (FSPM) machine has been widely investigated in the past few decades because
of many unique properties such as robust rotor structure and easy thermal management. Low-pole
FSPM machine such as 6/4 FSPM machine is attractive for high-speed applications because of the
low fundamental frequency, which is beneficial to reduce iron loss and inverter switching loss.
However, the existing double-layer concentrated winding dual-stator 6/4 FSPM machine has
potential issues such as large second-order harmonic and low winding factor. The purpose of this
research is to further investigate the design of the 6/4 FSPM machine and to make it a competitive
candidate for real-world applications. The proposed dual-stator 6/4 FSPM machine with single-
layer winding is shown to be able to increase the winding factor from 0.5 to 1 and to achieve high
efficiency. Analytical model and finite element analysis (FEA) models are established to compare

the performance of the proposed and the existing 6/4 FSPM machine.

Having both permanent magnet and armature winding in the stator allows the FSPM machine
to be easily cooled by a water jacket which locates outside the stator. One the other hand, the
temperature-sensitive permanent magnets are in the stator assembly and located close to the major
heat sources. Therefore, careful thermal analysis on the FSPM machine is needed to guarantee the
machine sanity. Lumped-parameter thermal network (LPTN) model and thermal FEA model are
built to estimate the machine steady-state and transient thermal performance. It is shown that the
winding layout and the use of winding encapsulation play an important role in the thermal

performance of the FSPM machine.



Windage loss and housing eddy current loss is more prominent in the FSPM machine
compared to the surface PM machine and interior PM machine due to the salient rotor pole and
stator-mounted permanent magnet. This research investigates the windage and housing loss of the
FSPM machine and proposes modified machine structures to mitigate the windage loss and
housing loss. Prototype 6/4 FSPM motors are built and tested on the dynamometer test bench.
Good agreement is found between the measured data and the machine performance predicted by

the analytical calculation and FEA simulation.
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Introduction

Research motivation and overview

Permanent magnet (PM) machines have been widely investigated in technical researches and
have been used in many industrial applications because of their high efficiency and high power
density. The commonly seen PM machine topologies such as interior permanent magnet (IPM)
and surface permanent magnet (SPM) have the permanent magnet in the rotor, which creates a
synchronized rotating magnetic field. However, having the permanent magnet in the rotor raises
several issues such as rotor cooling and mechanical integrity, especially during high-speed
operation. The flux-switching permanent magnet (FSPM) machine has been proposed as a stator-
mounted permanent magnet machine to solve the issues as mentioned above. Among different
FSPM topologies proposed in the literature, low-pole FSPM machine has a promising property of
low fundamental frequency, which is a valuable benefit for high-speed operation. Conventional
FSPM machines usually have a high pole count (the most seen one has 20 poles), which requires,
for example, 2.5 kHz fundamental frequency to run at 15,000 rpm. Such high frequency is not only
difficult to achieve with Si-based IGBT inverter for pulse-width-modulation (PWM) regulation
due to the limited switching frequency but also causes high iron loss and ac copper loss in the
machine. Whereas a 6/4 FSPM machine can reduce the fundamental frequency by 60% compared

to the 12/10 FSPM machine.

The 6/4 FSPM machine proposed in literature employs a double-layer concentrated winding,
which has the benefit of short end turns. However, it is shown that this winding topology has a
winding factor of 0.5. In contrast, the high-pole FSPM machine could reach a 0.86 even 0.96
winding factor, depending on the slot/pole combination. According to the machine sizing equation,

the machine with a lower winding factor needs larger size or higher electric loading to achieve the



same output power. Therefore, the first objective of this research is to investigate the winding
configuration and propose a high winding factor topology for the 6/4 FSPM machine. With the
same machine size and magnetic loading, the high winding factor design allows a lower electric
loading, which leads to lower copper loss and higher efficiency. Comparison between the
conventional 6/4 FSPM machine with double-layer winding and the proposed single-layer 6/4
FSPM machine is made to illustrate the benefits of high winding factor design, with both analytical

calculation and finite element analysis (FEA) simulation.

As a relatively new machine topology compared to IPM and SPM machine, the multi-
physics design of the FSPM machine, such as thermal analysis, mechanical loss analysis, and
housing design, have not been thoroughly investigated in the literature. Yet those aspects are
critical to ensure the good functionality of the machine. FSPM machine has the permanent magnet
in the stator, which is close to the heat sink (water jacket or finned housing) and is usually claimed
to have easy thermal management. On the other hand, having both armature winding and a
permanent magnet in the stator and close to each other increases the risk of magnet overheating.
The second objective of this research is to investigate the cooling design and the thermal analysis
for the proposed FSPM machine. The steady-state and transient thermal performance are analyzed.
The influence of the different winding topologies and winding encapsulation is taken into
consideration. Prototype 6/4 FSPM machines with water jacket cooling have been built and tested
to verify the cooling design and thermal analysis. Another issue brought by the stator mounted
permanent magnet is the eddy current loss in the housing, which is not significant in the rotor-
mounted PM machine. Few literatures addressed this topic while it is non-negligible for high-
speed operation. This research investigated the eddy current loss in the housing and proposed

possible solutions to mitigate.



The FSPM machine has a salient rotor pole, which causes considerable dragging force when
rotates at high-speed. A similar salient rotor structure is used for switch reluctance machines, and
windage loss reduction structures have been proposed. However, due to the different operation
principles, when applying the same rotor structure in the 6/4 FSPM machine, the impact on the
electromagnetic performance needs to be evaluated. In this report, the electromagnetic
performance and windage loss of 6/4 FSPM machines with different rotor structures are evaluated

and compared based on computational fluid dynamics simulation.

The FSPM machine, especially the low pole (6/4) FSPM machine, is a competitive candidate
for high efficiency and high-speed application. The research work presented in this report deal
with some of the major issues of the 6/4 FSPM machine mentioned previously and push this

machine further into real applications.
Major contributions

The major contributions of this research include proposing a new winding topology for the
6/4 FSPM machine, which theoretically doubles the winding factor compared to the existing
winding configuration and investigating the electromagnetic and thermal designs of the machine.
The proposed single-layer 6/4 FSPM machine can achieve higher efficiency because of the lower
electric loading required compared to the double-layer 6/4 FSPM machine for the same output
power. The single-layer winding topology is difficult for manufacturing with circumferential
winding due to the long end turn and the thick overlapping. The use of toroidal winding avoids the
overlaps between the phases, which makes the manufacturing easy. The toroidal winding allows
the magnet not to be surrounded by the winding. In this way, the magnet thermal management is
easier. The separation of winding and magnet allows more choice of winding encapsulation

material since the magnet can be inserted after the encapsulation. The benefits and problems of



using toroidal winding have discussed. Comparison between the existing 6/4 FSPM machine and

the proposed single-layer 6/4 FSPM machine has been conducted.

The second contribution of this research is the cooling design and the thermal analysis of the
6/4 FSPM machine with different winding topologies. Water jackets with a spiral channel and
axial channel have been designed and compared. Lumped-parameter thermal network (LPTN)
model and thermal FEA model have been established for the 6/4 FSPM machines to investigate
the steady-state and transient thermal behavior. Important heat transfer parameters have been
derived with empirical equations and CFD simulations. The thermal performance of 6/4 FSPM

machines with different winding topologies and encapsulation materials have been compared.

The stator-mounted permanent magnet and the salient rotor structure bring some special
design considerations to the FSPM machine. The third contribution of this research is to investigate
the housing loss and windage loss of the 6/4 FSPM machine. 3D electromagnetic FEA simulation,
CFD simulation is used to evaluate the characteristics of the machine. Modified machine structures
to reduce the housing and windage loss are proposed, and the impacts on the electromagnetic

performance are studied.

Two prototype 6/4 FSPM motors with double-layer winding and single-layer winding,
respectively, are built and tested to validate the electromagnetic and thermal performance predicted
by the analytical calculation, FEA simulation, and CFD simulation. The measured results are

compared with the models.
Organization of chapters

This thesis is organized as follows:

e Chapter 1 reviews state-of-the-art researches on the flux-switching permanent

machine, including the operating principle, various FSPM machine topologies, and



multi-physics design on the FSPM machine. Knowledge gaps and research
opportunities are pointed out at the end of the chapter.

Chapter 2 first discusses the fundamentals of the 6/4 FSPM machine, including the
origin of the second-order harmonic in the flux linkage and its cancellation with the
dual-stator structure. Different winding configurations and the corresponding
winding factor for the 6/4 FSPM machine are investigated. A single-layer toroidal
winding 6/4 FSPM machine is proposed. The machine sizing equation and the
calculation of important machine parameters are derived. The operating principle of
the 6/4 FSPM machine is presented, including the harmonic analysis of the air gap
magnetic flux distribution and the winding MMF.

Chapter 3 presents the comparison study between the existing double-layer 6/4
FSPM machine and the proposed single-layer toroidal winding 6/4 FSPM machine.
The single-layer machine is first optimized, then the torque output capability, losses
distribution, efficiency, and resistance to demagnetization are compared.

Chapter 4 presents the cooling design and thermal analysis of the 6/4 FSPM machine.
Two types of water jackets with spiral and axial cooling channels are designed and
compared, respectively. The cooling fluid flow and heat transfer characteristics are
studied with computational fluid dynamics. The steady-state and transient thermal
performance of the single-layer winding and double-layer winding 6/4 FSPM
machine are analyzed with the lumped parameter thermal network model and thermal
finite element analysis, respectively.

Chapter 5 shows some design considerations that are unique for the FSPM machine,
such as housing eddy current loss minimization and windage loss reduction.

Modified machine structures are implemented to mitigate high housing loss and



windage loss. The structural and thermal performance impacts brought by the
modified structures are studied and investigated.

Chapter 6 presents the mechanical design and the manufacture of the single-layer
winding and double-layer winding 6/4 FSPM prototype motor. The experimental
testing setups for the two prototype motors are presented. The electromagnetic and
thermal testing has been conducted on the two 6/4 FSPM prototype motors at
different operating points. The measured data are compared with the results from the
analytical calculation and FEA simulation.

Chapter 7 gives the conclusion found from this research and summarized the
contributions. Potential future work related to this research subject is also proposed

in this chapter.



Chapter 1  State-of-the-Art Literature
Review

In this chapter, an overview of the design and operating principle of the flux-switching
permanent magnet (FSPM) machine is given. The state-of-the-art research relating to the FSPM
machine is reviewed. The knowledge gap in the FSPM machine study and potential research
opportunities are identified. This chapter begins with an introduction of the stator-mounted PM
machines, which is a general category that the FSPM machine belongs to. The second section
reviews the analysis methods developed for the FSPM machine in the literature, including
magnetic circuit, flux modulation theory, etc. The third section presents the topologies of low-pole
FSPM machine, which is suitable for high-speed application that has been proposed and studied.
The multi-physics design of the FSPM machine, such as thermal analysis, structural analysis, and

windage loss study, are shown in Section 4. The summary of the chapter is given at last.
1.1. High-speed machine and stator mounted pm machines

Being omnipresent in daily life and industry, electric machines are key power conversion
tools in modern society, either from mechanical energy to electrical energy (generator) or the other
way around (motor). The development of electric machines is a highly integrated and multi-
disciplinary subject, including material science, mechanical engineering, electrical engineering,
and even computer science. During the past hundred years of development, many electric machine
topologies operating with AC or DC power source, with or without permanent magnet material,
have been proposed and studied. Each topology has its advantages and should be chosen according
to the application. The development trend of electric machines is always toward higher power

density and efficiency. Thanks to the inventions and discoveries of new materials and



manufacturing technologies, more degrees of freedom is available for the machine designer to

push the performance to limit.
1.1.1. High-speed electric machine

For rotary electric motors, the power is calculated as the product of output torque and
rotation speed. The output torque mainly depends on the input armature current, which is limited
by the cooling capability of the motor. An alternative way to increase power density is to increase
the speed. For the same level of power density, the high-speed machine has the benefit of reduced
size and weight. Besides, for high-speed applications such as compressor and drilling tool, another
advantage of the high-speed machine is that no gearbox is needed, which further reduce the

machine sizing and cost. Machine reliability is also increased because of less component [1]-[3].

The criterion of “high-speed” is commonly defined by the rotor tip speed. As shown in
Figure 1.1-1, the tip speed could be calculated as the product of rotor radius in meter and the
rotation speed in radians per second. A high-speed machine could be either machines with small
rotor sizing and high rotating speed or very large machines at a relatively lower speed. Typically,

the high-speed machine indicates a tips speed higher than 100 [m/s].

TIP SPEED

_ 0 ROTOR
. " DIAMETER

Figure 1.1-1. Definition of tip speed of a rotating item



(a) (b)

Figure 1.1-2. Section view of (a) Interior permanent magnet machine (b) Surface permanent
magnet machine

Nowadays, the most used and investigated machine topologies for high-speed applications
are induction machine (IM) and surface permanent magnet (SPM) machine. The induction
machine is a very mature machine topology, it has a very robust rotor structure and low cost.
However, due to the slip frequency existing in the rotor, IM has large rotor loss compared to SPM
and IPM. IM also has large copper loss because the armature current is made up of magnetizing
current and torque production current. In general, the power density and efficiency of IM are

inferior compared to the permanent magnet machines.

SPM machine has permanent magnets attached to the rotor surface, as shown in Figure 1.1-2.
Comparing to the induction machine, the excitation field is supplied by a permanent magnet.
Therefore, no magnetizing current is needed, except for field weakening or field intensifying
operation. The problem with the SPM machine for high-speed applications is that at high-speed,
the magnets need a large enough centrifugal force to keep attached to the rotor. The most common
solution to this issue is binding the magnets to the rotor by retaining sleeves with high structural
strength such as glass fiber, carbon fiber, or Titanium [4] [5]. Depending on the mass of magnet
and the rotating speed, the retaining sleeve thickness varies from fractions of a millimeter to several

millimeters. However, the sleeve not only introduces an extra air gap between stator and rotor,
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which affects the machine performance but also causes Eddy current loss since the sleeve is usually
electrically conductive [6]. Another problem with the SPM machine is rotor thermal management.
It is known that the properties of permanent magnet material such as remnant flux density and
coercivity depend on the operating temperature [7]-[9]. As a matter of factor, it is hard to remove
heat from the machine rotor because it is usually locating in the middle of the machine. Rotor
cooling technologies such as shaft-mounted fan, oil-spraying cooling, and heat pipe have been
investigated [10]-[15] in the past decades. However, rotor cooling is still not as effective as stator
cooling. In addition, these cooling technologies usually have a complex structure and occupy

significant volume, which compromises the power density and reliability of the machine

Interior permanent magnet (IPM) is one of the most popular machine topologies because of
high efficiency and high power density. IPM is widely used in electric vehicles due to its excellent
traction capability. However, IPM is not widely used in high-speed applications, mainly due to the
structural issue. As shown in Figure 1.1-2, The rotor of the IPM machine has cavities to avoid
magnetic flux leakage between magnets. The thin bridge between cavities would sustain
significant stress under high-speed conditions [16] [17]. Other electric machine topologies such as
switch reluctance machine (SRM) and synchronous reluctance machine (SyRM) also have the
drawback of low power density or low power factor since no permanent magnet is used in the

machine.

From the discussion stated above, for high power density, the use of permanent magnet
material is preferred. However, due to either structural or thermal issues, a rotor mounted

permanent magnet machine topology has challenges for high-speed application.

1.1.2. Stator-mounted PM machine

As mentioned previously, the permanent magnet synchronous machine (PMSM) has

advantages of high torque density and high efficiency. The permanent magnet flux rotates at the



(a)

Figure 1.1-3. Three-phase 12 slot 8 pole DSPM machine (a) Section view (b) Flux linkage
waveform. [20]-[22]
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same speed as the rotor and interacts with armature MMF to produce torque. With the development

of permanent magnet material in the past few decades, rare earth permanent magnet such as NdFeB

magnet can provide intensive magnetic flux density. To avoid the issues discussed for rotor-

mounted PM machines in Section 1.1.1, several types of stator mounted PM machines have been

proposed and investigated in the past few decades, including flux reversal permanent magnet

(FRPM) machine, doub

ly salient permanent magnet (DSPM) machine and flux switching

1 2
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Figure 1.1-4. Special stator core shape for increased magnet volume (a) Hexagon shape

stator (b) Square shape stator [24][25]
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permanent magnet (FSPM) machine [18] [19]. For rotor mounted PM machine, the magnet flux is
rotating at the same speed as the rotor, the flux linkage for each phase is bipolar and sinusoidal.
The difference is mainly with respect to the inductance and machine saliency. However, the
operating principles of stator mounted PM machines are different and depend on the placement of

permanent magnets.

Doubly salient permanent magnet machine has permanent magnets located at the stator yoke,
magnetized circumferentially [20]-[22]. Double layer concentrated windings are used for DSPM,
as shown in Figure 1.1-3. Taking the 12/8 topology as an example, it can be seen that in Figure
1.1-3, when the rotor rotates 45 degrees, the flux linkage for one phase is varying form a positive
minimum to a maximum in an almost linear fashion then goes back to the minimum (trapezoidal).
Because of the unipolar flux linkage, the magnetic loading of DSPM is limited. The back
electromotive force (EMF) of this machine has a square waveform, which means DSPM operates
with DC commutation drive, similar as brushless DC machine. Other DSPM topologies such as

4/6, 6/8 structure have been proposed and investigated as well [23] [24]. It is shown that DSPM

TTE=

SEEE:

pkpk (]} 126.3 W
rrail]) 44.78 W
(a) (b)

Figure 1.1-5. Flux reversal permanent magnet machine (a) 6/8 topology (b) Back EMF
waveform [26]-[28]
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Figure 1.1-6. Novel flux reversal permanent magnet machine topologies for reducing flux
leakage (a) Inset magnet structure (b) Consequent pole structure [29][30]

has a good fault tolerance capability. Because the permanent magnet is in the stator back yoke, the
volume of the magnet is constraint by the stator outer diameter, which limits the power density of
DSPM. Special shape stator core for DSPM, as shown in Figure 1.1-4, has been proposed to

increase the magnet volume without expanding the total machine volume [24] [25].

Another stator-mount PM machine topology is called flux reversal permanent magnet
machine, where two slices of permanent magnet with opposite magnetizing orientation are
attached to one stator tooth [26]-[28], as shown in Figure 1.1-5. The structure of the FRPM
machine has some similarities from the SPM machine, where the magnets are in the air gap region.
When the rotor pole sweeps from one magnet to the next one, the flux linkage in the corresponding
coil changes direction. In other words, the flux linkage of the FRPM machine is bipolar. As shown
in Figure 1.1-5, the back EMF of FRPM is sinusoidal, which means this machine operates with a
normal AC drive. The bipolar flux linkage enables the FRPM machine to have a higher power

density compared to the DSPM machine. However, since the permanent magnets are located
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(a) (b)
Figure 1.1-7. Single-phase FSPM alternator [31]

between the stator and rotor, the equivalent air gap is large. Note that the armature MMF is in
series with the magnetic flux provided by the permanent magnet, there is a risk of permanent

demagnetization.

In addition, the two magnets with opposite magnetizing directions are placed next to each
other. There will be flux leakage between the north and south pole, which reduces the usage of PM
material. Novel FRPM topologies have been proposed to reduce the flux leakage by employing
inset magnet, and consequent-pole structure [29] [30], the section views of these two topologies
are given in Figure 1.1-6. Another concern about the FRPM machine is stator integrity. The
permanent magnet pieces are attached to the inner surface of stator poles. It is challenging to use
the retaining sleeve as for SPM machine. Although the stator-mounted permanent magnets do not
have movement during normal operation, parasitic vibration and gravity could potentially

disintegrate the magnets from stator pole and cause permanent damage to the machine.

The third type of stator-mounted PM machine is flux-switching permanent magnet machine.
The concept of flux-switching is first brought up in 1955 for a single-phase alternator [31]. The

section view of the FSPM alternator is shown in Figure 1.1-7. As the rotor pole sweeps from one
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Figure 1.1-8. Three-phase FSPM machine (a) Section view (b) Flux-linkage and back EMF
waveform [33]
stator tooth to the next, the flux linkage across the stator winding changes direction, and in the
mid-position, the net flux linkage will be zero. The FSPM machine has a bipolar flux linkage and
has the permanent magnet in the stator yoke. Therefore, compared to DSPM and FRPM machine,
the FSPM machine provides higher power density and less risk of permanent demagnetization
since the magnetic flux source of the PM is in parallel with armature MMF. However, the FSPM
machine was not very popular in the early age due to the low remnant flux of the magnet.
Nowadays, with the appearance of the strong rare-earth permanent magnet, FSPM machine is

becoming a widely investigated research topic [32], [33], [42]-[44], [34]-[41].

The most commonly seen 3-phase FSPM machine structure has 12 stator slots and 10 rotor
poles (12/10), with the permanent magnets placed in spoke type (magnetized circumferentially)
between two stator cores, as shown in Figure 1.1-8 (a). As can be seen in Figure 1.1-8 (b), the flux
linkage and back EMF of 12/10 FSPM machine have a sinusoidal waveform, which make this
machine suitable to operate with AC drive. The spoke type permanent magnets are placed in
adjacent to the long edge of the stator teeth. The magnetic flux is concentrated to the relative short

stator tooth. The flux focusing effect allows the FSPM machine has a high air gap flux density.
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TABLE 1-1. COMPARISON OF STATOR-MOUNTED PERMANENT MAGNET MACHINES

Aspect/Topology Double Salient Flux Reversal Flux Switching
PM Placement In stator yokes  On stator teeth surface Besides stator teeth
PM Volume Low Medium High
Flux Linkage Unipolar Bipolar Bipolar
Drive Type Brushless DC Brushless AC Brushless AC
Power Density Low to medium Low to medium High
Slot Area Medium Large Small
Stator Assembly Medium Medium Complex
Risk of Demagnetized Low High Low

Because of the sandwich structure of stator iron and the permanent magnet, the stator assembly of
the FSPM machine is more complicated than DSPM and FRPM machine. It often involves modular
stators, which increase the difficulty in assembly and keeping tolerance. The stator slot area of the
FSPM machine is smaller compared to the other stator-mounted PM machine and rotor-mounted
PM machine. Therefore, the electrical loading capability is restricted. Other topologies of FSPM
with different slot/pole combinations and phase numbers have been investigated by researchers as
well due to the advantage of the FSPM machine mentioned previously. They will be recapitulated

in the following sections.

To have a clear comparison among the three major types of stator-mounted PM machines,
TABLE 1-1 summarizes a qualitative analysis of the three machine topologies [18] [19]. As can be
seen, compared among the stator-mounted PM machines, despite the relative complex stator
assembly, the FSPM machine has high power density due to the flux focusing effect and bipolar
flux linkage and low risk of demagnetization of the permanent magnet. Comparing with SPM and

IPM machines, the FSPM machine has the advantage of easy thermal management and robust rotor
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structure. The advantages mentioned above make FSPM machine an interesting machine topology

to investigate.

1.2. Flux-switching machines topologies in literature

1.2.1. FSPM machine operation principle

As presented in the previous section, the FSPM machine has a doubly salient structure, with
permanent magnet circumferentially magnetized and placed between two U-shape stator units.
Armature windings of conventional FSPM machines are wound in such a way that each coil

surrounds one permanent magnet. A 3D view of a 12/10 FSPM machine is shown in Figure 1.2-1,

where the magnets with different magnetization direction and armature coil for different
phases are marked with different colors. As the name of the machine suggests, as the rotor rotates,
the direction of the flux linkage of the armature winding switches. It is shown in Figure 1.1-8 that
the flux linkage varies in a sinusoidal way. The back EMF of an electric machine could be
calculated as the derivative of flux linkage. Therefore, the back EMF of the FSPM machine also

has a sinusoidal shape.

Figure 1.2-1. Geometry of conventional 12/10 FSPM machine (a) 3D isometric view (b)
Section view [117]
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Flux Linkage [mwhb]

Rotor Position [Elec. Degree]

(e)

Figure 1.2-2. Permanent magnet flux path in 12/10 FSPM machine with different rotor
positions (a) Minimum flux linkage position (b) First zero flux linkage position (c)
Maximum flux linkage position (d) Second zero flux linkage position (e) Flux linkage
waveform. [45]

To better demonstrate the operation of the FSPM machine, section views of 12/10 FSPM
machine with four critical rotor positions are shown in Figure 1.2-2 (a) — (d). The flux linkage
waveform with four special positions marked up is shown in Figure 1.2-2 (e).[45]. Note that the
rotor positions with maximum/minimum flux linkage correspond to the d-axis position, the zero
flux linkage positions are the g-axis positions. Unlike the rotor-mounted PM machine, where the

d-qg axis positions are stationary in the rotor reference frame, d-q position in the FSPM machine



19

0 450 900 1350 1800 2250 2700 3150 3600
8 ("elec)

Radial Airgap Flux Density (T)

g

Q

IFFT{B.)I
o
()

od (fO{PT(f’ # e (JCPTQ Pl Q%TW@T(@(\Q e A
0 5 10 15 20 25 30 35 40 45 50
Harmonic Component

Figure 1.2-3. 12/10 FSPM airgap flux density waveform and harmonic components [46]

depends on the relative position of stator/rotor tooth. In the FSPM machine, as each rotor pole
sweeps across the same stator tooth, it is one full electric cycle. Therefore, the pole pair number of
FSPM machine equals the rotor pole count, i.e., the 12/10 FSPM machine is a 20-pole machine.
The relation between rotor mechanical speed and fundamental frequency is given in (Equation

nN .
f,=—+= (Equation 1-1)
* 60

1-2), where fs is the fundamental frequency in [Hz], n is the mechanical rotation speed in [rpm],
N is the number of rotor pole. The FSPM machine airgap flux linkage is the result of modulation
between permanent magnet MMF and airgap permeance, as shown in Figure 1.2-3. Non-negative
torque is produced by matching the same harmonic components in the airgap flux linkage and
armature MMF. The flux modulation is the operation principle of many electric machines, such as
the doubly salient permanent magnet machine and the Vernier permanent magnet machine [46]
[47]. More details about flux modulation will be presented in the analysis of FSPM machine in

chapter 2.
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As can be seen in Figure 1.2-2, for both d-axis position and g-axis position, the magnet flux
lines pass through the permanent magnet, which has permeability close to air. In other words, the
variation of permeance between d-axis and g-axis is not significant as that in the IPM machine.
Therefore, the d-g inductance is almost the same for the FSPM machine. For the PM machine, the
output torque could be calculated by (Equation 1-2), where Lq, Lq, lq, I are the d-axis and g-axis
inductance in [H] and current in [A] respectively, %pm is the permanent magnet flux linkage in

[Wh]. The first part in (Equation 1-2) is referred to as magnetic torque. The second part is called

3 .
Taiit = —NelW nmly+(LA =LAl Equation 1-2
out 2 rl pmlq (Lg q)dq] (Eq )

reluctance torque. Since in the FSPM machine, the difference in Lq and Lq is negligible. Therefore,

FSPM torque is from magnetic torque, similar to the SPM machine.
1.2.2. Stator slot/rotor pole combination of FSPM machine

As mentioned in the previous section, the 12/10 is the most seen FSPM structure because of
sinusoidal back EMF and symmetric radial force. Other stator slot/rotor pole combinations are
possible and could be more appropriate for a specific application than 12/10 topologies such as
low speed, high torque application. Many researches have been done on the investigation of
optimal slot/pole combination for a different number of phases and winding types [48] [34] [49].
The stator slot number should be an even number and a multiple of the machine phase number.
The number of rotor pole needs to be different from the stator slot because of the flux modulation.
The stator slot number Ns and rotor pole number N could be determined from (Equation 1-3) and

(Equation 1-4) where m is the number of phases, ki and k> are integers.

N, =km ki=1,2... (Equation 1-3)

N, =N, £k, kx=1,2... (Equation 1-4)
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Note that when the number of phase m is an odd number, ki needs to be an even number to
have a symmetric flux linkage. Taking the example of a 12-slot FSPM machine, the variation of

normalized back EMF amplitude is given in Figure 1.2-4. It can be seen that high back EMF could

15

—6— Analytical method
—8— FE method

Normalized magnetude of back-emf
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Rotor pole number

Figure 1.2-4. Variation of back EMF amplitude as a function of rotor pole number [48]

be achieved when the stator slot number and rotor pole number are close. Although the flux linkage
and back EMF of 12/10 FSPM machine are sinusoidal, for a single coil, the back EMF could be
asymmetric because of the permeance variation. Symmetrical phase flux-linkage could be
achieved by employing two coils that have a phase shift of 180 electrical degrees. The angular
difference in radians between two coils in the same phase is given by (Equation 1-5), where npp is
the number of stator pole pitches between the two coils belong to the same phase. To have a 180-

degree phase shift between the two coils, (Equation 1-6) needs to be satisfied, where ks is also an

_ 27NNy (Equation 1-5)
coil N
Ny _2ks-1 (Equation 1-6)
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Figure 1.2-5. Illlustration of magnetic force (I = 0) of (a) 6/5 FSPM. (b) 6/7 FSPM. (c)
12/11 FSPM. (d) 12/13 FSPM. [50]

integer. (Equation 1-5) could be rewritten as (Equation 1-7). It can be seen that in the irreducible
2 Ny Ny =(2k3—1) (Equation 1-7)

fraction format, the numerator should be an odd number, and the denominator should be an even
number. However, it is shown that FSPM machines with an odd number of rotor pole sustain an
unbalanced magnetic force (UMF) [50], as illustrated in Figure 1.2-5. The UMF exerts extra stress

on the bearing and the shaft, which reduces the reliability of the machine and causes vibration and
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Figure 1.2-6. Torque-current characteristic of 12-slot FSPM machine [48]

noise during operation. To have an even number of rotor pole and satisfy (Equation 1-5), the

number of stator slots (Ns) will be a multiple of 4.

From the parametric plot shown in Figure 1.2-4, it can be seen that for 12 slot FSPM machine,
rotor with 10 to 14 rotor poles gives the highest level of back EMF. The torque-current plot, as
shown in Figure 1.2-6, indicates that higher torque could be achieved with a higher number of
rotor pole. Per the previous discussion, the odd rotor pole number is not preferable due to UMF.
Therefore, 14 pole structure is the best choice in term of torque production. However, the FSPM
machine with a large number of rotor pole requires high fundamental frequency as (Equation

1-2)indicates, which might cause a high iron loss in the machine and switching loss in the drive.

The number of rotor poles affects the vibration and acoustic noise level as well. Because of
the unbalanced magnetic force, 12/11 and 12/13 FSPM structure have a higher level of vibration
and noise, specifically due to the third and fifth harmonics [49]. It is shown in [51] that rotor only
matters for low frequency under 500 Hz, and the first resonant frequency related to circumferential
mode appears above 4 kHz. The spectrum of the sound power level of the FSPM machine with the

same stator structure but different rotor pole numbers are given in Figure 1.2-7. The mode 0 and
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Figure 1.2-7. Sound power level of loaded configuration for 12-slot FSPM machine with
different number of rotor poles at 400 rpm. [51]

mode 2 which correspond to 11490 Hz and 3414 Hz respectively have the largest sound power
level. It is shown that 12/10 FSPM structure has the lowest sound power level among all 12-slot

structures.

A three-phase electric machine is the most common type of AC machines. However, multi-
phase (phase number > 3) machines are popular for certain applications that require a high level
of reliability such as aerospace application, ship propulsion, and wind power generation [52] [53]
[54]. Additional phases allow the drive to have a more flexible control strategy and better fault-
tolerant capability compared to a three-phase drive. For very high power rating machines with
MW level power, a higher phase number is often preferred since individual inverter power rating
is decreased [55] [56], which could reduce the total cost and improve reliability as well. Figure
1.2-8 shows the section views of five-phase and nine-phase FSPM machines. It can be seen that

the number of stator slots (Ns) equals the number of phase times 4, which agrees with the
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Figure 1.2-8. Topologies of FSPM machine with high number of phase (a) Five-phase
FSPM machine (20/18). (b) Nine-phase FSPM machine (36/34). [55]

conclusion drawn previously. The number of rotor pole is also chosen to be an even number and

close to the number of stator slots for high torque production and zero UMF.

1.2.3. FSPM machine with unconventional topologies

FSPM machine has been an attractive research topic because of its unique advantages such
as high power density, robust rotor structure, and easy thermal management. However,
conventional FSPM machine several drawbacks, for example, high torque ripple, complex stator
assembly, high fundamental frequency. Novel FSPM machine structures with either modified
stator or modified rotor have been proposed to solve the aforementioned issues. The investigations
of the novel FSPM structure not only allow researchers to have a deeper understanding of the
operation principle of the FSPM machine but also help to make the FSPM machine more practical
for industry and daily applications.

A. Modified stator structures

The FSPM machines usually have a larger permanent magnet material consumption

compared to IPM and SPM because the magnets are placed in the stator. The stator-mounted

magnets also restrict the winding copper and stator iron volume, which limits the electric loading
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Figure 1.2-9. (a) C-core FSPM machine (b) E-core FSPM machine [57]
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(b)

of the machine. Special types of FSPM machine with half of the number of magnets have been

proposed, where C-shape and E-shape core are used [37] [57]. The structures of the C-core and E-

core FSPM are shown in Figure 1.2-9. It can be seen that the stator slot area is significantly

increased compared to the 12/10 FSPM machine. According to the previous discussion, for

conventional stator topologies, the number of rotor poles should be close to the number of stator

slots to achieve high torque output. To investigate the optimum slot-pole combination, back EMF

waveforms of C-core and E-core FSPM machine with various rotor pole number are plotted in
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Figure 1.2-10. Back EMF waveform of (a) C-core FSPM (b) E-core FSPM machine with
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Figure 1.2-11. Torque output characteristics of C-core and E-core FSPM machine [57]

Figure 1.2-10 [57]. It can be seen that for both C-core and E-core, 11 and 13 rotor poles generate
the highest amplitude of back EMF. In terms of torque production capability, as can be seen in
Figure 1.2-11, the C-core 6/13 and E-core 6/11 structure can produce 35% and 15% more than
conventional 12/14 FSPM machine respectively while using a reduced volume of the permanent

magnet material. Note that because of the odd number of rotor poles, the C-core 6/13 and E-core

(@) (b)

Figure 1.2-12. Structure of multi-tooth FSPM machine (a) Cross-section view (b) Stator and
rotor prototype [58]
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Figure 1.2-13. Torque output of multi-tooth FSPM machine and conventional 12/10 FSPM
machine [58]

6/11 FSPM machines have the problem of unbalanced magnetic force. As can be seen in Figure
1.2-10, the C-core and E-core FSPM machine with even rotor pole number have significant THD

in the back EMF.

Multi-tooth FSPM structure has been proposed and investigated for high-torque direct drive
applications in [58]-[60]. Similar to the C-core and E-core FSPM machine, the multi-tooth FSPM
structure also reduces the usage of PM material. As shown in Figure 1.2-12, one stator tooth is
split into two, the slot openings between two stator teeth have been kept identical. A rotor pole
number of 19 has been proved to work the best with the multi-tooth stator. As can be seen in Figure
1.2-13, the multi-tooth FSPM machine can produce 14% higher torque than the convention FSPM
structure. The torque ripple of the multi-tooth structure is significantly reduced compared to the
conventional FSPM machine. Figure 1.2-14 shows the torque-current characteristics of the multi-
tooth and conventional FSPM machine. It can be seen that the multi-tooth FSPM machine is easier

to saturate. Therefore, it has an inferior over-load capability than the conventional FSPM machine.
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Figure 1.2-14. Torque-current curve of multi-tooth FSPM machine [58]

Sandwiched FSPM structure has been proposed to maximize the output torque density by
increasing the stator slot area [61], [62]. A 3D structure of sandwiched FSPM is shown in Figure
1.2-15 (a). The back EMF and average torque of the sandwich FSPM machine are increased
compared to the conventional FSPM machine, as can be seen in Figure 1.2-16. To improve the

magnet usage efficiency, a V-shape sandwich FSPM machine is proposed, as shown in Figure

Armature
windings

Armature
windings

Stator

Stator PM

(@) (b)

Figure 1.2-15. FSPM machine with modified magnet placement (a) Sandwiched FSPM (b)
V-shape sandwiched FSPM [62]
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1.2-15 (b). The V-shape sandwiched FSPM machine can achieve higher torque with less magnet

material usage because of the higher slot area. However, as shown in Figure 1.2-16, the torque

ripple of the sandwiched FSPM machines is much higher than the conventional 12/10 FSPM

machine. Torque ripple reduction structure, such as rotor skew, needs to be implemented.

Being able to adjust the permanent magnet flux density level will significantly improve the

operating range of the electric machine. A mechanical PM flux adjustment structure has been

proposed. In FSPM machine, the magnets are magnetized circumferentially in the stator. Inherent

leakage at the outer diameter exist. A moveable ferromagnetic piece could be used to shunt the
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Figure 1.2-17. Structure of adjustable flux FSPM machine with (a) All flux adjustor (b)

(b)

Alternate flux adjustor [63]
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magnet flux and reduce the counter electromotive force [63]-[65]. Larger speed range could be
achieved with the same inverter voltage limit. The structure of the FSPM machine with flux
adjustor is shown in Figure 1.2-17, where the flux adjustor could move axially. Note that the flux
adjustor could be placed beside either all magnet or alternate magnet, depends on the desired flux

adjusting range. Figure 1.2-18 shows the torque-speed curve of the FSPM machine with/without a
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Figure 1.2-18. Torque-speed curve of adjustable flux FSPM machine [63]

flux adjustor. It can be seen that with the flux adjustor, the constant power speed range has been
extended. The use of a flux adjustor introduces additional components in the stator and requires
separate control of the flux adjustor position. In reference [65], the flux adjustors are placed only
in two positions, either fully inserted or fully removed. Partial insertion might cause axial

unbalanced torque since stator and rotor iron are axially laminated.

Electric machines with memory permanent magnet with low coercive force such as AINiCo
have been investigated for its easy flux controlling capability [66]-[72]. The magnet with low
coercive force could be magnetized and demagnetized with a DC pulse, which only requires energy

during the flux changing period. The low coercivity magnet flux is usually in parallel with the high
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Figure 1.2-19. Memory FSPM machine with two types of permanent magnets [66]

coercivity magnet (such as NdFeB) to alleviate the risk of demagnetization. A similar concept
could be used in the FSPM machine, where the two types of magnets are placed in the stator [66]—
[72]. Because two types of magnets, as well as the armature coil and DC magnetizing coil, are
placed together, the stator of the memory FSPM machine has a very complex structure, as shown
in Figure 1.2-19. Optimizations in terms of PM grade, PM thickness, and length, torque ripple

reduction have been done in [73]. With proper design optimization, the memory FSPM machine
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Figure 1.2-20. Torque-speed curve of hybrid magnet memory FSPM machine [73]



33

can achieve a similar performance as the memory IPM machine. The torque-speed curve presented
in Figure 1.2-20 shows that a wide constant power speed range and high efficiency could be
achieved.
B. Hybrid-excited and DC-excited flux-switching machine

Permanent magnet material is usually the most expensive part of a PM machine. One of the
challenges that FSPM machine has is a large amount of PM material required. The C-core, E-core,
and multi-tooth FSPM machines can reduce the PM volume by half. To further reduce or eliminate
the PM usage, FSPM machines with DC field winding in the stator have been proposed and
investigated. Using both field winding and permanent magnet (hybrid excitation) as excitation
source has the benefit of high torque density and a wide range of flux regulation capability. A
hybrid excited flux-switching machine for electric vehicle applications has been studied [74]-[76].
The permanent magnet field and the DC coil are usually placed in parallel, to reduce the risk of

demagnetization.

Excitation coils

Armature = —— L
windings

(@) (b)

Figure 1.2-21. Hybrid excited flux-switching machine with parallel field (a) Stator
structure (b) Rotor structure [74]
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(@) (b)

Figure 1.2-22. Flux path of permanent magnet and DC coil in the case of (a) Flux
intensifying (b) Flux weakening [77]

The parallel fields could be achieved by the structure shown in Figure 1.2-21 [74], [77], DC
excitation coils are wound in the stator yoke. The rotor has the same shape as a conventional PM
excited flux switching machine. It can be seen that the iron bridge is added to the enhanced DC
field, and the stator core is no longer segmented. Having stator core as a whole piece is preferable
for manufacture. The permanent magnet and DC coil flux are shown in Figure 1.2-22, where both
flux weakening and flux intensifying cases are presented. The no-load flux waveforms and output
torque curves at different DC current levels are shown in Figure 1.2-23. It can be seen that the DC
field could effectively intensify the total flux up to 20 A/mm? because of the iron saturation. Note
that the DC excitation current introduces extra Joule loss that needs to be dissipated as well. Other
hybrid excitation topologies are possible, as shown in Figure 1.2-24, the DC excitation coils are
placed in different locations in the stator, but they have similar operation principle. Note that the
stator of FSPM machine already has a complex structure, the additional DC field winding further

increase the manufacturing difficulty.

DC excited flux-switching machine is able to eliminate the use of permanent magnet material

to further reduce the cost of the machine. Design considerations such as torque production,
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Figure 1.2-23. (a) Back EMF waveform (b) Output torque of parallel field hybrid excited flux
switching machine [77]

scalability, aspect ratio have been investigated [78], [79]. The cross-section view of the DC-excited
flux switching machine is shown in Figure 1.2-25. With the excitation field fully provided by the
DC coil, the airgap flux density could be controlled in the full range. In addition, since no
permanent magnet material is used, the allowable operating temperature of the DC-excited flux-
switching machine is higher than the FSPM and hybrid excited FSPM machine. However,
compared to FSPM and hybrid FSPM machine, the DC-excited flux-switching machine has lower
efficiency due to the copper loss in the DC coil. A comparison between the DC-excited flux-

Stator yoke Permanent magnet  Excitation coil

" \‘\2 ; \Sm/ i
U\‘(;\ : Roto LI/F
o o 4

Figure 1.2-24. Other hybrid excitation flux-switching machine topologies [76] [78]
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Figure 1.2-25. DC excited flux-switching machine (a) Section view (b) Flux path [80]

switching machine and the flux-switching permanent magnet machine has been made in [80]. As
can be seen in Figure 1.2-26 that the DC-excited flux-switching machine has similar torque density

compared to FSPM machine with ferrite magnets.
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Figure 1.2-26. Output torque comparison of the DC-excited flux-switching machine [78]
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C. FSPM machine with modified rotor structure

For the rotor-mounted PM machine, the rotor hysteresis loss is negligible because the rotor
flux is synchronized with the rotor movement. However, in FSPM machine, the flux in the rotor

is bi-directionally varying at frequency fr that can be calculated with (Equation 1-8), where fsis the

f =f > (Equation 1-8)

stator frequency calculated from (Equation 1-2).

Therefore, the FSPM machine rotor iron loss is comparable to the stator iron loss. Although
the FSPM machine can operate with higher rotor temperature, the excessive rotor iron loss
compromises the efficiency. To reduce the rotor iron loss, a modular segmented rotor has been
proposed in [81]. The structure of the modular rotor FSPM machine is shown in Figure 1.2-27.
Only the rotor pole is magnetic steel, the rotor back iron is non-magnetic supporting material. The
output torque of the modular rotor FSPM machine is shown to be approximately 10% less than the
conventional FSPM machine, but a 13% total loss reduction can be achieved. One potential issue
that the modular rotor FSPM machine has is the rotor structure strength. At high-speed conditions,
the integrity of the rotor needs to be verified.

B Phase A

- Phase B
" ]-PhaseC

Stator 'C’-Core
Steel Lamination
Permanent
Magret
ModularRoter
Steel Lamination

(a) (b)
Figure 1.2-27. Modular rotor FSPM machine (a) Section view (b) Prototype rotor [81]
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= B =
(a) (b)
Figure 1.2-28. Partitioned stator FSPM machine (a) Section view (b) Magnetic flux path

[83]

The stator structure of conventional FSPM machine is complex because both armature
winding and permanent magnet are in the stator. For the same reason, the stator slot area of FSPM
machine is limited and the armature current is restricted. A partitioned stator FSPM machine is
proposed to have armature winding and permanent magnet placed separately in the outer and inner

stator respectively [82], as shown in Figure 1.2-28. The inner stator is fixed via the end cap to the

Figure 1.2-29. DC excited partitioned stator FSPM machine (a) Section view (b) Prototype
assembly [82]
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main housing, the rotor iron is fixed by non-magnetic structural material. By moving the
permanent magnet to the inner stator, larger stator slot area could be obtained. Note that the inner
stator with permanent magnets need to be properly cooled to maintain the performance. The
permanent magnet in the inner stator could be replaced by DC field coil to form a DC-excited

FSPM machine [83], as shown in Figure 1.2-29. The partitioned stator FSPM machine with a

Primary armature

ner stator

()

Figure 1.2-30. Novel FSPM machine with combined modified structure (a) Partitioned
stator memory FSPM machine with hybrid excitation [84] (b) Partitioned stator FSPM
machine with hybrid excitation [85]



40

different number of rotor poles and winding types have been investigated [82]. Similar to
conventional FSPM machine, 14 rotor pole machine has the highest output torque but requires

highest fundament frequency.

The previously mentioned modified structures and topologies could be integrated as needed.
A hybrid excited FSPM machine with a partitioned stator is investigated in [84]. By putting the
DC excitation coil in the inner stator, the permanent magnet flux and the DC coil flux are in series.
High torque density and wide speed range could be achieved without having a limited stator slot
area. A partitioned stator memory FSPM machine with hybrid excitation has been proposed in [85].
The use of a low coercive magnet allows changing the magnetic flux level efficiently. These
combined modified structures have challenges in manufacturing because of the complex geometry,
as shown in Figure 1.2-30. Proper thermal management is needed to keep the operation reliable.
D. Linear FSPM machine

Linear machine has been used in industrial automation and railway traction [86], direct linear

drive has the benefits of higher dynamic performance and improved reliability by eliminating the

Figure 1.2-32. Linear FSPM machine with assistance teeth for detent force reduction [87]
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transmission from rotary motion to linear motion [87]. The operation principle of the flux-
switching machine could also be applied to linear machines [87], [88]. Another benefit of using
the flux-switching topology in a linear machine is that the long-distance railway could be made of
low-cost steel. The rotor in the conventional radial flux FSPM machine now is acting as the stator,
as shown in Figure 1.2-31. Detent force in the linear FSPM machine has been studied in [89], [90],
where the detent force has been segregated into components that originated from the end effect
and slotting effect. Rotor with assistant teeth has been proposed to reduce the detent force, as
shown in Figure 1.2-32. Some of the new topologies such as double-sided linear FSPM machine,
multi-tooth FSPM linear machine, modular linear FSPM machine for rail transit application, and

hybrid excited linear FSPM machine are also proposed by the researchers [91]-[96].

(b)

Figure 1.2-33. Axial field flux-switching permanent magnet machine (a) Dual-stator
structure (b) Dual-rotor structure
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E. Axial flux FSPM machine

Axial flux machines are widely used in applications where short stack length, disk-shaped
machines are preferred. The operating and design principle for the radial flux FSPM machine could
be easily applied to the axial flux machine [97]-[103]. Different axial flux FSPM machine
structures have been proposed by researchers. Figure 1.2-33 shows the structures of dual-stator
axial flux FSPM machine and dual-rotor axial flux FSPM machine [104]. The use of the dual

structure allows the balancing of magnetic pulling force generated between the stator and rotor.
1.3. Low-pole FSPM machine design

1.3.1. FSPM machine for high-speed application

As mentioned in the previous sections, the flux-switching permanent magnet machine has
the benefits of having a robust rotor structure and no magnet in the rotor. Because of these two
advantages, the FSPM machine is usually claimed to be more suitable for the high-speed
application, compared to rotor-mounted permanent magnet machines where rotor cooling and
magnet retaining are issues in high-speed condition. Comparisons between FSPM machine and
IPM, SPM machine for high-speed applications have been done. It is shown that the FSPM
machine has similar or even better performance than IPM machines in terms of flux weakening
capability and torque density when the appropriate split ratio is designed [105]. Various IPM
machines (radially magnetized PM, spoke-type PM, and V-shape PM) are compared with the
FSPM machine by using both NdFeB and ferrite magnets to quantify the differences in torque
production, active material cost, and demagnetization behavior [106]. The radially magnetized
IPM machine has the best demagnetization withstand capability. The spoke-type IPM machine is
found to have the best torque per active material mass property, but its PMs are most vulnerable
to demagnetization. V-shaped IPM machine has only partial demagnetization behavior at a

nominal load. If ferrite magnets are used, the spoke-type IPM machine and the FSPM machine



43

have partial demagnetization behavior. For the FSPM machine, the risk of highest demagnetization
happens at the tips of magnets near the airgap. The torque-speed and power-speed curves

comparison between the IPM and FSPM machine are shown in Figure 1.3-1.

FSPM machine does not have the previously mentioned magnet heating issue since the
magnets are located in the stator. However, FSPM machine has its own challenges for high-speed
operation. The fundamental frequency of FSPM machine could be calculated by (Equation 1-1),
which indicates that the machine pole pair number equals to the rotor pole number. Taking the
most commonly seen 12/10 structure as an example, it is equivalent to a 20-pole machine from the
control perspective. With such a large pole number, the required fundamental frequency will be
very high for high-speed operation. The high fundamental frequency will cause a large iron loss

in the stator as well as in the rotor. In IPM and SPM machine, rotor flux is synchronized with the
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Figure 1.3-1. Field weakening characteristics comparison between IPM and FSPM machine (a)
Torque-speed curve (b) Power-speed curve [106]

rotor rotation. The rotor loss is caused by the Eddy current induced by flux space harmonics due

to slot opening and time harmonics due to the current ripple. For the FSPM machine, the rotor flux
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is varying at frequency fr, which could be calculated by (Equation 1-9), where n is the rotor rotation

= NN, (Equation 1-9)
" 120

speed in rpm, Ns is the stator slot number.

Besides the high iron loss, the high fundamental frequency also causes additional copper
loss in the armature winding. The high frequency would increase the winding resistance due to
skin effect and proximity effect. Skin effect can be mitigated by using multi-strands wires, at kilo
Hertz level, AWG#16 wire has a radius smaller than the skin depth. Proximity effect in high-
frequency FSPM machine has been studied in [107], where 2D FEA simulation and analytical
calculation have been done to predict the current distribution in the stator slot, for different
numbers of strands. The slot current density is shown in Figure 1.3-2 (a), the area close to the slot
opening is the most influenced part. The conductor loss shown in Figure 1.3-2 (b) shows that the

proximity loss can also be reduced by employing multiple strands of wire.
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The magnet eddy current loss in the FSPM machine is also an important subject since the
magnet flux variations near the airgap is severe and prone to induce large magnet losses. Plus, the
magnets are usually sensitive to the temperature variation. An effective method proposed in [108]
shows that cutting a small portion of the magnet at two radial ends reduces the generated magnet
eddy current loss. In addition, segmentation of the magnets is also proven to be effective for loss
reduction. Both the radial segmentation and the axial segmentation show promising results in
reducing the magnet eddy current loss [108], [109]. The magnet eddy current loss density with a

different number of magnet segmentation is shown in Figure 1.3-3.
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1.3.2. Low-pole FSPM machine

Many FSPM machine topologies have been reviewed in the previous sections. For the three-
phase FSPM machine, most of them are variations based on the 12/10 structure. A high number of
rotor poles, such as 12/14 structure, is shown to have good torque production capability. High pole
structure is suitable for low-speed, high-torque applications but requires high fundamental
frequency at high-speed. Since the 12/10 FSPM machine is the most commonly investigated
structure, the machine with a rotor pole number higher than ten is considered as high-pole topology,

and machine with a rotor number less than ten as low-pole topology.

High-pole FSP M machine requires high fundamental frequency at high-speed. As shown in
the previous section, the high fundamental frequency will lead to a significant loss in the machine
and compromise the efficiency. For the 12/10 FSPM machine, the fundamental frequency is 2.5
kHz for a speed of 15,000 rpm, which is challenging for a drive with Si-based inverter. Therefore,
the low-pole FSPM machine is a better candidate for high-speed applications. Compared to the

12/10 FSPM structure and high-pole structure, the low-pole FSPM machine is much less
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Figure 1.3-4. 6-slot 8-pole hybrid excited FSPM machine for EV applications (a) Section
view (b) Flux line with both PM and excitation field [112]
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investigated in the literature. Considering the three-phase FSPM machine, the number of slots has
to be an even multiple of the phase number, as shown in section 1.2. Therefore, the minimum slot
number is 6. With either a single layer or double layer winding, the 6-slot stator FSPM machine
has been studied with 4,5,7,8 rotor poles [110]-[112]. The 6-slot FSPM machines have either
asymmetric back EMF or unbalanced magnetic force on the rotor due to the odd number of rotor
poles. A section view of a 6-slot 8-pole hybrid excited FSPM machine for electric vehicle
application is shown in Figure 1.3-4. It is shown in [112] that this machine is a good candidate for

the targeted application.

An axially laminated 6/7 FSPM machine is presented in [110], [111]. It is shown that
compared to the conventional lamination direction, axial lamination allows the FSPM machine to

better utilized the PM flux and have a lower iron loss. The structure of the 6/7 axial laminated

ol

(@) (b) (©)

Figure 1.3-5. Axial laminated 6/7 FSPM machine (a) Section view (b) Prototype rotor (b)
Prototype stator [110]

FSPM machine, as well as the prototype stator/rotor parts, are shown in Figure 1.3-5. Comparison
studies show that the 6/7 structure produces the highest average torque with low torque ripple.

Axial laminated FSPM machine is shown to have a wider constant power speed range compared
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Figure 1.3-6. Performance comparison of the axial laminated 6/7 FSPM machine (a) Output torque
(b) Torque-speed curve (c) Power-speed curve [110]

to conventional FSPM machine, as illustrated in Figure 1.3-6. However, because of the odd

number of rotor poles, there is an unbalanced magnetic force exerted on the shaft.

6-slot 4-pole FSPM machine has been investigated in [113], it is shown that there are large
second harmonics in the flux linkage and back EMF, as shown in Figure 1.3-7. The skewed rotor

has been used to reduce the harmonic components. However, the torque ripple is significant even

—FE analysis result
|=Experimental result|
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Figure 1.3-7. 6-slot 4-pole FSPM machine (a) Section view (b) Back EMF waveform
[113]
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with the skewed rotor. Figure 1.3-8 shows the back EMF and cogging torque comparison between
the un-skewed rotor and skewed rotor. As can be seen, the torque ripple is still very high, which

indicates that the harmonics are not canceled to enough level.

1.3.3. Dual-stator 6/4 FSPM machine

As previously discussed, low-pole FSPM is appropriate for high-speed applications because
it inherits the advantage of FSPM machines such as robust rotor structure and easy thermal
management while avoiding the drawback of the high fundamental frequency. However, as shown
in the previous section, the low-pole FSPM machines either suffer from an unbalanced magnetic
force or have large harmonics in the flux linkage. In reference [114], it is shown that there is
significant second-order harmonic in the flux linkage as well as the back EMF for the 6/4 FSPM
machine, as shown in Figure 1.3-9 and Figure 1.3-10. The second harmonic is generated because
as the rotor sweeps one full pitch, it aligns sequentially with the stator tooth, slot opening, stator
tooth, and permanent magnet. The permanent magnet has a similar permeability as the slot opening.

Therefore, the permeance will experience two periods, while the flux linkage only has one period

o0

ho= D, Acos(hd,+6,) + i A, cos(hd, +6,) (Equation 1-10)

h=1,35... h=2,46..
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Figure 1.3-9. Flux linkage of 6/4 FSPM machine (a) Waveform of flux linkage in the three-
phase coils (b) Harmonic components of phase A [114]
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Figure 1.3-10. Back EMF 6/4 FSPM machine (a) Waveform of back EMF in the three-phase
coils (b) Harmonic components of phase A [114]

change. The flux linkage of one phase can be expressed by (Equation 1-10), A and 6, are the
amplitude and phase angle of the h™ harmonic, respectively. 6. is the rotor position in electric
degree. The second harmonic does not exist in the 12/10 FSPM structure because there are four
coils for one phase, the two coils placed opposite to each other has a phase shift of 180 electrical
degree, which cancel the second harmonic internally. Although the 6/4 FSPM machine also has

two coils for one phase, there is no phase shift for between the flux linkage of the two coils. To
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achieve similar harmonics cancellation occurs in the 12/10 FSPM machine, a dual-stator 6/4 FSPM

machine has been proposed and investigated [109], [115]-[119].

The structure of the proposed dual-stator 6/4 FSPM machine is shown in Figure 1.3-11 (a).
Two 6/4 FSPM machine stators are placed axially next to each other. The two stators are separated

by a certain distance to accommodate the end turn. The section views of the front and rear stator

Rear stator

Front stator

Permanent magnet

Phase A

Phase B
Phase C

(a)

(b) (©)

Figure 1.3-11. Dual-stator 6/4 FSPM machine (a) 3D structure (b) Front stator section
view (C) Rear stator section view [114]
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Figure 1.3-12. Flux linkage of dual-stator 6/4 FSPM machine (a) Flux linkage waveform (b)
Harmonic component in flux linkage

are shown in Figure 1.3-11 (a) (b), as can be seen, the winding direction in the two stators are

opposite to create a 180-degree phase difference. Two rotors with a 45-degree shift are put together

to work with the two stators. There are four coils for each phase, similar to the 12/10 FSPM

machine. The second-order harmonic is canceled internally. The total flux linkage of one phase

has a sinusoidal shape, as shown in Figure 1.3-12 (a). Similar to (Equation 1-10), the flux linkage

of the other two coil can be expressed by (Equation 1-11). The total flux linkage can be calculated

as (Equation 1-12), which has a sinusoidal shape.

gy = i A, cos(hd, +6,) — i A, cos(hé, +6,)

h=135... h=2,4,6...

o = > 2A cos(hd, +6,)

h=1,3,5...

(Equation 1-11)

(Equation 1-12)

It is shown in the previous section that the conventional 6/4 FSPM machine has a significant

cogging torque even with a skewed rotor because the second harmonics is not fully canceled. With

the dual-stator structure, the even-order harmonics, including the second-order harmonic, are

canceled, as shown in Figure 1.3-12 (b). Without addition torque ripple reduction optimization
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Figure 1.3-13. Cogging torque comparison between the dual-stator and single stator 6/4
FSPM machine [113]

such as tooth tip notching and rotor skewing, the dual-stator 6/4 FSPM machine achieves a cogging
torque reduction of more than 70% compared to the single stator 6/4 FSPM machine, as can be
seen in Figure 1.3-13. The even harmonics cancellation is achieved by the 180-degree phase shift
between the two coil pairs in one phase. Therefore, besides the topology shown in Figure 1.3-11

(a), other even harmonic cancellation topologies are available.

Figure 1.3-14 shows the other two dual-stator structures proposed in [117], the structure

shown in Figure 1.3-11 (a) is referred to as Topology-Il. Topology-I has one single-coil crossing

Rear stator

Rear stator

Front stator

Rotor
with offset

Permanent
magnet

Permanent

magnet Y
Phase A
Phase B

\ Phase A

Phase c PhaseB Phase C

(a) (b)

Figure 1.3-14. Alternative topologies of dual-stator 6/4 FSPM machine (a) Topology-1 (b)
Topology-I11[117]
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TABLE 1-2. COMPARISON OF MANUFACTURING, ASSEMBLING SIMPLICITY, AND PERFORMANCE
OF DIFFERENT DUAL-STATOR 6/4 FSPM MACHINE TOPOLOGIES

Characteristics Topology-I Topology-II Topology-Ill
Rotor assembling simplicity Simple Simple Most simple
Winding assembling Less simple Simple Simple
Stator alignment simplicity Simple Simple Less simple
Modular design capability Good Excellent Excellent
Machine compactness Most compact Less compact Less compact
Material consumption Lowest Higher Highest
Torque density High Highest Higher

two stators, which can reduce 50% of the end turn and decrease the stator winding resistance. The
180-degree phase shift is achieved by placing the magnets oppositely in the two stators. The rotor
is twisted in the same way as in Topology-I11. Although no end turn exists between the two stators,
the axial gap is still required to prevent magnetic flux leakage. The rotor of Topology-I and
Topology-Il has three sections, which increase the manufacturing cost because three types of
lamination are needed. Topology-Ill has a straight rotor tooth and requires only one type of rotor
lamination. The two stators are twisted 45 degrees instead. A qualitative comparison of the three

topologies is given in TABLE 1-2 [117].

FSPM machines usually have large torque ripples due to the double saliency structure, which
true for the dual-stator 6/4 FSPM machine as well. Several torque ripple reduction techniques can
be found in literature, including rotor pole shaping [120], tooth notching [121], axial pairing of
rotor teeth [27], and rotor step skewing [32], [122]. The rotor step skew is the simplest and the
most cost-effective method compared to the other techniques. The torque ripple reduction of the
dual-stator 6/4 FSPM machine has been investigated in [115], where two-step skew and four-step
skew with different span angles are studied. The torque ripple reduction study is based on the

Topology-I introduced previously because of the compact design. The structures of the step
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skewed rotor are shown in Figure 1.3-15. The average output torque and torque ripple of different
span angles are presented in Figure 1.3-16. The two-step skew rotor with a span angle of 5 degrees

is able to provide a 62.5% torque ripple reduction and maintain 98% of the average torque.

8¢ Il Average torque 8r Il Average torque
Ripple percentage [ JTorque ripple Ripple percentage [ ITorque ripple
17.4% 149% 122% 10.3% 79% 66% 85% 10.7% 17.4% 15.8% 14.7% 13.0% 10.5% 9.0% 7.3% 5.5%

Torque [Nm]
E-N [e)]

N

0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Step skew span angle [Mech. deg.] Step skew span angle [Mech. deg.]
(a) (b)

Figure 1.3-16. Output torque and torque ripple level of step skew rotor with different span
angle (a) Two-step skew (b) Four-step skew [115]

1.4. Multi-physics design for FSPM machine

The electrical machine design has always been a multi-physics area that involves electrical
and mechanical engineering. Mechanical design includes thermal management, structural analysis,

and mechanical loss characterization. Most of the components in an electrical machine have
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temperature-dependent properties. Therefore, the electromagnetic and thermal performance of the
electric machine is cross-coupled. The structural analysis is essential since it ensures the normal
function of the electric machine. This section reviews the former work that has been done on the

thermal analysis, structural analysis, and windage loss characterization.
1.4.1. Thermal analysis

The first part of the thermal analysis of electric machine includes machine loss (heat source)
and heat rejection system characterization. The machine loss information comes from the
electromagnetic analysis and is mapped into the thermal analysis. Shaft-mounted fan and water
jacket are the commonly used cooling technologies for electric machines. Many research papers
have addressed the thermal analysis of the FSPM machine [42], [123], [124]. Most of the existing
papers employ lumped-parameter thermal network (LPTN), finite element analysis (FEA) and

computational fluid dynamics (CFD) for estimating the thermal performance.

The loss and thermal analysis of a nine-phase FSPM machine have been presented in [125].
The heat transfer characteristics inside and between the machine parts have been described. The
thermal finite element analysis model is built to estimate the temperature distribution. The winding
and housing temperatures are measured, as shown in Figure 1.4-1, to compare with the temperature
predicted in the model. It can be seen that the FEA model correctly estimates the temperature of
the machine. In this paper, the convective heat transfer is modeled with analytical-empirical
equations (Equation 1-13) and (Equation 1-14) given in [126], where ps and ct are the density

_ Pi G Dv
AL

h [1-e™] (Equation 1-13)

0.946 A
o 0.1448L |

DL bV (Equation 1-14)

(kg/m3) and the specific heat capacity (J/kg-K) of the fluid respectively. D is the hydraulic



Winding

64.32
'61 098
57.876
54653
51.431
¥ 23209
44987
41.764
36.542

3532

520 ~————FEM
= 10 ——@— Experimental result
0
2 3 4 3
Time (h)

(©)

& 60
250

~51.8

L17.7

(b)

FEM
=@ Experimental result

2. 3 4 5
Time (h)

(d)

Figure 1.4-1. Temperature measured for a nine-phase FSPM machine (a) Winding

temperature measurement (b) Frame temperature measurement (c) Temperature variation

of winding (d) Temperature variation of frame [125]

57

diameter (m), v is the velocity (m/s) of the fluid, L is the axial length (m) of the cooling surface.

However, in this analysis, fan cooling is employed, which might not adequate for the high power

density FSPM machine. The performance of the fan cooling system is coupled with the rotation

speed of the machine. In addition, the permanent magnet is usually the most temperature-sensitive

component, but the temperature is not monitored here.

Thermal analysis of a 12/10 FSPM machine with water jacket cooling has been shown in

[127], where the anisotropic thermal conductivity of the lamination steel and thermal contact

resistance are discussed. The directional heat transfer in the winding is considered, which allows

the accurate modeling of the end winding heat transfer. Both LPTN and FEA models are used to

characterize the thermal performance of the machine. Figure 1.4-2 shows the geometry of the
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Lumped-parameter themal network model [127]

machine as well as the thermal network model.

In this paper, the convective heat transfer

coefficient for the air gap, and the rotor/stator are derived from CFD simulation. As a result, the

correlation curve between the heat transfer coefficient of the stator/rotor surface and the rotor speed
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Figure 1.4-3. Thermal analysis of 12/10 FSPM machine (a) Correlation between convective coefficient
and rotor speed (b) Machine temperature distribution from FEA [127]
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is given in Figure 1.4-3 (a). The temperature distribution from thermal FEA simulation is shown
in Figure 1.4-3 (b). This paper gives a relatively complete thermal analysis, starting from the loss
analysis, to the different heat transfer coefficient, until the temperature estimation with LTPN and
FEA model. It is shown that with water jacket cooling, the machine temperature, especially the
magnet temperature, could be well controlled. However, this paper focuses on the machine

component modeling, and the description of the heat rejection system itself is missing.

1.4.2. Structural and mechanical tolerance analysis

The structural analysis for the electric machine is critical to ensure the mechanical integrity
of the machine and helps to predict the noise level when operating. In addition, during the
manufacturing of the machine, the actual size of the parts could be deviated from the designed size
due to tooling tolerance. It is important to investigate how the machine performs in the worst
scenario. It is a cost-performance trade-off since small tolerance tooling is usually expensive.

A. Structural analysis

Many references could be found discussing the structural analysis of electric machines

[128]-[130]. The vibration in the electric machine is mainly due to the radial magnetic force, which

causes the stator deformation. The vibration and noise are amplified when the excitation frequency

f __t |5 (Equation 1-15)
"0 27R A\ pA a

2

m-o TR
1+i2=m

f f

(Equation 1-16)

m(=1) —

fm(:O)im(m2 -1

(Equation 1-17)

fm(zZ) =

\/(m2 +1)+2(m2 —1)(4m? +m’ AAm+3)
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Figure 1.4-4. Eigen mode shape of 12/10 FSPM machine stator (a) 2" Mode (b) 3" Mode (c) 4™
Mode (d) 5" Mode [131]

or its harmonics is close to the mode frequency and causes resonance. Some formula have been
developed to estimate the mode frequencies [129], as given in (Equation 1-15) - (Equation 1-17),
where m is mode number, 4 is the mass addition factor of displacement, Es and ps are the modulus
of elasticity and density of the material respectively. However, it is pointed out in [131] that the
above equations are valid for the single-piece stator, which is not the case for the FSPM machine.
To incorporate the segmented stator iron and the sandwiched permanent magnet, the values of the
Es and ps used in (Equation 1-15) - (Equation 1-17) need to be adjusted with (Equation 1-18) and

(Equation 1-19) [131], where #steel is the volume percentage of the steel in the stator. The second
Es,FSPM = nsteel Esteel + (1_ nsteel ) Emagnet (Equation 1-18)

ps,FSPM = nsteelpsteel + (1_775teel )pmagnet (Equation 1-19)

mode to the fifth mode shapes of a 12/10 FSPM machine are given in Figure 1.4-4. Note that
depending on the sizing and material of the machine, the mode frequencies of the machine are
different. To avoid resonance, the machine should be designed in such a way that the excitation

frequency is away from the natural frequency.
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B. Mechanical tolerance analysis

As mentioned previously, the imperfection of manufacturing not only compromise the
performance of the electric machine but also increase the risk of malfunction. As the rotating
component of the machine, the rotor required a careful tolerance analysis. In reference [115], three
rotor mechanical tolerances have been investigated, i.e. rotor pole offset angle deviation, rotor
static eccentricity, and rotor dynamic eccentricity. The dual-stator 6/4 FSPM machine has a salient
pole rotor with 90° between adjacent rotor poles. The two rotor sets have a 45° shift angle to realize
the even harmonics cancellation. However, there is a possibility that the required 45° shift angle
is not respected. Reference [115] has investigated the angle deviations from 1° to 5°. The change
of the back EMF waveform and the harmonics components are given in Figure 1.4-5. The
fundamental component of the back EMF reduces while the harmonics increase, as the deviation
angle becomes larger. The rotor magnetic force and the torque output under different deviation

angle is shown in Figure 1.4-6. It can be seen that rotor pole offset angle deviation has small
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Figure 1.4-6. Rotor magnetic force map with rotor pole offset angle deviation [115]

influence on the rotor magnetic radial force but has a significant impact on the average torque and

torque ripple. The rotor static and dynamic eccentricity are defined as shown in Figure 1.4-7.

Both cases of eccentricity are studied with deviation range from 0.1 mm to 0.3 mm. The

Stator inner diameter circle °

\
\Q\/J
~

~

torque output waveforms of the dual-stator 6/4 FSPM machine with either a static or dynamic

eccentricity are shown in Figure 1.4-8 (a) and Figure 1.4-8 (b), respectively. As can be seen, the
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Figure 1.4-7. Rotor eccentricity (a) Perfectly centered rotor (b) Rotor with static eccentricity
(c) Rotor with dynamic eccentricity [115]
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Figure 1.4-8. Torque output waveform of dual-stator 6/4 FSPM machine with (a) Rotor
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torque output is hardly influenced by the rotor static eccentricity. However, larger rotor dynamic

eccentricity causes a decrease in the average torque and an increase of torque ripple.

The magnetic force maps for rotor with static and dynamic eccentricity are given in Figure

1.4-9. It can be seen that for static eccentricity, the rotor magnetic force exists only in the direction
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Figure 1.4-9. Rotor magnetic force map for (a) Rotor static eccentricity (b) Rotor dynamic
eccentricity [115]
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of deviation and is proportional to the deviation distance. The rotor magnetic force exists in every

direction of the plane and is also proportional to the deviation distance.

1.4.3. Windage loss

Switch reluctance machine (SRM) and FSPM machine have been claimed suitable for high-

speed applications because of the simple and robust rotor structure. However, the salient rotor pole

causes non-negligible windage loss. An analytical model has been established to estimate the

windage loss in [132]. For cylindrical rotor, as shown in Figure 1.4-10, the windage loss assuming

laminar flow could be calculated with (Equation 1-20), where the friction coefficient (Cd) is
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Figure 1.4-11. Windage loss study for a 60 kW SRM machine (a) Rotor structure (b) Windage loss

from calculation and measurement [133]



65

P = 7CypR'@’L (Equation 1-20)
Re = Fept (Equation 1-21)
Y7,
% =2.04+1.768In(ReC,) (Equation 1-22)
d
Keatient = 8.5% +2.2 (Equation 1-23)

defined as 2/Re. Re is the Reynold number and is calculated with (Equation 1-21). For the case of
salient rotor pole with turbulent flow, the friction coefficient can be derived from (Equation 1-22).
The windage loss needs to be corrected with a correction factor given by (Equation 1-23). The
analytical-empirical equations have been used in many papers to estimate the windage loss. In
reference [133], the windage loss of a 60 kW switch reluctance machine with 13 900 rpm is studied.
The rotor geometry is shown in Figure 1.4-11(a), together with the calculated and measured

mechanical loss shown in Figure 1.4-11 (b).

Windage loss reduction structures have been discussed for SRM and FSPM in many papers
[133]-[136]. Essentially three types of rotor structure modifications have been proposed — ribs
between rotor poles, shroud at the end of the rotor, and total cylindrical rotor, as shown in Figure

1.4-12. The dragging torque due to the windage friction of rotors with OD of 176.4 mm is given

(@ (b) (©) (d)

Figure 1.4-12. Windage loss reduction structure (a) Original rotor structure (b) Rotor with
ribs (c) Rotor with shrouds (d) Full cylindrical rotor [133]
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Figure 1.4-13. Windage friction dragging torque for different types of rotor structure [134]

in Figure 1.4-13. As can be seen, the cylindrical rotor has the most significant reduction of windage
drag, and the shrouded rotor and rib rotor have similar performance. However, the influence on
the electromagnetic performance needs to be further investigated to verify that the overall
efficiency is improved. In addition, for the dual-stator 6/4 FSPM machine, the rotor structure is
different from the conventional salient pole rotor. Therefore, further investigation of the windage

loss is needed.
1.5. Summary

This chapter presents the state-of-the-art literature review on the research work about the
flux switching permanent magnet machine. The main advantage of the FSPM machine is having
both the permanent magnet and the armature winding in the stator, which allows a simple and
robust rotor. Because of the use of the permanent magnet, the FSPM machine has higher power
density compared to other machine topologies with robust rotor such as switch reluctance machine,
synchronous reluctance machine, and induction machine. Therefore, the FSPM machine is a
promising candidate for high power density and high-speed applications. In this chapter, the

operation principle of the FSPM machine has been explained. Previous work on the design,
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slot/pole combination study, optimization of the FSPM machine, and many creative FSPM

topologies for improving the machine performance has been presented.

The most seen FSPM machine topology has 12 stator slots and 10 rotor poles, which acts as
a 20-pole machine. Such high pole count is against the previously advertised high-speed
application. The high fundamental frequency leads to a large amount of iron loss other AC machine
losses. It is shown that the low-pole FSPM (dual-stator 6/4 FSPM) machine requires only a 40%
fundamental frequency than the conventional 12/10 FSPM machine. However, the dual-stator 6/4
FSPM machine only has a maximum winding factor of 0.5, which limits the electric loading of the
machine. It is worthwhile investigating the winding topology for the low-pole FSPM machine to

improve the winding factor.

The multi-physics design for the FSPM machine is briefly reviewed. Having the permanent
magnet and armature winding both in the stator makes the machine thermal management easier.
On the other hand, it also requires a more effective cooling system than rotor-mount PM machines
under full load and overload conditions. Previous work on the thermal analysis of the 12/10 FSPM
machine is a good guideline for conducting thermal analysis for the low-pole FSPM machine.
Because of the salient rotor structure, the windage loss is not negligible for high-speed FSPM
machine. Researches on windage loss reduction for switch reluctance machine have proposed
some rotor structure to reduce windage loss. It is worthwhile investigating the impacts and benefits

of the modified rotor structure on the low-pole FSPM machine.

As a summary, this research continues the previous work on the investigation of low-pole
FSPM machine with a focus on the 6/4 topology. The objective is to further improve the
performance of the machine and to investigate the multi-physics design. The following chapters

are dedicated to addressing those research topics individually.
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Chapter 2 Analytical Modeling of Dual-
Stator 6/4 FSPM Machine

As shown in the previous chapter, the 6/4 FSPM machine operates with 60% less
fundamental frequency compared to the commonly seen 12/10 FSPM machine at the same speed.
The reduced fundamental frequency brings the benefits of lower iron loss and ac copper loss. In
addition, with the same current switching ripple level, the inverter’s switching frequency can be
reduced for lower fundamental frequency. Therefore, switching loss in the motor drive is also
reduced. However, the conventional 6/4 FSPM machine has considerable second-order harmonic
in the flux linkage and back EMF, which makes it impossible to operate with sinusoidal three-
phase ac drive. The origin of the large second-order harmonic and its cancellation are discussed in
this chapter. In addition, the winding factor of the 6/4 FSPM machine is investigated. High winding

factor design for the 6/4 FSPM machine is identified.
2.1. Fundamentals of dual-stator 6/4 FSPM machine

Several topologies of the 6/4 FSPM machine have been investigated in this research, which
can be classified into different groups according to the winding topology. To clarify the focus of
this research, a figure of the classification of different dual-stator 6/4 FSPM machine is plotted, as
shown in Figure 2.1-1. The three topologies on the right with no middle end turn (NMET) are the

main investigation target of this thesis.
2.1.1. Second-order harmonic in flux-linkage and the cancellation

FSPM machine places the circumferentially magnetized permanent magnet in a spoke-type
fashion on the stator. It does not rely on the rotor-mounted magnet to generate the alternating flux

linkage synchronized to the rotor rotation. The section view of a 6/4 FSPM machine with double-
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Figure 2.1-1. Classification of dual-stator 6/4 FSPM machine according to winding topology

layer winding is shown in Figure 2.1-2. As the
rotor rotates, the flux linkage across the coil is
varying and induces back electromotive force
(EMF) at the terminals of the motor phase
cables. To better illustrate the operation of the

6/4 FSPM machine, a simplified rectangular

partial model of the 6/4 FSPM machine is . . .
Figure 2.1-2. Section view of a 6/4 FSPM

established and shown in Figure 2.1-3. As can machine with double-layer winding.
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Position: 0° 15° 30° 45° 60° 75° 90° 105° 12

B core

magnet . e
I winding | ar=0 or=30
=== Flux Aw= =Apm Aw= Apm
or = 15° or = 60°
lW: 0 /1W: 0

Figure 2.1-3. Simplified partial model of 6/4 FSPM machine with four critical rotor positions

be seen, the magnets on the stator are magnetized circumferentially. Arrows on the magnets
indicate the direction of magnetization. The rotor is set moving from the right to the left, and four
critical rotor positions are shown consecutively (from ar = 0 to ar = 60, where ar is the rotor rotation
angle). Note that each stator unit consists of one U-shape stator core and one adjacent permanent
magnet. Therefore, the partial model shown in Figure 2.1-3 is one-third of the whole stator and
has a mechanical angle span of 120°. The rotor is not a multiple of three, and the number of rotor

pole shown in the figure is changing.

The rotor poles are placed 90° away from each other since there are four rotor poles in the
6/4 FSPM machine. For simplicity, the stator tooth width, rotor pole width, slot opening, and the
magnet thickness are assumed to be the same. The angular positions of each segment of the stator
and the rotor are marked in Figure 2.1-3. At the first position (ar = 0°), where the rotor pole Ry is
aligned with stator tooth Ss, the magnetic flux is passing from the stator tooth to the rotor pole
through the air gap. When defining the positive flux linkage direction as from the rotor towards
the stator, the flux linkage of the winding reaches its minimum at or = 0°, noted as -Apm. In the
second position where the rotor pole is aligned with the magnet between S; and Ss, the flux path

is closed between the two coil sides of the winding. Therefore, no net flux linkage passes through
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Figure 2.1-4. Flux linkage of a single stator of 6/4 FSPM machine (a) Flux linkage waveform
(b) Harmonic components in the flux linkage

the winding at ar = 15°. As the rotor pole R1 is aligned with Sz at ar = 30°, the flux is passing from
the rotor pole to the stator tooth. According to the direction defined previously, the flux linkage of
the winding is now at maximum, i.e. Apm. At the fourth position, the rotor pole Ry and R are aligned
with the two stator teeth S; and Sa. As can be seen in Figure 2.1-3, the flux path is closed outside
the winding. Therefore, the flux linkage through the winding is zero at ar = 15°. It can be seen that
the flux linkage through the coil is changing periodically from Apm to -Apm. However, the flux
linkage changes from -Apm to zero then to Apm with an angle step of 15°, but changes from Apm to

zero then back to -Zpm with an angle step of 30°. Therefore, the flux linkage variation is asymmetric.

The winding flux linkage of the 6/4 FSPM machine can be approximated by a piecewise
function, as shown in Figure 2.1-4 (a). With fast Fourier transformation, the harmonic components
of the flux linkage can be calculated and are shown in Figure 2.1-4 (b). As can be seen, the
fundamental and second-order harmonic are dominant. Therefore, the flux linkage in the winding

Jw can be sufficiently approximated as (Equation 2-1), where A1 and A> are the magnitudes of the
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Aw = A cos(w,.t) + Aycos (2w, t) (Equation 2-1)

fundamental and second-order harmonic components of the flux linkage (Wb), we is the electrical
angular speed (rad/s). The flux linkage waveform and the harmonic components from FEA
simulation are also shown in Figure 2.1-4. As can be seen, the fundamental and second-order
harmonic components are dominant. The difference in the amplitude comes from the simplification

of the machine model.

When the rotor pole initial angle is shifted 45° mechanically, a 180° electrical phase shift is

added to the flux linkage, and the new flux linkage Aw2 can be expressed as (Equation 2-2). The

Awz = A cos (w, t +180°) + Aycos[2(w,t + 180°) ] )
(Equation 2-2)

=-)\cos(w.t) + Aycos (2w,t)

A2 = Aicos (w,t) — Ascos (2w, t) (Equation 2-3)

goal is to cancel the second harmonic and keep the fundamental component. As can be observed
from (Equation 2-2), when the magnetizing direction of the magnet is inversed, the new winding
flux linkage w2’ would become (Equation 2-3). When the two stators share the same sets of
winding, the total flux linkage can be calculated as the sum of (Equation 2-1) and (Equation 2-3),

which only contains the fundamental component.

Note that due to the symmetry of the machine, the flux linkage in the two coils in the same
phase of the 6/4 FSPM machine is identical. However, for 12/10 FSPM machine and other FSPM
machine with a stator slot number larger than 12, the number of coils per phase is larger or equals

to four, and there are more than two pairs of coils for one phase that can cancel the second-order
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(b)

Figure 2.1-5. Section view and stator winding connection of dual-stator 6/4 FSPM
machine (a) Front stator (b) Rear stator

harmonic. Therefore, second-order harmonic exists in the flux linkage of each coil of all FSPM

machines, but it can be canceled internally in FSPM machines with a large number of stator slot.

2.1.2. Gap between two stators

The second-order harmonic in the flux linkage can be canceled with the use of a second pair

of winding, which is accommodated in another stator. The magnets in the two stators have opposite

magnetizing directions. Figure 2.1-5 (a) and Figure 2.1-5 (b) shows the section view of the front

stator and rear stator with winding
connection, respectively. When assemble the
two stators together, it is necessary to keep a
certain distance between the two stators.
Otherwise, significant magnetic flux leakage
occurs because of the opposite magnetizing
direction. As shown in Figure 2.1-6, the

length of the gap between the two stators is a

Figure 2.1-6. 3D view of the dual-stator
6/4 FSPM machine
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(@) (b)

Figure 2.1-7. Dual-stator 6/4 FSPM machine with a stator gap length of (a) 5 mm and
(b) 30 mm

design degree of freedom. To determine an optimal gap length between the stators, a parametric
study is done using 3D finite element analysis (FEA) simulation. As shown in Figure 2.1-7, two
dual-stator 6/4 FSPM machines with a gap length of 5 mm and 30 mm are shown. As can be seen,
shorter gap provides a more compact design which not only increases the volumetric power density,
but also reduces the stator winding length which is beneficial for low copper loss. However, the
magnetic flux leakage caused by the small gap length compromises the magnetic loading of the

machine. Seven cases with different gap lengths are simulated in JMAG Designer at the speed of
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Figure 2.1-8. Back EMF value variation versus different stator gap length
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TABLE 2-1. LOSSES AND EFFICIENCIES OF DUAL-STATOR 6/4 FSPM MACHINE WITH DIFFERENT GAP
DISTANCE BETWEEN THE STATORS

Pstator [W] Pr [W] Pmag [W] Eff [%0] [KWI/L]

B 55431 246.8 97.5 47.4 45.2 91.6 5.22
7561.5 255.7 121.9 58.0 48.3 92.9 6.70
8943.8 266.1 144.5 69.2 56.2 93.4 7.48
9020.6 276.5 147.8 72.9 57.9 93.2 7.15
9103.0 286.8 146.9 74.5 57.3 93.2 6.86
9159.2 298.1 146.1 76.1 57.4 93.1 6.57
9189.2 307.6 148.4 77.0 57.3 92.9 6.29
9196.6 320.4 148.5 77.9 57.1 92.8 6.02

15000 rpm. The no-load back EMF of the machines with different gap lengths are given in Figure
2.1-8. It can be seen that as the back EMF value increases with the gap length. At a length of 30
mm, the back EMF achieves 99.5% of the value when the two stators are infinitely separated. The
stator/rotor iron loss is also influenced by the gap distance as well as the output power. Note that
when reducing the gap length between the two stators, only reduction of back EMF amplitude is
observed and no waveform distortion. There is no magnetic material between the two stators.

Therefore, machine inductance is not affected.

TABLE 2-1 shows the losses of different machine components and the efficiencies of the
dual-stator 6/4 FSPM machine with different gap distances between the stators. As can be seen
from the table, the machine has a relatively high efficiency with a small gap distance due to the
reduced copper/iron losses. However, the output power is reduced because of the flux leakage
between the axially adjacent magnets. From TABLE 2-1, the dual-stator 6/4 FSPM machine with a
gap of 10 mm can achieve 97% of the power of the machine with infinitely separated stators. Note
that the purpose of this project is to investigate the realization of dual-stator 6/4 FSPM machine,
but not investigating the engineering trade-off between performance and cost. Therefore, a 30 mm
stator gap is chosen. The back EMF of the 30 mm gap design is very close to the infinitely

separated case without having too much waste on the volume.
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2.2. 'Winding configuration of 6/4 FSPM machine
2.2.1. Back EMF vector graph and winding factor of FSPM machine

Winding factor is an important machine design parameter that reflects the useful winding
MMEF. For a generic winding topology, the winding factor (kw) mainly consists of two parts,
distribution factor (kq) and pitch factor (kp). With distributed winding, there are multiple slots

contributed for one magnetic pole, as shown in Figure 2.2-1 (a). The total EMF generated by the

(a) (b)

Figure 2.2-1. EMF vector for calculation of (a) Winding distribution factor (b) Winding
pitch factor

coils is the vector sum of the individual EMF vector, which is smaller than the arithmetic sum.

The distribution factor is defined as the ratio between those two numbers, shown as (Equation 2-4).

k, = M (Equation 2-4)
msin(fg/2)
k, = cos(%) (Equation 2-5)

Similarly, as shown in Figure 2.2-1 (b), when the distance two coil side of one magnetic pole is
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smaller than 180°, the vector sum of the two individual EMF vector is smaller than the arithmetic

sum, whose ratio defines the pitch factor, as shown (Equation 2-5).

However, as mentioned previously, FSPM machines cannot employ distributed winding due
to the stator-mounted permanent magnet. Therefore, the calculation of the winding factor of the
FSPM machine is done by using the EMF vector. Taking the example of the most commonly seen

12/10 FSPM machine, the coil side vectors for phase A are shown in Figure 2.2-2 (a). The EMF

tEar tEsz tEps tEag

(a) (b)

Figure 2.2-2. 3-phase 12/10 FSPM machine (a) Coil side vector of phase A and (b) EMF vectors
graph

vector of each coil side can be calculated as (Equation 2-6) [137], where Py is the rotor pole number,

B — oitnfn (Equation 2-6)
\

X is the phase notation (A, B, or C), i is the coil side number (1, 2, 3, or 4), 6y is the mechanical
angular position of the corresponding coil side. Without loss of generality, fa1 is assigned to be 0°.
The EMF phase vector graph for the 3 phase 12/10 FSPM machine can be drawn as Figure 2.2-2

(b). As can be seen, each phase contains eight individual EMF vectors. However, the EMF vectors
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are not co-linear, which makes their vector sum shorter than their arithmetic sum. By definition,

the winding factor is the ratio between the two sums, as shown in (Equation 2-7). For the 12/10

NJ3

|2 Eal
k= ; (Equation 2-7)
w — "N,/3

> IE
i=1

FSPM machine, the winding factor equals to cos (1

6>:0.86. Higher number of stator slot is

beneficial for increasing the winding factor of FSPM machine. Special winding layout can even

achieve unity winding factor as shown in the following section.

2.2.2. Winding factor of 6/4 FSPM machine
The EMF vector method can also be applied to the 6/4 FSPM machine. Start with the

conventional double-layer concentrated winding (DLCW) 6/4 FSPM machine. The coil vectors
graph and the EMF vector graph are shown in Figure 2.2-3 (a) and Figure 2.2-3 (b), respectively.

From the EMF vector graph, the winding factor of the DLCW 6/4 FSPM machine can be calculated

EA3

A4

(@) (b)

Figure 2.2-3. Double-layer concentrated winding 6/4 FSPM machine (a) Coil side vector of
phase A and (b) EMF vector graph
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Figure 2.2-4. Single-layer concentrated winding 6/4 FSPM machine (a) Coil side vector of
phase A and (b) EMF vector graph

A2

™

with (Equation 2-7) as cos ( 3

>: 0.5. The winding factor of the DLCW 6/4 FSPM machine is 42%

less than the winding factor of the 12/10 FSPM machine and left plenty of room for improvement.
Keeping the 6/4 topology, instead of using a double-layer winding, single-layer winding can be
applied, as shown in Figure 2.2-4 (a). In single-layer winding 6/4 FSPM machine, there are only
two coil sides for each phase, which are place 180° away from each other. The corresponding EMF
vector graph is shown in Figure 2.2-4 (b). As can be seen, the EMF vectors in the same phase are
co-linear. Therefore, the amplitude of the total EMF for one phase is equal to the arithmetic sum
of the individual vectors. According to (Equation 2-7), the winding factor of the single-layer 6/4
FSPM machine is 1. Compared to the DLCW winding, the use of single-layer winding can double

the winding factor.

2.2.3. Single-layer Circumferential winding and Toroidal winding layout

Figure 2.2-4 (a) shows the section view of the single-layer winding 6/4 FSPM machine

without specifying the actual winding layout. Unlike the DLCW 6/4 FSPM machine, where the
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(a) (b)

Figure 2.2-5. Realization of single-layer winding 6/4 FSPM machine with (a) Single-layer
overlapping winding (SLOW) and (b) Single-layer toroidal winding (SLTW)

two coil sides are very close to each other and can be easily connected with a concentrated coil,
the two coil sides of the single-layer winding 6/4 FSPM machine locates 180° away. The
straightforward way of realization is using circumferential winding, as shown in Figure 2.2-5 (a).
The two coil sides are connected through end windings that travel across half of the entire stator
circumference. The other possible winding topology is single-layer toroidal winding (SLTW), as
shown in Figure 2.2-5 (b). The returning coil comes back from the outside of the stator back iron.
In order to provide a structural support for the returning coil, the stator core is designed to be an
H-shape. The section views of the front stator of the two winding topologies are shown in Figure
2.2-6 (a) and Figure 2.2-6 (b), respectively. The two single-layer winding layouts have differences

in several aspects, which will be discussed in the following part.
A. Manufacturing complexity
As can be seen clearly in Figure 2.2-5 (a), the end winding of the overlapping winding has

180° span angle and covers half of the entire stator circumference. For random wound winding,

such large span angle makes the winding mechanically unstable due to gravity, if not properly
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Figure 2.2-6. Section views of the front stator of (a) SLOW and (b) SLTW dual-stator 6/4
FSPM machine
bound or fixed. The winding overlaps occur at three positions, which are close to the coil’s entering
and leaving location. Therefore, an extra axial volume is needed to accommodate the bent coil.
Whereas for the toroidal winding, as shown in Figure 2.2-5 (b), no overlapping occurs between
the coils, and phase-phase insulation is not needed. The toroidal winding also makes the machine
has a more modular design, as shown in Figure 2.2-6. The individual stator unit is not linked by

the stator winding, which potentially allows higher slot filling factor and easier manufacturing.
B. Stator winding length

The winding resistance is proportional to the length of the winding coil. The two machines
have the same stack length, and the end winding length determines which topology has a larger
winding resistance. The SLOW 6/4 FSPM machine has an end turn that travel across half of the
stator circumference, while the returning coil of the SLTW topology is acting like an end turn. The

total length of a coil (lc) can be calculated as (Equation 2-8), where lstack is the stack length, a and

lc =n (200 + 4a + 2b) (Equation 2-8)

b are the axial and planar length of the end winding, respectively. n is the number of coils per
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(a) (b) (©

Figure 2.2-7. Geometry parameters for stator winding resistance calculation.

TABLE 2-2. WINDING PARAMETERS OF 6/4 FSPM MACHINES

Dos [MM]  Istack(mm] a[mm] b [mm] Ic [mm] Rs [Q]
SLOW 130 110 15 152 584 31.9
SLTW 130 110 15 18 632 34.7 (+8%)

phase. The a and b for the two winding layouts are shown in Figure 2.2-7. A comparison of coil
length is given in TABLE 2-2. As can be seen, with the given machine outer diameter and stack

length, the total coil of the two machines are similar with a difference of 8%.
C. Cooling and thermal management

FSPM machine is usually claimed to have easy thermal management because of both
armature windings and permanent magnets located in the stator. Compared to rotor-mounted
permanent magnet machine such as IPM and SPM machine, the temperature-sensitive magnet us
easier to be cooled by a water jacket integrated housing or housing with fins. On the other hand,
having permanent magnets and armature windings both in the stator requires cautious machine
thermal analysis. For the double-layer FSPM machine, the magnets are surrounded by the end
winding. If not properly cooled, the overheating issue could be severe. Things get worse for the

single-layer FSPM machine with overlapping winding because of the larger end winding.
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For the single-layer toroidal winding FSPM machine, as can be seen in Figure 2.2-5 (b), the
armature windings and the magnets are well separated in space. The magnets are away from the
hot windings and are only in contact with the stator core, which has lower temperature than the
magnets. The toroidal topology allows one coil side of the winding has a close contact with the
housing. With proper encapsulation of high thermal conductivity epoxy, the thermal resistance
between the windings and the water jacket will be significantly lower compared to the overlapping
winding topology and double-layer winding configuration. Detailed cooling design and thermal
analysis are done in Chapter 5. The stator winding of electric machine is usually encapsulated with
epoxy to improve the thermal performance since air is a terrible conductor for heat. Different
encapsulation materials have various curing temperature, which ranges from room temperature up
to hundreds degree Celsius. The curing temperature of certain encapsulation material might exceed
the temperature limit of the permanent magnet and cannot be applied to the double-layer winding
FSPM machine. Therefore, the separation of armature winding and the permanent magnet in the
single-layer toroidal winding FSPM machine allows a wider choice of encapsulation material and

can potentially improve the thermal performance of the machine.

The two realizations of the single-layer winding topologies have difference in several aspects,
the comparisons shown above suggest that the toroidal winding is a more reasonable approach
than the overlapping winding. In the following part of this paper, the analysis, simulation, and

comparison will be done with the toroidal winding for the single-layer winding topology.
2.3. Design parameters of the dual-stator 6/4 FSPM machine

In the previous section, it is shown that the single-layer winding 6/4 FSPM machine can
achieve twice winding factor than the conventional double-layer winding 6/4 FSPM machine. The
single-layer toroidal winding further increases the manufacturing feasibility and thermal

performance. The machine design parameters and the sizing equations of the 6/4 FSPM machines
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are presented in this section, to analytically evaluate the benefits of the single-layer winding 6/4

FSPM machine.

2.3.1. Sizing equation of 6/4 FSPM machine

The sizing equation is a commonly used design tool to preliminarily determine the volume
of the machine required for a specific power level. Assuming that the stator tooth width, stator slot
opening width, and the magnet thickness are identical. The flux linkage per coil can be modeled

as (Equation 2-9) where Nc is the number of turns per coil, By is the magnetic flux density (T) in

0o+ 6, )
Ao =N¢D;, L / B, (0)do (Equation 2-9)
0,

the stator tooth, Djs is the stator inner diameter (m), lstack is the machine stack length (m), 6s is the
angular span (rad) of one stator tooth, and Ns is the number of stator slot. Assuming that the
magnetic flux density is uniform in the stator tooth, the back EMF per coil can be calculated as

(Equation 2-10) The total back EMF per phase can be derived as (Equation 2-11) where Bt is the

ec = dXc d9 _ w.Ne DL dB, (Equation 2-10)
o dt AN,  df
_ w,NoD,rL (2B,\ _ N,
~ 4N, <7T/NT> = o, NeDilBuw,
N, 1 .
Ep= —=kyec = ——k,N,No D, LBy w, (Equation 2-11)

3v2" T 6v2

amplitude of the fundamental component of the stator tooth flux density (T).

The armature current (Irms) can be expressed as a function of the current density (Ks,ms) at

the stator inner surface, as shown in (Equation 2-12) As a three-phase machine, the output power
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K,  .mD., .
— —srms Ds Equation 2-12
Lo N,N. (Eq )

N,

T
2¢v/2 N,

P =3E, 1 = k,D2LB, K, 1w, (Equation 2-13)

of the 6/4 FSPM machine can be expressed as (Equation 2-13). As can be seen, with a defined
machine stator diameter and stack length, the output power of the 6/4 FSPM machine is
proportional to the product of the winding factor, magnetic loading, and electric loading. Therefore,
less magnetic or electric loading is needed for machine with higher winding factor for the same
power level, which leads to lower copper loss and iron loss. Detailed losses and efficiency

comparison are shown in Chapter 3.
2.3.2. Machine design parameters

In order to have a direct comparison between the single-layer and double-layer winding 6/4
FSPM machine, and to illustrate the pros and cons of the single-layer winding design, the single-
layer dual-stator 6/4 FSPM machine is designed to have the same sizing, i.e. outer diameter and
stack length as the double-layer FSPM machine shown in [138]. Machine design parameters such
as stator resistance and winding inductance are calculated and compared in this section.

A. Stator resistance

Copper loss is one of the major losses in electrical machines and is related directly to the
winding resistance. Although the winding layout is different in the single-layer toroidal winding
(SLTW) than in the double-layer concentrated winding (DLCW), the calculation of winding

resistance is similar. The DC winding resistance per phase can be calculated with (Equation 2-14)

R— npcu Nélc Nigyer (Equation 2-14)
kC’uAS
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where n is the number of coils per phase, o, is the resistivity (QQ-m) of copper, N is the number
of turns per coil, Niayer is the number of winding layer per slot, k., is the slot filling factor, and As

is slot area (m?). Ic is the wire length per turn (m) and can be calculated with (Equation 2-15) where

lo =2l 00 +4a + 20 (Equation 2-15)

a and b are the axial length and radial and circumferential length (m) of the end winding. Detailed
stator units of the DLCW and SLTW dual-stator 6/4 FSPM machine with winding geometry

parameters are shown in Figure 2.3-1 (a) and Figure 2.3-1 (b), respectively. The end turn

(b)

Figure 2.3-1. Stator units with winding geometry parameters of (a) Double-layer
concentrated winding and (b) Single-layer toroidal winding dual-stator 6/4 FSPM machine.

parameters a and b are noted with subscripts of “cw” and “tw” in Figure 2.3-1 to distinguish the

two winding topologies.

AC winding resistance due to skin effect and proximity effect is not negligible when
operating at elevated frequency. The skin depth () characterizes the conductor current distribution
under the influence of skin effect. The current density in a conductor decreases exponentially

starting from the surface of the conductor, and is governed by (Equation 2-16), where Js is the
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J=J,e (Equation 2-16)

current density (A/mm?) at the surface of the conductor, d is the depth (m) toward the center of the
conductor. For a 6/4 FSPM machine running at 15000 rpm and wound with copper wire, the skin
depth is 2.1 mm. Such skin depth is larger than the radius of the AWG #6 wire. Therefore, the
influence of the skin effect is minimal according to (Equation 2-16). The ac winding resistance

due to the proximity effect is analyzed in [139] and can be modeled with (Equation 2-17) where

R — molore pows N, NG (Equation 2-17)

ae 12w2
rc and o are the radius (m) and the electrical conductivity (S/m) of the wire, we is the frequency
(rad/s) of the current, ws; is the width (m) of the slot. The dc winding resistance of the machines
under comparison and the total winding resistances of the two machines considering ac effect are
calculated and compared with the measured resistance in Figure 2.3-2. As can be seen, the single-

layer winding has more than 40% less resistance of the double-layer winding when the armature

0.2
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Figure 2.3-2. Winding resistance of the DLCW and SLTW 6/4 FSPM machine considering
proximity effect.
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current frequency is below 400 Hz. The winding resistances of the two topologies get close when
the current frequency increases due to the ac winding resistance. The proximity effect can be
mitigated by twisting the strands of wire in the same turn. The characterization of the twisted coil
is complex and is not conducted here. The winding resistance used in the copper loss calculation

will be calibrated with the measured value.

B. Machine inductance

The inductance plays an important role in the control, field weakening operation, and
dynamic performance of the machine [140]. The total winding inductance consists of the
magnetizing inductance and the leakage inductance. The magnetizing inductance is usually
calculated using the winding function for commonly seen machines such as induction machine,
SPM, and IPM machine [141]. However, as the FSPM machine has the permanent magnet in the
stator, the inductance cannot be calculated directly from the winding function. In reference [142],
a two-position method is proposed to calculate the inductance of a 12/10 FSPM machine. This
method calculates the d-axis and g-axis inductance at two special rotor positions, instead of using
Park transformation to derive the dq inductance from the position varying inductance in the stator
reference frame. The two-position inductance calculation method is proposed for the 12/10 FSPM

machine but can be easily applied on the 6/4 FSPM machine.

The magnetic flux path for the 6/4 FSPM machine in the d-axis aligned position is shown in
Figure 2.3-3 (a). Due to symmetry, only half of the machine is shown. A simplified rectangular
model is shown in Figure 2.3-3 (b) with machine geometry parameters. With the assumption that
the permeability of stator and rotor iron is much larger than the permeability of air and permanent
magnet, Ampere’s law applied to the flux loop shown in Figure 2.3-3 (b) can be written as
(Equation 2-18) where Hm, and Hg are the magnetic field strength in the magnet and the air gap,

respectively, N¢ is the number of turns, and | is the current amplitude in the coil. The magnetic
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(d)

Figure 2.3-3. Magnetic flux path of 6/4 FSPM machine (a) 6/4 FSPM machine at d-axis
position (b) d-axis flux path (c) 6/4 FSPM machine at g-axis position (b) g-axis flux path

H,w,.,+2H,g = NoI (Equation 2-18)

B,,= B, + uH,, (Equation 2-19)

flux in the magnet can be written as (Equation 2-19) where By, is the magnetic flux in the magnet,
Br is the remnant flux of the magnet. By solving the magnetic flux loop in Figure 2.3-3 (b), the d-
axis magnetizing inductance of the FSPM machine could be calculated with (Equation 2-20).
Apparently, the d-axis inductance depends not only on the geometry of the machine, but also on
the characteristics of the permanent magnet and the current amplitude, which can be observed in
Figure 2.3-4. The magnetic flux path for the g-axis aligned position and the simplified model are
shown in Figure 2.3-3 (c) and Figure 2.3-3 (d), respectively. The flux path does not pass through
the magnet, and the g-axis inductance can be calculated by (Equation 2-21). Geometry parameters

in equation (Equation 2-20) and (Equation 2-21) can be found in Figure 2.3-3. The magnetic flux
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path does not change much in the SLTW machine when assuming the iron permeability is much
larger than the magnet and air. Therefore, the same equations can be used for calculating the

inductance of the SLTW machine.

Note that equations (Equation 2-20) and (Equation 2-21) calculate the inductance assuming
the iron is not saturated. In order to take the iron saturation into account, the inductances of the 6/4
FSPM machine are obtained by FEA simulation for different armature current levels. The dg-axis
flux linkage is first derived with the Park transformation. Then the dg-axis inductance is calculated.
Figure 2.3-4 shows the d and g-axis inductances of the two machines at different currents. As can
be seen, the d-axis inductance decreases faster than the g-axis inductance because the permanent

magnet flux makes the d-axis path more saturated than the g-axis path.
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Current [A]

Figure 2.3-4. d-axis and g-axis Inductance of DLCW and SLTW 6/4 FSPM machine at
different current levels.
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C. Leakage inductance

Although the permeability of the stator/rotor core is much higher than air, leakage flux exists
in the slot and the ending windings. The leakage inductance calculation for the FSPM machine is
identical as for the FSCW SPM machine illustrated in [141]. The leakage inductance mainly
consists of slot leakage inductance and end winding leakage inductance. There are many types of
slot geometry for different types of machines and windings. The most commonly seen ones have
rectangular shape or semi-round shape [143], [144]. As the 6/4 FSPM machine has a small number

of slots, the slot shape is of a trapezoidal shape, as shown in Figure 2.3-5 for the single-layer

(b)

Figure 2.3-5. Slot section view for calculating slot leakage inductance (a) Single-layer
winding (b) Double-layer winding

winding and double-layer winding, respectively. Unlike the calculation for magnetizing
inductance, the slot leakage and end winding inductance of FSPM machine could be calculated

similarly to the fractional slot concentrated winding SPM machine.

For the loop shown in Figure 2.3-5, according to Ampere’s law we have § Hy,dl = n(x)],
where n(x) is the number of turns surrounded by the integration loop. The permeability of the stator
core is much larger than the air permeability, it is reasonable to assume that the surrounded coil

MMEF can be approximated by the MMF drop in the slot. By assuming the H field is constant along
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the y-direction. We can write the loop integration as (Equation 2-22). The differential flux linkage

H(X)y(x) =n(x)I (Equation 2-22)
21 N(X)y2 | .
dA=n(x)d® = gn 1 (—)" ——dx (Equation 2-23)
n, " y(x)
b, —D, :
y(x)=h, + sd X (Equation 2-24)

S

n(x) _ 2byd X+ (b, —by)x?
n (bo +bs)d52

S

(Equation 2-25)

n(x
of the coil at position x can then be written as (Equation 2-23), where y(x) and % are functions

of position in the x-direction and could be expressed by (Equation 2-24) and (Equation 2-25),

respectively.

The differential slot leakage inductance could be calculated as (Equation 2-26). By taking
the integration over the slot height (x-direction), the slot leakage inductance per slot for the single-

layer winding shown in Figure 2.3-5 (a) could be expressed as (Equation 2-27), where S is the ratio

dL _44_ U nz(m)2 I—‘*dx (Equation 2-26)
0''s
l n, " y(x)
52 g p-3
T g 9Py (Equation 2-27)

lot — sle 0 . 272
o =y T - A

between bo and bs. The slot leakage inductance per phase could be calculated by multiplying the

per slot inductance by the number of slots per phase. The derivation for the slot-leakage inductance
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for the double-layer winding is the same as for the single-layer winding, as each coil side takes
half of the slot area. Note that there is mutual-slot leakage inductance for the double-layer winding,

who has the same value as the self-slot leakage inductance.

For the double-layer FSPM machine, the end winding leakage inductance is small because
of the short end turns. Apparently, it is similar for the single-layer toroidal winding. The end
winding leakage inductance calculation is given in [140] based on the formula used for calculating
the inductance of parallel transmission lines with image theory. The end winding leakage
inductance per phase could be calculated with (Equation 2-28). lend is the length of end winding,

which is calculated by (Equation 2-29), where a and b are the axial and radial/circumferential

L,, = N? % k2(2l,. )12, (Equation 2-28)
.., =4a+2b (Equation 2-29)

length of the end winding respectively.
2.4. Harmonic analysis of single-layer 6/4 FSPM machine

The rotating PM magnetic field in SPM and IPM machine are generated from the rotating
magnets. However, the FSPM machine has the permanent magnets in the stator and is stationary.
The rotating permanent magnet magnetic field is generated from the modulation of the salient
stator and rotor core. Therefore, the FSPM machine can be classified into the category of flux
modulation machine, together with Vernier machine, doubly salient PM machine, and magnetic
gear, where the machine torque is contributed from several harmonic components. The calculation
of the open circuit air gap flux density of the 6/4 FSPM machine and the stator winding MMF of

the double-layer winding and single-layer winding 6/4 FSPM machine are derived in this section.
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2.4.1. No load air gap flux density of 6/4 FSPM machine

The no-load air gap magnetic flux is generated from the permanent magnets. As mentioned
previously, the magnets of the FSPM machine is in the stator and are not rotating with the rotor.
The rotating air gap magnetic flux is from the modulation of the stator core and the rotor core. The
permanent magnet MMF distribution is first analyzed. The To simplify the analysis, the 6/4 FSPM
stator assembly is presented in a rectangular model, as shown in Figure 2.4-1 (a). Note that the

magnets in the stator are magnetized in the circumferential direction, and due to the flux focusing
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Figure 2.4-1. 6/4 FSPM machine stator core and permanent magnet (a) Rectangular stator
model (b) Magnet MMF considering the stator saliency
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effect, the magnetic flux direction in the stator tooth is radial, as indicated in Figure 2.4-1 (a). The
magnets are sandwiched between two stator cores. It is assumed that the width of the magnet is
the same as the stator tooth and the stator slot. The magnet has similar permeability as air, therefore,
the magnet MMF view from the air gap need to consider the stator saliency, as shown in Figure
2.4-1 (b). To verify the previous statement, the rotor of the 6/4 FSPM machine is replaced with a
full cylindrical rotor and the radial magnetic flux density is measured. As can be seen in Figure
2.4-1 (c), the shape of the radial magnetic flux density viewed from the air gap is similar to the
piecewise function of the stator magnet MMF. With Fourier decomposition, the stator magnet

MMF of a generic FSPM machine can be written as (Equation 2-30), where Fpwmo is the amplitude

Fpy(0) = 4F7’;M0 Z 1 [cos <M> — cos (%—Wﬂcos(névs 0) (Equation 2-30)

n=1.3,5"1 8 8

of the stator magnet MMF, Ns is the stator slot number. For the 6/4 FSPM machine, the stator

magnet MMF can be written as (Equation 2-31). The period of the magnet MMF variation is 1/3

[ee]

Fo (0) = 22200 §7 i[cos<”—”) —cos(?m—”)]cos(gnm (Equation 2-31)

n=1.3,5"1" 8 8

of the mechanical period, because there are six magnets in the stator.

To get the actual air gap flux density, the rotor saliency needs to be considered as well.
Similar to the stator, the rotor of 6/4 FSPM machine in also presented in a rectangular model, as
shown in Figure 2.4-2 (a). For simplicity, the rotor tooth width is set to be the same as the stator
tooth width. The rotor permeance function is a piecewise function, as shown in Figure 2.4-2 (b),
where the permeance is high when the rotor tooth presents. Note that the rotor is rotating at a speed

of Qr (rad/s). Therefore, the Fourier decomposition of the rotor permeance of a generic FSPM
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Figure 2.4-2. 6/4 FSPM machine rotor core permeance function (a) Rectangular rotor
model (b) Rotor permeance function

machine and the 6/4 FSPM machine can be written as (Equation 2-32) and (Equation 2-33),

2P, i ~~1 . (kN7 .

= ol - r — Equation 2-32

P.(0,t) =P.,+ - ;k&n( AN, >cos[kNr(0 w,t)] (Eq )

P, 6u(0,t) =P, o+ 2];'” = %Sin <%”> cos[4k(0 — w,t)] (Equation 2-33)
k=1

respectively. As can be seen, the period of the rotor permeance variation is 1/4 of the mechanical

period because of the number of rotor poles.

The no load air gap magnetic flux density can be calculated as the product of the magnet

MMF considering the stator saliency and the rotor permeance as (Equation 2-34), where

A, = cos (M> —cos<3n—7r>, and Bn:sin<kNT7T>. As can be seen, the no-load air gap
8 8 4Ny

magnetic flux density mainly consists of three components: a stationary component with a pole

pair
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Bag (0, t) = FPM(H)PT (Q,t)

_ AP0 Z %Ancos(nNSQ>

(Equation 2-34)

("NS + kNT>0 — k-NTwrt}

("NS _ k-Nr>0 + kNTwrt}

TABLE 2-3. STATIONARY COMPONENT OF NO-LOAD AIRGAP MAGNETIC FLUX DENSITY OF 6/4
FSPM MACHINE

n Pole pair Speed Amplitude, FpmoPr,o

1 3 0 0.69
3 9 0 0.55
5 15 0 0.33

TABLE 2-4. FORWARD ROTATING COMPONENT OF NO-LOAD AIRGAP MAGNETIC FLUX
DENSITY OF 6/4 FSPM MACHINE

1 1 7 417 0.110
3 1 13 -4/13 0.089
1 2 11 -8/11 0.095
3 2 17 -8/17 0.076
1 3 15 -12/15 0.073

TABLE 2-5. BACKWARD ROTATING COMPONENT OF NO-LOAD AIRGAP MAGNETIC FLUX
DENSITY OF 6/4 FSPM MACHINE

Pole pair Speed, or Amplitude, FpmoPr.1

3 1 5 4/5 0.088
3 2 1 8 0.076
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N, . . .
number of n2 % two moving components rotating forward and backward. The pole pair number,

rotating speed, and the amplitude of the three harmonic components of the no-load magnetic flux
density of the 6/4 FSPM machine are shown in TABLE 2-3, TABLE 2-4, and TABLE 2-5, respectively.
Note that the numbers are normalized with respect to the base value shown in the first row. As can
be seen, the 6/4 FSPM machine has abundant harmonics of air gap magnetic flux that can interact
with the harmonic components of the stator winding MMF which have the same pole pair number
and rotating speed to produce torque. The no-load air gap magnetic flux density of the 6/4 FSPM
machine is simulated with FEA tool. The air gap flux density waveform and its harmonic
components are shown in Figure 2.4-3 (a) and Figure 2.4-3 (b), respectively. As can be seen, the
relative amplitude among the different harmonic components from the FEA simulation match well
with the analytical calculation. Note that the double-layer winding and the single-layer winding
layout does not change the stator iron and the magnets placement and the no-load air gap magnetic

flux distribution for the 6/4 FSPM machine.

B radial [T]

=]
B radial [T]

-

0 50 100 150 200 250 300 350 0 5 10 15 20

Angle [deg] Harmonic order
(a) (b)

Figure 2.4-3. No-load airgap magnetic flux density distribution (a) Radial flux density
distribtuion (b) Harmonic components
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2.4.2. Stator winding MMF of 6/4 FSPM machine
In section 2.2, 6/4 FSPM machine with double-layer (DL) winding and single-layer (SL)

winding are presented. While the stator iron and the magnet placement of the two winding
topologies are identical (despite the change of stator lamination to accommodate the return coil of
the toroidal winding), the winding configuration are different, which cause variation in the stator
winding MMF. The stator winding MMF interacts with the airgap magnetic flux to produce torque.
Both DL and SL 6/4 FSPM machine are 3-phase ac machine supplied with balanced sinusoidal

current, as given in (Equation 2-35). The winding MMF can be calculated as (Equation 2-36),

iy (t) - ISSin (NTUJTt)

ip(t) = Igsin (Nrwrt — 2%) (Equation 2-35)
ic (t) = ISSin (Nrwrt + 2%)
Fipc(0,t) =N, (0)i (t) + Ng(0)ig(t) + N (0)ic (t) (Equation 2-36)

where Nx(6#) and ix(t) are the winding function and the armature current of phase X (X = A, B, and
C). The winding function of the DL and SL winding 6/4 FSPM machine can be derived from the
winding layout, as shown in Figure 2.4-5 (a) and Figure 2.4-5 (b), respectively. The normalized
winding function are plotted under the corresponding winding layout. Nc is number of turns per
coil. As can be seen in (Equation 2-36), the winding MMF is varying in both space and time. To
illustrate the shape of the winding MMF, the instant when phase A current reaches maximum (lIs)
is chosen without the loss of generality. At this instant, the B and C phase current is at -1s/2. The
winding MMF of DL and SL 6/4 FSPM machine at this instant is shown in Figure 2.4-4. As can

be seen, the DL and SL 6/4 FSPM machine have the same shape of winding MMF with a phase
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Figure 2.4-4. 6/4 FSPM machine winding MMF comparison

difference of n/3. Note that the amplitude of the MMF is the number of turns per coil times the

amplitude of the armature current. Assuming that the slot area and the slot filling factor of the two
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winding layouts are identical, SL 6/4 FSPM machine should have twice number of turns per coil
as the DL 6/4 FSPM machine. Therefore, the winding MMF of the SL 6/4 FSPM machine is
doubled compared to the DL 6/4 FSPM machine. The number of turns per coil of the two machine
is chosen according to the requirement of back EMF, power rating, and inductance value. The

design and comparison of the DL and SL winding 6/4 FSPM machine are shown in Chapter 3.

2.5. Summary

In this chapter, the fundamentals of 6/4 FSPM machine, including the origin of the second-
order harmonic in the flux linkage, the second-order harmonic cancelation with the dual-stator
structure, double-layer and single-layer stator winding topology, winding factor, and machine
sizing equation are discussed. It is shown that the second-order harmonic of the flux linkage is due
to the placement of the permanent magnet which induce the asymmetric of flux linkage variation.
The second-order harmonic can be canceled by a second set of stator winding, which exist
inherently for FSPM machine with stator slot number larger than 12. For the 6/4 FSPM machine,
another stator set is needed to accommodate the harmonic cancelling winding. Certain mechanical
gap between the two stators are necessary to avoid the flux leakage since the magnetizing direction
of the magnets in the two stators are opposite. Larger gap is beneficial to avoid leakage, but also
increase the total volume of the machine. High aspect ratio design can reduce the percentage of

the gap volume.

The winding factor of FSPM machine is calculated by EMF vector method. It is shown that
6/4 FSPM machine with double-layer concentrated winding (DLCW) has a winding factor of 0.5,
while the single-layer winding can achieve a winding factor of 1. The two realizations of single-
layer winding have been discussed. The single-layer toroidal winding (SLTW) has the advantage

of easy manufacturing and good thermal performance. The sizing equation derived for 6/4 FSPM
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machine illustrates the relation among the power of the machine and the machine volumetric sizing,
winding factor, electric loading, and magnetic loading. It is shown that for the same machine
volume and power, high winding factor design requires lower electric loading or magnetic loading,
which are beneficial for reducing the copper loss and iron loss. Basic machine design parameters
such as stator winding resistance and winding inductance are derived analytically. It is shown that
for the size of the machines discussed in this report, the toroidal winding and the circumferential
winding have the similar coil length. Low aspect ratio design decreases the total coil length for the
SLTW machine design for the same power. The calculated values will be compared to the

measured values from the experimental testing.

The torque production mechanism of the 6/4 FSPM machine has been investigated based on
harmonic analysis on the air gap magnetic flux density distribution and the armature winding MMF.
It is shown that several harmonics contribute to the production of average torque. The double-layer
winding and basic single-layer winding designs have the same stator core structure and magnet
placement. Therefore, the no-load airgap magnetic flux distribution is identical. It is shown that
with the same number of turns per coil, the winding MMF of the DL and SL winding is the same.
If the number of turns per slot is kept identical, the SL winding design has twice winding MMF

than the DL winding design.
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Chapter 3  Comparison between Single-
Layer and Double-layer Winding Design

In the previous chapter, dual-stator 6/4 FSPM machine with single-layer winding has been
proposed. It is shown that the single-layer winding has a higher winding factor which allows the
machine to produce the same amount of torque with less electric loading. With the same number
of turns per slot area, the single-layer winding also has a higher inductance, which is beneficial for
field weakening operation. The single-layer configuration could be realized with -either
overlapping winding and toroidal winding topology, as shown in Figure 2.2-5 (a), and Figure 2.2-5
(b), respectively. However, the overlapping winding topology has certain mechanical issues such
as complicated winding process, end turn insulation, and magnet overheating. On the other hand,
toroidal winding topology has the advantages of convenient manufacturing, easy cooling and is
not surrounding the permanent magnets. Therefore, in this chapter, the single-layer toroidal
winding (SLTW) dual-stator 6/4 FSPM machine is evaluated and compared with the double-layer

(DL) dual-stator 6/4 FSPM machine.
3.1. Optimization of single-layer dual-stator 6/4 FSPM machine

Before comparing the baseline 6/4 FSPM machine with double-layer winding, the single-
layer machine needs to be optimized in terms of the geometry parameters. Because of the single-
layer winding layout, the magnetic loading of the machine is inherently higher than the double-
layer winding. Therefore, the two most significantly impacted parameters would be the stator tooth
and the magnet width due to the change in the iron saturation. In addition, the rotor pole width
should be modified accordingly to the stator design. Note that the stator inner diameter (Dis) is

presented in the machine sizing equation as shown in the previous chapter. Therefore, in the single-



104

layer machine design, the inner stator diameter is kept the same as the double-layer machine. Since
the outer radius of the two designs are also the same, the split ratio is not changed. Another
geometry variable is the axial gap between the front and rear stator. Because the radial length of
the magnet is kept the same, the axial distance needed to minimize the magnetic flux leakage is

kept identical.

Due to the nonlinear magnetic properties of the machine, analytical optimization is difficult
to realize. Therefore, in this report, the optimization is realized by the parametric study using 2D
FEA. The geometry of the dual-stator FSPM machine is not uniform axially, which requires 3D
FEA simulation. However, it is noticed that the whole machine performance could be simulated
by the combination of the front and rear part. 2D FEA simulations are run for the front part and
rear part of the machine separately, and the sum of the flux linkage, back EMF, and torque from
the two parts is that of the whole machine. 3D FEA is very time consuming and does not provide
extra information for optimizing the geometric parameters. After determining the optimized
machine geometry, the simulation results from 2D FEA will be compared with 3D FEA to justify

the previous statement.
3.1.1. Stator optimization

The stator geometry optimization is a trade-off study between the magnetic loading and
electric loading. As can be seen in the previous chapter, the winding factor of the single-layer
machine is doubled compared to the double-layer machine, which is beneficial for high magnetic
loading. On the other hand, the saturation in the stator/rotor iron would be more severe in the
single-layer machine. The magnetic flux density contour of the double-layer 6/4 FSPM machine
is shown in Figure 3.1-1. As can be seen, the saturation occurs mostly in the stator teeth, while the

stator back iron is not as saturated. Therefore, to simplify the optimization, the thickness of stator
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Figure 3.1-1. Magnetic flux density contour of DL 6/4 FSPM machine

back iron in the single-layer machine is kept the same as the double-layer machine. As mentioned
previously, the stator outer diameter and the split ratio are also kept identical as the double-layer
machine. Due to the higher saturation, it is intuitive to say that the stator tooth width should be
larger in the single-layer machine. Starting from 7 mm, the stator teeth width (diwe) is varied up
to 12 mm with a step of 0.5 mm. The width of the permanent magnet needs to be studied together
with the stator teeth width, since they are competing for the space. The magnet width (dmag) IS
studied in the range of 7.5mm to 9.5mm, with a step of 0.5mm. Note that the stator teeth will be
in interference with each other if larger tooth width is used. Therefore, for different magnet width,

the variation range of stator teeth is different.

The fundamental component of the magnetic flux linkage of the single-layer machine with
different stator teeth width and magnet thickness is used as the metric to determine the optimized
stator geometry. The flux linkage variation for different machine geometries are plotted in Figure
3.1-2. It can be seen that as the stator teeth width increase, the flux linkage increases. As the stator
teeth and the magnet are competing for space, geometries with thinner magnet allow thicker stator

teeth and tend to have higher flux linkage. The highest flux linkage within the permission of
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Figure 3.1-2. Flux linkage of SLTW 6/4 FSPM machine with different magnet thickness and
stator tooth width

geometry sizing is achieved with a magnet thickness of 6.5 mm and a stator teeth width of 11.5

mm. The chosen stator geometry will be used in the optimization of the rotor parameter as shown

in the next part.
3.1.2. Rotor optimization

After fixing the geometry of stator, the rotor geometry needs to be optimized as well. The
main parameters are the width of rotor back iron (drp) and the rotor pole width (drp). Starting from
having the width of the rotor back iron equals to the width of stator back iron, and the rotor pole
width equals to the stator tooth width, twelve cases for each parameter with a step of 0.5 mm are
studied. The rotor geometry has a major impact on the torque production, including the average
torque and the torque ripple. As shown in Figure 3.1-3 (a), the average torque increases as the rotor
pole width increases. However, the torque ripple becomes unacceptable with the thick rotor pole.
As can be seen in Figure 3.1-3 (b), the torque ripple is minimum with a rotor pole width of 11 mm.
Comparing the 11 mm pole-width and the 15 mm pole-width, the difference of average torque is

5.7% and the difference in torque ripple is 77.4%.
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Figure 3.1-3. Electromagnetic performance with varying rotor geometry parameters (a)
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The iron volume also influences the magnetic flux density and therefore the iron loss level.
The iron loss for different cases are shown in Figure 3.1-3(c). It can be seen that smaller rotor pole
width and thicker rotor back iron has lower iron loss. As the stator geometry is unchanged for all
the cases studied here, the copper loss is identical. The overall efficiency shares the same trend as
the output torque and the iron loss and is shown in Figure 3.1-3(d). As can be seen, the difference
in efficiency is very small, within 0.5%. In order to determine what thickness of the rotor back

iron should be chosen, some machine characteristics are listed in TABLE 3-1. Note that the pole
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TABLE 3-1. MACHINE LOADED CHARACTERISTICS COMPARISON WITH DIFFERENT ROTOR BACK
IRON THICKNESS

drb Taverage Tripple Ripple/Average Piron Efficiency
[mm] [Nm] [Nm] [%0] (W] [%0]
9 7.12 0.74 10.38 26.81 95.69
9.5 7.12 0.71 10.00 26.79 95.69
10 7.11 0.73 10.25 26.68 95.69
10.5 7.09 0.72 10.14 26.52 95.68
11 7.06 0.68 9.59 26.26 95.68
11.5 7.03 0.72 10.26 26.02 95.67
12 6.99 0.71 10.15 25.80 95.65

width is fixed at 11 mm. As can be seen, all the candidates have very close efficiency. However,
with a back-iron thickness of 11 mm. The torque ripple is minimal. Therefore, the 11 mm back-

iron and 11 mm rotor pole width are chosen.
3.1.3. Comparison of 2D results v.s. 3D results

The optimization has been done with 2D FEA simulations as presented previously. For
conventional radial flux machine, the 2D simulation is able to generate an accurate enough result.

However, the dual-stator 6/4 FSPM machine involves flux coupling between the two stators. It is
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Figure 3.1-4. Comparison of 2D and 3D FEA simulation results for dual-stator 6/4 FSPM
machine (a) Back EMF (b) Cogging torque
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Figure 3.1-5. Comparison of output torque of 2D and 3D FEA simulation

worthwhile compare the simulation results from 2D and 3D analysis to justify the use of 2D FEA
for optimization. Under no-load condition, the back EMF and the cogging torque waveforms from
the 2D and 3D simulations are shown in Figure 3.1-4. It can be seen that the waveforms from 2D
simulation coincide well with those from 3D FEA. The waveform of the output torque at rated
condition is shown in Figure 3.1-5. As can be seen, the torque ripple period from 2D and 3D
simulation match well. The average output torque from 2D FEA simulation is higher than the 3D
simulation result. A quantitative comparison between the 2D and 3D simulation is summarized in
TABLE 3-2. As can be seen, except for the torque ripple prediction, the differences between 2D and
3D FEA are around 10%, which is acceptable for the parametric study for the optimization.

However, to evaluate the performance of the dual-stator 6/4 FSPM machine, 3D FEA is needed.

TABLE 3-2. COMPARISON OF 2D AND 3D FEA SIMULATION FOR DUAL-STATOR 6/4 FSPM

MACHINE
Back EMF Tavg Trip Piron Efficiency
[VpK] [Nm] [Nm] [W] [%0]
2D FEA 85.0 7.1 0.72 26.4 95.7
3D FEA 74.6 6.2 1.25 23.5 95.2

Error [%] 12.2 12.6 42.4 10.8 0.48
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3.1.4. Machine geometry parameters

The double-layer concentrated winding (DLCW) dual-stator 6/4 FSPM machine presented
in [138] is used as the baseline for the comparison. This machine has been optimized in [118] [115]
to have high average output torque and low torque ripple. The geometer parameter of the DLCW
6/4 FSPM machine is given in TABLE 3-3. The corresponding variables can be found in the section
view of the machine shown in Figure 3.1-6 (a). The DLCW machine has a U-shape stator unit,
while for the SLTW machine, because of the use of toroidal winding, the stator unit has an H-
shape to accommodate the returning coil of the winding. The outer diameter of the SLTW machine
is kept identical as the DL machine. Therefore, because of the H-shape stator lamination, the active
stator outer diameter of the SLTW machine is smaller than the DLCW machine. The geometry
parameters of the SLTW machine have been optimized in the previous part. In order to have a

good comparison, the back EMF of the DLCW and the SLTW machine is set to be the same. As

(jlil(lg (J’mag

Ros

Ros active

R()S

(a) (b)

Figure 3.1-6. Section view and geometry parameters of the dual-stator 6/4 FSPM machine
(a) DL machine (b) SLTW machine
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TABLE 3-3. GEOMETRY AND MACHINE PARAMETERS OF DL AND SLTW DUAL-STATOR 6/4
FSPM MACHINES

Variable Symbol [unit]
Stator outer radius Ros [mm] 65 65
Rotor outer radius Ror [mm] 30 30
Air gap g [mm] 1 1
Rotor back iron thickness drb [mm] 11 11
Slot radius Rslot [Mm] 56 50
Stator teeth thickness Cteetn [Mm] 10 115
Slot area Asiot [MM2] 369.1 231.9
Slot filling factor kein [p.u.] 0.4 0.45-0.5
Magnet thickness dmag [Mm] 9 9
Stack length Lstack [mm] 80 80
Magnet volume Vinag [cm?] 0.123 0.123
Active mass Mactive [KQ] 7.16 6.98

shown in Chapter 2, the single-layer machine is able to induce the same level of back EMF with a
smaller number of turns because of the higher winding factor. The geometry parameters of the
SLTW machine are shown in TABLE 3-3, where the corresponding variables are given in Figure
3.1-6 (b). The calculation for machine parameters such as stator resistance and machine inductance

of the single-layer and double-layer machine are presented in Chapter 2. The equations are not

TABLE 3-4. MACHINE PARAMETERS OF DL AND SLTW DUAL-STATOR 6/4 FSPM MACHINES

Variable Symbol [unit] DLCW SLTW
Turns per slot Nstot 40 20
Turns per coil Necoil 20 20

DC Stator resistance Rs [mQ] 934 34.7

Machine inductance Ls [mH] 0.55 0.47
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(@) (b)

Figure 3.1-7. 3D view of the three dual-stator 6/4 FSPM machine under comparison (a) DLCW
6/4 FSPM machine (b) SLTW 6/4 FSPM machine

repeated in this chapter and the numbers are given in TABLE 3-4. Note that the SLTW machine has
a smaller slot area due to the H-shape stator core. But the required electric loading of the SLTW
machine is less, and the SLTW does not require phase-to-phase insulation and permits a higher
slot filling factor. Therefore, the reduced slot area will not increase the current density and will not
cause additional cooling problem. As can be seen in TABLE 3-3 and TABLE 3-4, the SLTW machine
has a more than 50% reduction in the stator resistance, because of the lower number of turns per

slot. The 3D geometries of the three machines under comparison are shown in Figure 3.1-7.
3.2. Torque production capability comparison

The comparison among the two dual-stator 6/4 FSPM machines is done under the
assumption that they have the same output power, similar back EMF, and the same armature
current. The two machines share many identical parameters such as the machine volume, air gap
length, and aspect ratio. The open-circuit characteristics and the torque production capabilities of

the two machines are compared with finite element simulation.
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3.2.1. Open-circuit characteristics

Because of the dual-stator structure, 3D finite element analysis is used to evaluate the
machines performance. The flux linkage and back EMF waveforms and harmonic components of
the two machines at 15000 rpm are shown in Figure 3.2-1. As can be seen, the DLCW and SLTW
6/4 FSPM machines have similar level of flux linkage and back EMF, which is the assumption of

the comparison mentioned previously. Because of the dual-stator structure, the flux linkage and
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Figure 3.2-1. Open circuit characteristics of the three dual-stator 6/4 FSPM machines (a)
Back EMF waveform (b) Back EMF harmonic components (c) Flux linkage waveform (d)
Flux linkage harmonic components
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Figure 3.2-2. Magnetic flux density distribution contour at no-load for (a) DLCW 6/4 FSPM
machine and (b) SLTW 6/4 FSPM machine

back EMF of both machines have sinusoidal shape with low harmonic distortions. The flux density
contour plots of the two machines are shown in Figure 3.2-2. As can be seen, due to the flux
focusing effect of the spoke magnets, the stator and rotor tooth have higher magnetic flux density
than the back iron. Because of the high air gap flux density, saturation occurs at the rotor and stator
tips. The cogging torque is also simulated under the open-circuit condition. The cogging torque

waveforms for the three machines are shown in Figure 3.2-3. As can be seen, the amplitude of the
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Figure 3.2-3. Cogging torque of the DLCW and SLTW dual-stator 6/4 FSPM
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cogging torque of the two machines are similar. The cogging torque periodicities are identical

since it depends on the machine slot/pole relation.
3.2.2. Loaded machine characteristics

The DLCW and SLTW machine are designed to have the same output power. With the same
level of back EMF, as shown previously, the armature currents of the two machines are also
identical. The rated output torque waveform and the torque-current relation curve are shown in

Figure 3.2-4 (a) and Figure 3.2-4 (b), respectively. As can be seen, with the same rated current,
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Figure 3.2-4. Comparison of output torque of DLCW and SLTW 6/4 FSPM machine (a) Rated
torque waveform and (b) Torque-current curve

the two machines produce similar average torque. Before the stator and rotor cores of the machine
are saturated, the machine output torque should be proportional to the armature current (also g-
axis current). The torque-current curve indicates that the DLCW machine and the SLTW machines
have similar overload capability. As mentioned previously, because of the flux focusing effect of

the spoke type magnet, the flux density of the stator tooth is high. Therefore, the FSPM machine
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Figure 3.2-5. Magnetic flux density distribution contour at rated output condition of (a) DLCW
6/4 FSPM machine and (b) SLTW 6/4 FSPM machine

inherently does not have excellent overloading capability. As can be seen in Figure 3.2-4 (b),

starting from 1.5 p.u. current, the torque-current relation is no longer perfect linear.

The magnetic flux density contour plots for the two machines under rated condition are
shown in Figure 3.2-5. Similar to the no load condition, the stator and rotor tooth have the higher

magnetic flux density. A summary of machine performance characteristics is given in TABLE 3-5.

TABLE 3-5. OPERATING CHARACTERISTICS OF DUAL-STATOR 6/4 FSPM MACHINE

Variable Symbol [unit] DLCW SLTW
Rated current Irated [Arms] 24 24
Rated speed Nrated [rPM] 15000 15000
Output power Pout [W] 9189.2 9157.8
Output torque Tout [NmM] 5.85 5.83
Torque ripple Trippte [NmM] 0.45 0.41
Specific torque density &r [Nm/kg] 0.82 0.83
Specific power density &p [kKW/kg] 1.28 1.31
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The output power level of the two machines are very close. The torque production capability of

the two designs are similar.
3.3. Loss distribution and efficiency comparison

The loss distribution of the machine is a very important aspect in the machine design. The
losses not only affect the machine efficiency, but also influence the cooling design and the thermal
performance of the machine. Efficiency of the machine is critical as well. Efficient machine is not

only energy saving, but also need less cooling.
3.3.1. Copper loss

The copper loss of the machine is governed by the Joule’s law, i.e. 31°Rs, where | is the RMS
value of stator current, Rs is the per phase stator resistance. The stator winding resistance
calculation considering the ac effect has been illustrated in Chapter 2. The SLTW 6/4 FSPM
machine needs less electric loading to produce the same amount of power according to the sizing
equation. The less electric loading is translated to a smaller number of turns. The calculated DC

stator winding resistance is shown in TABLE 3-4. The stator winding resistances versus frequency
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Figure 3.3-1. Winding resistance of the DLCW and SLTW 6/4 FSPM machine considering
proximity effect.
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are given in Figure 3.3-1. The winding resistance is also dependent on the temperature. Here the
winding resistance are calculated at the temperature of 100 °C. In Chapter 4 where the thermal
analysis is done, the copper loss is calibrated with the estimated winding temperature. The copper

losses of the two machines are summarized in TABLE 3-6.
3.3.2. Stator and rotor iron loss

Iron loss in the stator and rotor laminations consist of mainly two parts: hysteresis loss due
to the B-H loop of the electric steel and the eddy current loss due to the time varying magnetic
flux. Many papers present the analytical and empirical estimation for iron loss [145]-[147].
However, because of the magnetization saturation and different machine geometry, the accuracy
of analytical model is sometimes not enough. Finite element analysis (FEA) is commonly used for
real time simulation. It is especially suitable for machines with specialized or 3-dimensional

structure such as the 6/4 FSPM machine under investigation.

The hysteresis loss and the eddy current loss are both closely related to the frequency. Iron
loss density data from the steel lamination company are often given in the form of a frequency
dependent graph. Because of the flux modulation principle of the flux-switching machine, the
magnetic flux is varying in the rotor reference frame, unlike the rotor mounted permanent magnet
machine such as IPM and SPM machine. Therefore, determine the correct frequency is important

for calculating or simulating the machine iron loss.

From the FEA simulation results, the magnetic flux line of the double-layer 6/4 FSPM
machine and the single-layer 6/4 FSPM machines are shown in Figure 3.3-2. The direction of the
magnetic flux is marked. There are four rotor poles for the 6/4 FSPM machine, and one electric
cycle correspond to a mechanical angle of 90°, as can be observed. Therefore, the magnetic flux
density variation in the stator can be calculated as 4fn where fr is the mechanical frequency derived

from the mechanical rotation speed. In order to determine the rotor flux variation frequency, a red
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Figure 3.3-2. Magnetic flux line of a double-layer 6/4 FSPM machine at (a) 0° rotor
position (b) 30° rotor position (c) 60° rotor position (b) 90° rotor position

dot is placed on one rotor tooth as reference. As can be seen in Figure 3.3-2, the magnetic flux in
the rotor changes direction every time it sweeps by a permanent magnet is the stator. There are six
magnets in stator. Therefore, in one mechanical rotation, the magnetic flux changes direction six
times, i.e. finish three cycles. The magnetic flux variation frequency of the rotor is 3fm. For generic
FSPM machine, the stator and rotor flux frequency calculated by (Equation 3-1) and (Equation

3-2), respectively.
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(Equation 3-1)
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— s r— s Equation 3-2
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In order to verify the stator and rotor magnetic flux frequency, magnetic flux density probes
are places at the stator tooth, stator back iron, and the rotor tooth. The magnetic flux density
variation of three locations in the 6/4 FSPM machine are shown in Figure 3.3-3 (without loss of
generality, the DLCW 6/4 FSPM machine is used as example). As can be seen, the flux frequency
in the stator is four times of the mechanical frequency, and the flux frequency in the rotor is three
times of the mechanical frequency. As mentioned previously, the varying magnetic flux in the
rotor iron makes FSPM machine having higher iron loss than the rotor mounted PM machine. As
can be seen in Figure 3.3-3, the magnetic flux variation in the stator is unipolar, which makes the

B-H circulating in a smaller loop and have lower hysteresis loss.
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Figure 3.3-3. Magnetic flux density variation (a) Position of the magnetic flux density probe in
FEA (b) Waveform of three locations in the machine
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Figure 3.3-4. Eddy current density in the stator-mounted permanent magnet of the dual-stator
6/4 FSPM machine

3.3.3. Magnet loss
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eddy current induced by the variation — 1007
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Figure 3.3-5. Magnet loss versus number of
perpendicular to the circumferential maanet seamentation

direction as shown in Figure 3.3-4 (a). The eddy current has the skin effect and tends to concentrate
to the surface of the magnet. Therefore, the magnet loss is concentrated at the surface of the

magnets, as can be seen in Figure 3.3-4 (b). In order to reduce the magnet eddy current loss, a

common practice is to use segmented magnet, similar to the lamination steel. The change of
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magnet loss versus the number of magnet segmentation is shown in Figure 3.3-5. As can be seen,
the magnet eddy current loss reduces as the number of segmentation increases. On the other hand,
a large number magnet segmentation increases the manufacturing cost of the machine. In this study,

a segmentation of 8 is chosen as a trade-off between the magnet loss and cost.
3.3.4. Housing loss

The housing of the machine is usually made of non-magnetic metals such as aluminum
because of the high mechanical strength and good thermal conductivity. Similar to the magnet, the
metal housing also carries eddy current under a time varying magnetic field. Due to the relative
complex geometry, the machine housing cannot be made of laminations. In FSPM machine, the
magnets are in the stator and the housing is under a denser magnetic field compared to rotor-
mounted permanent magnet machines. The eddy current density for the DLCW dual-stator 6/4

FSPM machine is shown in Figure 3.3-6 (a). As can be seen, the eddy current is mostly
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Figure 3.3-6. Housing loss of dual-stator 6/4 FSPM machine (a) Eddy current density and (b) Eddy
current loss density
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TABLE 3-6. LOSS AND EFFICIENCY COMPARISON OF DLCW AND SLTW DUAL-STATOR 6/4
FSPM MACHINE

@ 3000 rpm @ 15000 rpm

Parameters DLCW SLTW DLCW SLTW

Stator iron loss (W) 15.6 14.0 148.4 169.8
Rotor iron loss (W) 7.3 7.8 77.0 85.2
Magnet loss (W) 2.3 2.2 57.3 55.1
Copper loss (W) 221.7 102.2 307.6 260.9
Housing loss (W) 29.6 31.6 102.4 110.2
Output torque (Nm) 5.85 5.83 5.85 5.83

Output power (W) 1837.8 1831.6 9189.2 9157.8
Power factor 0.83 0.81 0.85 0.85
Efficiency (%0) 86.9 92.0 92.9 93.1

concentrated in the vicinity of the permanent magnet, so as the eddy current loss density shown in
Figure 3.3-6(b). The end winding region also has a higher eddy current density. Because the stator
iron has a much higher magnetic permeability than the aluminum housing, the housing outside the
stator iron has a very low current density. Note that the end cap of the housing also carries eddy
current. However, the magnitude current in the end cap is much lower than that of the main housing

and is not shown here.

The SLTW dual-stator 6/4 FSPM machine has the returning coil close to the housing. The
magnetic field generated by the armature winding also have influence on the housing loss.
Discussion on housing losses caused by the stator-mounted magnet and the returning coil in the
toroidal winding are given in detail in Chapter 5. Housing loss reduction with stator structure

modification is also presented in Chapter 5.
3.3.5. Comparison of efficiency and power factor

The evaluations of the various machine losses are presented in the previous section. The

efficiencies of the DLCW and SLTW 6/4 FSPM machine are evaluated with the rated output torque
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and at two speeds, 3000 rpm and 15000 rpm. The losses and the efficiencies of the two machines
at the two speeds are shown in Table 3-6. At the relative low speed 3000 rpm, the copper loss is
dominant among the losses. The SLTW 6/4 FSPM machine has more than 5% higher efficiency
than the DLCW 6/4 FSPM machine because of the low stator winding resistance. The other losses
of the two machines are similar. However, at the higher speed 15000 rpm, the copper loss is
comparable to the other losses. And the advantage of low copper loss in the SLTW 6/4 FSPM
machine is not as obvious as at 3000 rpm. In addition, as shown in Figure 3.3-1, at higher frequency,
the total winding resistance of the SLTW is getting close to the DLCW. This is because the SLTW

uses a larger wire gauge and is more sensitive to the frequency increase.

At 3000 rpm, the power factor of the SLTW 6/4 FSPM machine is lower than the DLCW
machine because of lower stator winding. At 15000 rpm where the machine reactance is getting

larger, the power factor of the two machines are the same.
3.4. Permanent magnet demagnetization in 6/4 FSPM machine

The torque production of the permanent magnet (PM) machine relies on the interaction
between the magnetic field from the permanent magnet and the armature field. In some specific

region, the magnetic flux from the
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TABLE 3-7. KNEE POINTS MAGNETIC FLUX DENSITY OF CH AND SH GRADE MAGNETS AT
DIFFERENT OPERATING TEMPERATURE

Grade Temp. 20°C 60°C 100°C 140°C 180°C
CH Br[T] 1.28 1.24 1.18 1.10 -
Binee [T] -0.7 -0.2 0.2 0.5 -
SH Br[T] 1.28 1.24 1.18 111 1.05
Bknee[T] <0 <0 0.0 0.3 0.6

depends on the magnet type, grade, and the operating temperature. For NdFeB magnet, the

coercivity decreases as the temperature increase, which means the magnet is more vulnerable to
demagnetization at high temperature. The PM material is grade in letter CH, SH, UH and EH, etc.,
as shown in Figure 3.4-1 for different heat resistance [148]. The heat resistance of the PM material
is related to the Dysprosium (Dy) content. High Dysprosium content increases the temperature
grade, but also reduce the remnant flux (Br) of the PM. In addition, Dy is an expensive rare-earth
material and increases the cost of the machine. The B-H relation of a CH and SH grade magnet is
shown in Figure 3.4-2 (a) and Figure 3.4-2 (b), respectively. When the applied magnetic field
strength exceeds the knee point of the PM, irreversible demagnetization occurs and compromise
the performance of the machine. The knee points magnetic flux densities of CH and SH grade
magnets at different temperatures are given in TABLE 3-7. The demagnetization characteristics of

the 6/4 FSPM machine is investigated in this section.
3.4.1. Permanent magnet loss and temperature distribution

As shown in Figure 3.4-2, the B-H curve of the PM material depends on the PM temperature,
so does the PM material’s resistivity to demagnetization. Therefore, the temperature distribution
of the PM is first analyzed. The hotspot temperature of the PM has been calculated with lumped-
parameter thermal network (LPTN) model in Chapter 4.2. However, precise temperature

distribution is needed for the demagnetization study. Therefore, thermal finite element analysis
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Figure 3.4-3. Permanent magnets in 6/4 FSPM machine (a) Loss density distribution and (b)
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(FEA) shown in Chapter 4.3 is used. The machine thermal modelling and FEA configuration are

described in Chapter 4.3 and is not repeated here.

The PM eddy current loss distribution contour at rated load condition at 3000 rpm from the

electromagnetic FEA simulation is
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temperature distribution is shown in Figure 3.4-3 (b). As can be seen, although the magnet eddy
current loss is concentrated at the outer region of the magnet, the temperature distribution in the
PM is uniform with a range less than 5 °C. The hotspot temperature will be used as the magnet

temperature for the demagnetization investigation for simplicity.

Note that the PM loss and PM temperature distribution depend on the loading condition. The
magnet temperature as a function of slot current density is shown in Figure 3.4-4. The temperature

estimation is shown in detail in Chapter 4.2.
3.4.2. Permanent magnet demagnetization analysis

As mentioned previously, the demagnetization occurs when the armature magnetic field is
counteracting the PM field and exceeding the coercivity of the PM. During the operation of FSPM
machine, most of the armature reaction field is perpendicular to the PM filed. However, as shown
in Figure 3.4-5, at the bottom of the PM, there are certain amount of armature field that travel in
the opposite direction of the PM field. Therefore, the demagnetization of the FSPM machine will
occur at the bottom of the PM material. Two magnetic flux probes are placed at the two inner

radius corners of the magnet (note as P1 and P2, respectively), to monitor the magnetic flux density.

Figure 3.4-5. PM magnetic field and armature reaction field in 6/4 FSPM machine
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Figure 3.4-6. Magnetic flux density variation at the inner radius corner of magnet (a) With
positive g-axis current and (b) with negative d-axis current

Note that the magnet shown in the figure is magnetized in the positive y-direction. Therefore, the
probes at P1 and P2 are monitoring only the y-direction magnetic flux density. The variation of
magnetic flux density at the two spot with only positive g-axis current applied and only with
negative d-axis current applied is given in Figure 3.4-6 (a) and Figure 3.4-6 (b), respectively. As
can be seen, as long as the magnet temperature is kept low enough (for example 60°C), there won’t
be any irreversible demagnetization occurs in the magnet. However, if the magnet temperature is

high, certain amount of demagnetization would happen.

The demagnetization of the permanent magnet depends on the temperature and the armature field
strength. Therefore, the demagnetization ratio needs to be evaluated for different temperatures and
different current levels, whose relation is shown in Figure 3.4-4. FEA simulation is used to evaluate
the demagnetization ratio of the PM at different condition. The demagnetization ratio is defined as
the amount of demagnetization compared to the normal magnetization (usually referenced to the
first step in the transient simulation). One full mechanical cycle of the 6/4 FPSM machine at 3000

rpm takes 0.02 second. The temperature of the magnets is assigned to 55 °C for the first 0.005
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Figure 3.4-7. Demagnetization investigation: change of armature current, magnet
temperature and back EMF in FEA simulation
second, then to the temperature corresponds to the current level. Certain armature current is applied
starting from 5 ms and the magnet temperature is assigned to the corresponding temperature from

the thermal analysis. The armature current is turn back to zero and the magnet temperature is
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Figure 3.4-8. Demagnetization ratio of DLCW and SLTW 6/4 FSPM machine with CH and SH
grade NdFeB magent at different current density
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change back to the default level at 15 ms, as shown in Figure 3.4-7. The reduction of the back
EMF level is another good metric for quantify how the irreversible demagnetization is besides the

demagnetization ratio.

Demagnetization ratio contour plots for the DLCW and SLTW 6/4 FSPM machine with CH
and SH grade PM under different slot current densities are shown in Figure 3.4-8. The percentage
of back EMF reduction is also included in the figure. As can be seen, the SH grade magnet provides
a much better heat resistance than the CH grade magnet and allow approximately 5 Arms/mm?
more current density. The SLTW 6/4 FSPM machine has less demagnetization issue because the
magnet temperature can be kept low even with high current density. Therefore, the SLTW 6/4
FSPM machine can use lower temperature grade PM material and have lower material cost than

the DLCW 6/4 FSPM machine.
3.5. Summary

In this chapter, several aspects of the DLCW and SLTW 6/4 FSPM machines have been
compared. The geometry parameters of the SLTW 6/4 FSPM machine including the stator and
rotor tooth width and magnet thickness have been optimized with the help of 2D FEA simulation.
Two 6/4 FSPM machines with DLCW and SLTW with the same volume and power rating are
designed to conduct comparison. The no-load and loaded characteristics have been simulated with
3D FEA. Because of the higher winding factor, the electric loading of the SLTW 6/4 FSPM
machine is half of the DLCW 6/4 FSPM machine. In the stator slot, no phase-phase insulation is
needed for the SLTW. Therefore, higher slot filling factor can be achieved. It is shown that at the
speed of 3000 rpm, the SLTW 6/4 FSPM machine has 5% higher efficiency than the DLCW 6/4
FSPM machine because of the low winding resistance. At the speed of 15000 rpm, the efficiency
difference drops to 0.2% because the copper loss is no longer dominant at such speed, and the ac

resistance is rising faster in the SLTW 6/4 FSPM macihne.
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In FSPM machine, the direction of the armature magnetic flux is perpendicular to the PM
flux for the most part. Therefore, FSPM machine is inherently not vulnerable to demagnetization.
However, counteracting armature field exists at the bottom of the magnet. Therefore,
demagnetization could happen at the bottom of the PM. The demagnetization is related to the PM
temperature. With the same slot current density, the SLTW 6/4 FSPM machine has lower magnet
temperature than the DLCW 6/4 FSPM machine. Therefore, the SLTW 6/4 FSPM machine can

use lower temperature grade PM without risking the magnet of irreversible demagnetization.
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Chapter 4 Cooling Design and Thermal
Analysis of 6/4 FSPM Machine

The flux-switching permanent magnet (FSPM) machine has both armature windings and
permanent magnets in the stator, which could be easily cooled by the heat sink in the housing. The
rotor of the FSPM machine consists only lamination steels, which is relatively robust to high
temperature. This structure makes the thermal management of FSPM machine easier compared to
the rotor-mounted permanent magnet machine such as surface permanent magnet (SPM) and
interior permanent magnet (IPM) machine. On the other hand, as shown in Figure 4.1-1, in the
double-layer FSPM machine, the stator-mounted permanent magnets are surrounded by the
armature winding, and the temperature sensitive magnets are very close to the source of copper
loss. Therefore, the thermal analysis needs to be carefully conducted to avoid irreversible
demagnetization of the permanent magnet. This chapter presents the choice and design of the
cooling method for the dual-stator 6/4 FSPM machine. Thermal analysis is done to investigate the

temperature distribution inside the machine.
4.1. Design of water jacket integrated housing

One commonly used cooling approach for
the electric motor is a shaft mounted fan.
However, at high-speed operation, this approach is
not optimal because a large amount of shaft power

is converted to kinetic energy in the circulating air

and the output torque is compromised. In addition,

the cooling performance is highly dependent to the Figure 4.1-1. Double-layer dual-
stator 6/4 FSPM machine.



134

(b)

Figure 4.1-2. Coolant channel of water jacket (a) Spiral channel (b) Axial channel.

rotor speed and not well matched to the cooling requirement. In addition, for a compact motor
design, the air flowing through the stator side is very limited and is not adequate to cool the
winding and the magnet. As mentioned previously, for FSPM machine, both armature winding
and permanent magnet are in the stator. Therefore, water jacket outside the stator is appropriate
for cooling FSPM machine. The coolant channel of the water jacket could be either spiral type or
axial type, as shown in Figure 4.1-2. The spiral type channel has the advantage of lower head loss
than the axial channel because the coolant flow does not need to change direction. However, the
locations of the inlet and outlet opening of the spiral channel need to be at the two sides of the

water jacket, whereas the axial channel does not have such constraint.
4.1.1. Spiral channel water jacket

The spiral channel water jacket is used on the double-layer dual-stator 6/4 FSPM machine.
The water jacket is a two-part assembly where the cooling channel grooved in the inner jacket.
The outer jacket is a cylindrical sleeve and is shrink fit to the inner jacket to prevent coolant leakage.
An energy balance is used to calculate the coolant flow rate required by the water jacket. It is

assumed that all the heat from the machine is removed by the water jacket. The losses of the
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TABLE 4-1. L0OSS DISTRIBUTION IN DOUBLE-LAYER DUAL-STATOR 6/4 FSPM MACHINE AT

15000 rRPM
Loss Component Value
Copper loss [W] 307.6
Stator iron loss [W] 148.4
Rotor iron loss [W] 77.0
Magnet loss [W] 57.3
Housing loss [W] 102.4
Total loss [W] 692.7

machine at 15,000 rpm are given in TABLE 4-1. The temperature rise between the inlet and outlet
of the cooling channel is set to be 1.8 °C. The necessary volume flow rate is calculated with

(Equation 4-1), where P is the total power (W) need to be dissipated by the water jacket, ¢ is

water

V = P (Equation 4-1)
CW&teI'ATp water

the specific heat capacity (J/kg-K) of water, 5 is the water density (kg/m?®), vV is the volume
flow rate (m%/s), and AT is the temperature rise (K) from the outlet to the inlet of cooling channel.

The geometry parameters of the cooling channel are labeled in Figure 4.1-3, and the corresponding

Quter jacket

w_ch d_ch

Inner Jacket

Rotor

Winding

Figure 4.1-3. Section view of the spiral channel water jacket and dimensional
parameters.



136

TABLE 4-2. PARAMETERS OF THE SPIRAL CHANNEL WATER JACKET

Parameters Value

Cross section area, Ach (Mm?) 42.0
Fluid-solid interface area (mm?) 47903.6
Channel height, heh (mm) 6.0
Channel width, wen (Mmm) 7.0

Wall thickness, dwair (mm) 5.0
Channel interval, dch (mm) 15.5
Total channel length, Lch (Mmm) 1912.2
Volume flow rate, V (L/min) 3.65
Pressure drop, 4P (mbar) 221.9
Temperature drop, AT (°C) 1.8
Heat transfer coefficient, h (W/m?-K) 4619.6

values are given in TABLE 4-2 together with the coolant flow characteristics calculated with

(Equation 4-1) given above.

In order to predict the behavior of the spiral channel water jacket, computational fluid
dynamics (CFD) is used to simulate the fluid flow in the channel. As mentioned in the previous
paragraph, all the losses are assumed to be dissipated through the cooling water. The assumption
will be justified with the experiment testing. The fluid domain geometry of the spiral channel water
jacket is imported to the CFD code. Energy equations are enabled to take the heat transfer between
the aluminum housing and the coolant into consideration. The coolant inlet temperature and
velocity are set up according to the parameters in TABLE 4-2. The velocity stream line and the
temperature contour plots of the fluid in the spiral channel are shown in Figure 4.1-4. As can be
seen, the fluid is smooth in the spiral coolant channel with small velocity variation. Figure 4.1-4
(b) shows that the temperature gradient between the inlet and outlet of the channel is approximately
2.2 °C, which is close to the assumption made previously. The turbulence intensity, which is
defined as the ratio between the root-mean-square (RMS) of the turbulence velocity fluctuation

and the mean velocity of the fluid, inside the channel is shown in Figure 4.1-4 (c). As can be seen,
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Figure 4.1-4. Computational fluid dynamics simulation of spiral channel water jacket (a)
Velocity stream plot (b) Temperature contour plot (c) Turbulence intensity (d) Static pressure.

most of the turbulence occurs at the inlet and outlet of the channel. The fluid in the middle of the

channel has a turbulence intensity around 16%.

The CFD simulation also gives the characteristics of the convective heat transfer between
the fluid and the solid, which is used in the thermal analysis shown in the next section. The average

heat transfer coefficient (W/m?2-K) can be calculated by (Equation 4-2), where §" is the heat flux

"

ITwaII - Tref

=
O

(Equation 4-2)
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(W/m?), A is the channel wall surface area, Twan is the spot temperature on the surface of the wall,
Tret 1S the reference temperature of the media to calculate the heat transfer coefficient. The

calculated average heat transfer coefficient is shown in TABLE 4-2.
4.1.2. Axial channel water jacket

The axial channel water jacket is applied to the single-layer toroidal winding dual-stator 6/4
FSPM machine. Similar to the spiral channel water jacket, the coolant channel is grooved in the
inner housing with the outer housing shrink fitted. The stator consists six units placed
circumferentially, the axial channel also has six groups, as can be seen in Figure 4.1-2 (b). The
discontinuity between the groups of channels is due to the potential design of housing cavities to
reduce the housing eddy current loss, as shown in chapter 5. As mentioned previously, the position
of the inlet/outlet of the axial channel is flexible. In this study, the inlet/outlet of the channel are
place at the middle of the housing without loss of generality. The flow characteristics of the axial
channel can be calculated similarly to the spiral channel. The section view of the channel is shown

in Figure 4.1-5, and the water jacket parameters are summarized in TABLE 4-3.

Quter jacket

Inner Jacket

Figure 4.1-5. Section view of the axial channel water jacket and dimensional parameters.
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TABLE 4-3. PARAMETERS OF THE AXIAL CHANNEL WATER JACKET

Parameters Value

Cross section area, Ach (Mm?) 42.0
Fluid-solid interface area (mm?) 90318.1
Channel height, hch (Mmm) 6.0

Channel width, weh (mm) 7.0

Wall thickness, dwai (mm) 3.0

Total channel length, Lcn (mm) 3220.6
Volume flow rate, V (L/min) 3.65

Pressure drop, 4P (mbar) 431.4
Temperature drop, AT (°C) 2.6

Heat transfer coefficient, h (W/m?2-K) 3231.3

The CFD simulation results are shown in Figure 4.1-6. The temperature rise of the coolant
is about 2.6 °C, which is higher than the spiral channel water jacket. The fluid in the axial channel
is more turbulent than the spiral channel because the flow needs to change direction inside the
channel. As can be seen in Figure 4.1-6 (c), the turbulence intensity is high at the turning corner
of the channel. Compared to the spiral channel water jacket, the axial channel water jacket requires
higher pumping power for the same flow rate. The heat transfer coefficient of axial channel water
jacket is about 70% of the spiral channel water jacket. However, the geometry and location of the
axial channel are more flexible, which is beneficial in certain cases, for example, the inlet/outlet

location of the channel are constraint by the surrounding of the machine.
4.1.3. Choice of winding encapsulation material

Most of the armature windings of electric machines consist of multiple turns per coil.
Although some designs use pressing tool to preform the coil and squeeze the turns together to

increase the slot filling factor, majority of the machine windings have a slot filling factor from 30%
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Figure 4.1-6. Computational fluid dynamics simulation of axial channel water jacket (a) Velocity
stream plot (b) Temperature contour plot (c) Turbulence intensity (d) Static pressure.

- 60%. Besides the slot linear and the varnish on each turn of wire, the non-copper area of the slot

is left with either air or filled with insulated encapsulation material.

Air has a low thermal conductivity of only 0.026 W/m-K. Therefore, having air in the slot
provides a substantial thermal resistance between the windings and the water jacket. Filling the
slot with dielectric material that is more thermally conductive than the air it displaces, i.e. winding
encapsulation material, is a commonly used technique in electric machine design to improve the

thermal performance [149]. A vacuum chamber is usually used to pull the air out from the slot and
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TABLE 4-4. SLOT ENCAPSULATION MATERIAL PROPERTIES

Parameters CC-1105 EFI-108

Thermal conductivity [W/m-K] 0.14 1.9
Density [kg/m3] 1246.2 2444.5

Viscosity [Pa-s] 09to 1.5 2.7

Curing temperature [°C] 163 200

fully impregnate the slot with the encapsulation material. The thermal impedance between the
windings and the stator core/housing mainly depends on the properties of the encapsulation
material. Unfortunately, commonly used dielectric materials also tend to be thermal insulators.
The thermal properties of the two encapsulation materials chosen in this paper are listed in TABLE
4-4. As can be seen, the EFI-108 epoxy mixture has a thermal conductivity of 1.9 W/m-K, which
is more than 10 times higher than that of Dolph’s CC-1105 polyester resin and almost 100 times
higher than air. Other properties such as viscosity and curing temperature are related to the
encapsulation procedure, which is not the focus of this paper. In addition to thermal performance
improvement, encapsulation also helps to prevent winding damage from vibration and

contamination.
4.2. Steady state thermal analysis of dual-stator 6/4 FSPM machine

As mentioned in the previous section, water jacket cooling is an effective way to reject heat
from FSPM machine. Thermal analysis is necessary to verify that the temperature of the critical
components is below the operation limit. The double-layer concentrated winding (DLCW) and
single-layer toroidal winding (SLTW) 6/4 FSPM machines are different in structure as well as in
the thermal behavior which need to be modeled and compared. The steady state thermal

performance is first analyzed in this section.
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4.2.1. Lumped parameter thermal network model

Lumped parameter thermal network (LPTN) is a common tool to model the thermal behavior
of a system. LTPN is beneficial for its short calculation time, and the quasi-instant results which
enable designers to iterate quickly. The thermal network is similar to an electrical circuit, where a
heat source is analogous to a current source, heat flow to current flow, and temperature reference
to voltage reference. By solving the nodal equations for the network, the temperatures of each
point and the heat flow through each branch can be calculated. Results from the thermal network
help the designer to find the most critical impedance in the heat dissipation path and propose a

more effective cooling.

For a steady-state study, the critical component in a thermal network is the thermal resistance.
Depending on the heat transfer mode, a thermal resistance can be put into three main categories:
conduction, convection and radiation heat transfer. Many sources cover the derivation of these
three types of thermal resistance [150][151]. Radiation is not considered here since it is negligible
compared to the other mechanisms of heat transfer in most cases. However, for aerospace
application where conduction and convection heat transfer do not exist, radiative heat transfer

becomes non-negligible. (Equation 4-3) - (Equation 4-5) are used for calculating different types of

L .
conduction (rectangular shape) R= A (Equation 4-3)
In() |
conduction (cylindrical shape) __ D (Equation 4-4)
27kL,
. 1 .
convection R= A (Equation 4-5)

thermal resistances, where k is the thermal conductivity (W/m-K) of the material, h is the heat
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transfer coefficient (W/m?-K). The geometry variables are shown in Figure 4.2-1, all lengths are

in (m).

old

(b)

Figure 4.2-1. Geometry parameters for (a) Rectangular conductive heat transfer model,
(b) Cylindrical conductive heat transfer model.

TABLE 4-5. 6/4 FSPM MACHINE PARAMETERS AND MATERIAL PROPERTIES

Parameters

Stator outer radius (mm)
Stator tooth width (mm)
Axial stack length (mm)
Magnet thickness (mm)
Airgap (mm)

Stack length (mm)

Slot area (mm?)

Permanent magnet type

Water jacket material

Lamination steel

Winding

DLCW SLTW \

65

10 11

80 80

9 8
1

80 80

369.1 231.9

NdFeB, B,=1.2 T,
kmag = 76 W/m'K

Aluminium, Kay = 205 W/m-K
Arnon 5, thickness = 0.127mm
Kax = 0.7 WIm-K, kpi = 22.4 W/m-K

Copper, 8 strands of AWG#23 wire
kcu =380 W/m-K
Slot fill factor = 0.4 for CW; 0.45 for TW
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4.2.2. Thermal network modeling of 6/4 FSPM machine

According to the geometry and dimensions of the DLCW and SLTW 6/4 FSPM machine,
an LPTN thermal network can be generated based on the heat conduction path and losses
associated with the machine components. The basic geometry and thermal parameters of the 6/4
FSPM machine are given in TABLE 4-5. Because of the symmetric geometry of the 6/4 FSPM
machine, 1/12 of the whole machine is sufficient to model the thermal behavior. The symmetry
boundaries in the thermal models are considered adiabatic. The LPTN steady state thermal models
for the two machines are shown in Figure 4.2-2 (a) and Figure 4.2-2 (b), respectively. Since the
water jacket located outside the stator is the main heat sink, machine losses are predominantly
conducted in the radial direction. Therefore, the LPTN model is constructed in the X-Y plane. Note

that the axial heat transfer in the coil is non-negligible due to the high thermal conductivity of

Phouse @ Rwj_water

:_MN___HD Twater

Rwj_wl g Thous \

[ ] water jacket
[] stator
B Rrotor
Il winoing
[ ] Magnet

(@) (b)

Figure 4.2-2. Steady-state lumped-parameter thermal network (LPTN) model for dual-stator 6/4
FSPM machine with (a) Circumferential winding and (b) Toroidal winding
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copper, and the heat can be dissipated to the air region inside the housing through the end winding.
The corresponding thermal resistance is modelled in Figure 4.2-2. The thermal conductivities of
the machine components are given in TABLE 4-5. As can be seen, the thermal conductivities of the
stator and rotor core are anisotropic due to the laminated structure. The heat transfer in the radial
direction is dominant. Therefore, it is reasonable to simplify the heat transfer in the stator and rotor

into a 2D study.

The values for heat sources are from the electromagnetic simulation described in Chapter 3,
including the copper loss, iron loss, magnet eddy current loss, and the housing loss. Besides the
different winding topologies (DLCW vs. SLTW), influence brought by the different encapsulation
materials are also investigated. In the following part, two design cases are compared: DLCW 6/4
FSPM machine encapsulated with CC-1105 (noted as M1 material) and SLTW 6/4 FSPM machine

encapsulated with EFI-108 (noted as M2 material).

The thermal networks for the two winding topologies share many thermal resistances in
common, especially related to the rotor. The thermal resistance values for the two LPTNs are
shown separately in TABLE 4-7 and TABLE 4-8. The geometry of the machine is not regular, and
the thermal resistance of each component cannot be directly calculated with (Equation 4-3) -
(Equation 4-5). Reasonable simplifications and assumptions are necessary to model the heat
transfer in the 6/4 FSPM machines. The derivations of critical thermal resistances and the
simplification used in the thermal modelling are shown in the following sections.

A. Equivalent Rotor Modeling

The FSPM machine has a salient shape rotor, as can be seen in Figure 4.1-1, the air gap
length is non-uniform along the arc. In addition, the number of rotor poles is different from the
stator slot number, which makes it difficult to form a partial thermal network model using the

symmetry of the machine structure. In order to apply (Equation 4-4) to calculate the conduction
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Figure 4.2-3. Equivalent rotor model transformation from salient rotor structure to
cylindrical structure.

thermal resistance in the rotor core, the salient rotor needs to be reshape into a cylindrical form.
Therefore, an equivalent cylindrical rotor is modelled as shown in Figure 4.2-3. Due to the salient
rotor pole, the distance from the rotor inner surface to the rotor outer surface is not uniform in the
azimuthal direction. An equivalent length of the conduction heat transfer in the rotor can be

calculated using (Equation 4-6), where the geometry variables are given in Figure 4.2-3. Note that

0 90° — ¢ .
Tro e = Tt 9o + 1y —o0° (Equation 4-6)

the angle is in the unit of degree and the equivalent rotor has the same shaft radius (rsn) as the
actual rotor. The equivalent rotor has a hallow cylindrical shape and the conduction heat transfer
can be modelled by (Equation 4-4). The rotor thermal resistance values are given in TABLE 4-7 and
TABLE 4-8, respectively.
B. Air gap heat transfer

The heat transfer between the stator/rotor iron surface and the air gap is convective and can
be characterized by (Equation 4-5). For a regular and smooth interface, analytical equations based

on Taylor-Couette theory have been developed [152]. However, due to the salient rotor structure,

the flow in the air gap of the FSPM machine is highly turbulent and can only be characterized by
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Figure 4.2-4. Characterization of air flow in the air gap region (a) Air flow velocity stream line
plot (b) Rotor surface temperature

empirical equations or CFD simulation [153]. In reference [154], the connective heat transfer
coefficient is correlated to the rotor tip speed based on CFD simulation. It has taken the salient
rotor pole structure of FSPM machine into account. Due to the dual-stator configuration of the
machine under investigation and the complex flow characteristics in the air gap, the results from
[155] cannot be apply directly to the 6/4 FSPM machine. Therefore, similar to the determination
of heat transfer coefficient of the water jacket, ANSYS Fluent is used as the CFD tool to simulate
the heat transfer in the air gap region. A 5000 W/m? surface heat flux is assigned to the rotor, and
by putting the resulting area weighted average temperature from the simulation into (Equation 4-2),

the average heat transfer coefficient can be derived.

The air flow path lines around the rotor at 4800 rpm and the temperature on the rotor wall
are shown in Figure 4.2-4 (a) and Figure 4.2-4 (b), respectively. The salient rotor pole causes
significant turbulence in the air gap, which is beneficial for heat transfer. On the other hand, the
turbulence causes higher dragging force and makes the windage loss high. The discussion on the

windage loss of FSPM machine is shown in Chapter 5, where rotor shrouds are added to the end
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Figure 4.2-5. Rotor surface average heat transfer coefficient at different rotation speed

of the rotor to reduce the axial air flow. Trade-off are made between the windage loss and the rotor

heat dissipation.

The average heat transfer coefficient is calculated for a series of velocities from 1000 rpm
to 17000 rpm. The average heat transfer coefficient versus rotation speed is given in Figure 4.2-5.
As can be seen, the heat transfer coefficient increases as the rotation speed goes up. Note that for
the DLCW and SLTW 6/4 FSPM machine, the rotor structures are identical. Therefore, the results
here are applicable to both machines. In the thermal analysis in the following part, the rotor speed

is chosen to be 4800 rpm.
C. Winding Equivalent Thermal Resistance Model

The winding is an important component in the thermal analysis as it is usually the hot spot
inside the motor. The thermal modeling of the winding is more complicated than the stator and
rotor. The winding volume is made up of multiple turns, and is a composite of insulation material,
conductor, and air. In the literature, researchers use empirical correlation equations [155], or model
the winding by breaking it into several layers of copper and insulation [156]. Depends on the slot

filling factor and insulating material, the in-slot thermal conductivity varies in a large range. Since
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Figure 4.2-6. Equivalent stator slot model for heat transfer from winding to stator
(@) Real slot occupation (b) Equivalent slot model.
the thermal resistance of the copper and the insulation layer are in series, s simple way of modeling
the thermal behavior within the stator slot is to group the components into two parts, i.e. copper
and insulation layer [157], as shown in Figure 4.2-6. Certainly, this method cannot predict the
detailed temperature distribution inside the stator slot. But it can easily estimate the highest
temperature of the winding, which is the most important information. The thickness of the
insulation layer can be calculated from the circumference length of the inner slot and the area of

insulation material by (Equation 4-7).

d = Sslot (1_kfill) (Equation 4_7)
insu L

slot

With the single insulation layer model, two thermal resistances, for the heat transfer in
copper and insulation layer respectively, are used to estimate the highest temperature of the
winding. The winding of the machine under study is made up of 8 strands of AWG #22 wire,
which has a diameter of 0.644 mm. The copper area inside one stator slot can then be calculated
based on the known slot area and the slot filling factor. A slot liner is usually used in electric
machine and just adds one more thermal resistance next to the equivalent insulation layer. The slot

liner (Nomex 410) has a thickness of 0.18 mm and 0.12 W/m-K thermal conductivity. As



150

mentioned previously, to facilitate the heat transfer, the windings of the two machines are

encapsulated with two different materials. The total thermal resistance between the winding and

the stator iron is the sum of the resistance from the encapsulation material and the slot liner,

assuming no air is left in the stator slot volume. The thermal resistances associated with the stator

slot and winding for the two machines are given in Figure 4.2-2.

D. Contact Resistance Between Surfaces

Due to the manufacturing tolerance
and the roughness of the material surface, the
interface between two adjacent parts cannot
be perfectly flat, as shown in Figure 4.2-7
[158]. The small gaps between the two
surfaces impede the heat transfer and this
effect can be modelled by the contact thermal
resistance. The geometry of the gaps is
usually irregular and is hard or impossible to
know precisely. One method to model the
contact thermal resistance is using an
equivalent air gap, which is usually derived
from experimental testing and empirical
equations. The manufacturing process and

material types significantly affect the length

!

e

S
e ~—
©
Figure 4.2-7. Different types of interface gap
[157]

TABLE 4-6. EQUIVALENT INTERFACE GAPS FOR
CONTACT THERMAL RESISTANCE

 Contactinterface ~ Gap (mm) |
Housing-Stator 0.074
Stator-Magnet 0.048
Shaft-Rotor 0.074

of the equivalent gap. Applying pressure to the assembly or using a tight tolerance will help to

reduce the equivalent gap between two parts and enhance the heat transfer. In this paper, no special

pressurized assembly is used. Therefore, the equivalent gap distances used to calculate the contact
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thermal resistance are from reference [159], and the numbers are shown in TABLE 4-6. The

associated thermal resistance are given in TABLE 4-7 and TABLE 4-8, respectively.

TABLE 4-7. THERMAL RESISTANCES FOR THE DLCW MACHINE WITH M1 ENCAPSULATION

Description Resistance Type Symbol (K/W)

water jacket and water - Convection  Rwj_water  0.004
stator core 1 and water jacket Contact Rsl wj 0.152
inner part of stator core 1 Conduction Rsl o 0.007
outer part of stator core 1 Conduction Rsl i 0.007
winding to stator core 1 Conduction Rsl w 0.381
stator core 2 and water jacket Contact Rs2_wj 0.295
outer part of stator core 2 Conduction Rs2 o 0.071
inner part of stator core 2 Conduction Rs2 i 0.071
stator core 2 and magnet Contact Rs2_ m_o 0.116
stator core 2 and magnet Contact Rs2 m_i 0.116
winding to stator core 2 Conduction Rs2_w 0.514
stator core 2 and air gap Convection Rs2 g 4.051
stator core 1 and core 2 Conduction Rsl s2 0.041
outer part of magnet Conduction Rm_o 0.518
inner part of magnet Conduction Rm_i 0.518
magnet to water jacket Conduction Rm_wj 23.15
inside to surface of end winding Conduction Rins 0.819
ending winding and air gap Convection Rins_g 6.883
rotor surface and air gap Convection Rr g 0.715
outer part of rotor core Conduction Rr o 0.011
inner part of rotor core Conduction Rr_i 0.019
rotor core and shaft Contact Rr_sh 0.517
shaft and ambient Convection Rsh_am 8.841
end cap and ambient Convection Rec_a 2.964

end cap and air gap Convection Rec g 3.767
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TABLE 4-8. THERMAL RESISTANCES FOR THE SLTW MACHINE WITH M2 ENCAPSULATION

Description

Resistance Type

Symbol

(K/w)

water jacket and water
stator core 2 and water jacket
inner part of stator core 2
outer part of stator core 2
stator core 1 and core 2
stator core 2 and magnet
stator core 2 and magnet
stator core 2 and air gap
outer part of magnet
inner part of magnet
magnet to water jacket
inside to surface of end winding
ending winding and air gap
winding 1 to stator core 1
winding 1 to water jacket
winding 2 to stator core 1
winding 2 to stator core 2
rotor surface and air gap
outer part of rotor core
inner part of rotor core
rotor core and shaft
shaft and ambient
end cap and ambient
end cap and air gap

Convection
Contact
Conduction
Conduction
Conduction
Contact
Contact
Convection
Conduction
Conduction
Conduction
Conduction
Convection
Conduction
Conduction
Conduction
Conduction
Convection
Conduction
Conduction
Contact
Convection
Convection
Convection

Rwj_water
Rs2_wj
Rs2 o
Rs2_i
Rsl_s2
Rs2_m_o
Rs2 m_i
Rs2_g
Rm_o
Rm_i
Rm_wj
Rins
Rins_g
Rwl sl
Rwj wl
Rw2_s1
Rw2_s2
Rr_g
Rr o
Rr i
Rr_sh
Rsh_am
Rec a
Rec g

0.004
0.307
0.029
0.029
0.041
0.116
0.116
2.327
0.582
0.582
26.04
0.145
6.883
0.038
0.038
0.077
0.040
0.715
0.011
0.019
0.517
8.841
2.964
3.767
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E. Machine losses characterization

The heat sources shown in the thermal network model are associated with the losses in the
machine. The accuracy of loss estimation strongly influences the temperature estimation. In this
part, the machine iron loss, magnet loss and housing loss are from the electromagnetic FEA
simulation shown in Chapter 3. The copper loss is from the analytical calculation shown in Chapter
2. The machine losses associated with different levels of current densities are shown in Figure

4.2-8. Note that the machine losses and performance are temperature dependent. A two-way
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Figure 4.2-8. Loss segregation as a function of current density for (a) Circumferential
winding machine and (b) Toroidal winding machine.
coupled FEA simulation is needed to take this into consideration, which requires tremendous
computation time. The most temperature sensitive loss would be the copper loss, since the winding

resistance is strongly temperature dependent, as shown in (Equation 4-8). where Rsref is the

R,=R,,;1+ac,(T—T,.,)] (Equation 4-8)

winding resistance (QQ) at the reference temperature Tref (°C), acu i the temperature coefficient of
the resistivity (°Ct) of copper. The iteration shown in Figure 4.2-9 is used to ensure that the

temperature dependent resistance is accounted for correctly in the modelling. The copper losses
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Figure 4.2-9. Flow chart for determining temperature dependent copper loss.

shown in Figure 4.2-8 correspond to a reference winding temperature of 100 °C and are used as
the initial temperature in the iteration process. However, in the rest of this paper the temperature-

dependent copper loss is used.
4.2.3. Thermal performance evaluation for 6/4 FSPM machine

With the LPTN model, the thermal performance of the dual-stator 6/4 FSPM machine can
be evaluated. Based on the winding topology and the choice of encapsulation material, four
comparison cases are modelled, i.e. concentrated winding with encapsulation material 1 (CW-M1),
concentrated winding with encapsulation material 2 (CW-M2), toroidal winding with
encapsulation material 1 (TW-M1), and toroidal winding with encapsulation material 2 (TW-M2).
The thermal models for the four cases are developed in the previous section. It is intuitive that the

motors using higher thermal conductivity encapsulation material should have better thermal
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performance, and the toroidal winding topology should have a lower temperature. This section will
quantify the thermal performance difference and illustrate which modification brings more impact

to the machine's thermal performance.
A. Current density limit with fixed coolant flow

Water jacket is used as the cooling method for the four design cases. In this part, the flow
rate of the coolant is kept constant, which means the thermal resistance of the water jacket is kept
the same. The temperatures of the armature winding, permanent magnet, stator core, and rotor core
of the four designs are estimated with the thermal models at different current density levels. The
temperature variations of each component as a function of the current density are shown in Figure
4.2-10. Note that because the magnets are tightly sandwiched between two stator cores, the stator
temperature is very close to the magnet temperature and their temperatures are shown in the same
plot. As can be seen in Figure 4.2-10 (a), regardless of the winding topologies, the machines with
M2 encapsulation material has a significantly lower temperature than the machine with M1
encapsulation. For machines with the same encapsulation material, the use of toroidal winding
topology leads to a lower temperature than the circumferential winding, because the outer winding

is very close to the heat sink.

The choice of encapsulation material does not significantly influence the stator/magnet
temperature for the circumferential winding topology because the stator core is directly attached
to the heat sink. However, for the toroidal winding topology, as can be seen in Figure 4.2-10 (b),
the encapsulation material makes a significant difference. The design with M1 encapsulation has
a high stator/magnet temperature because the contact area between the stator and the water jacket
is limited. The heat from the stator and magnet needs to travel through the slot area. Therefore,

encapsulation material with high thermal conductivity is preferred in toroidal winding topology.
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Figure 4.2-10. Dual-stator 6/4 FSPM machines temperatures versus stator slot current density at
(a) Stator winding (b) Stator and magnet (c) Rotor

The rotor temperatures for machines with M2 encapsulation is lower than M1 encapsulation

because of the more effective heat transfer to the water jacket. As shown in Figure 4.2-10 (c),

below 20 Arms/mm?, the rotor temperatures for CW and TW topologies are similar because there

is no direct contact between the stator assembly and the rotor.

The temperature limit in the electrical machine is determined by the class of winding
insulation and the grade of the permanent magnet. Taking an example of Class H winding

insulation (180 °C continuous) and Type H NdFeB magnet (120 °C continuous), the corresponding
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current density limit of each machine component can be found. Note that the machine component
with the lowest current density limit determines the overall machine limit. The current density
limit of the CW-M1 design is 11.5 Arms/mm?, which is almost at the lower bound of the typical
current density range for liquid-cooled machine [160]. The current density limit of the CW
machine could be improved to 20 Arms/mm? with M2 encapsulation material, and the limiting
factor changes to the magnet temperature. The TW-M1 machine is limited at 12 Arms/mm? due to

the insufficient magnet cooling. The TW machine current density limit can be significantly

improved to 30 Arms/mm? with M2 encapsulation.
B. Temperature limit with high coolant flow rate and thermal conductivity encapsulation

The cooling capability of the water jacket depends on the coolant flow characteristics in the
channel. As shown in Section for water jacket design, a high flow rate leads to a high heat transfer
coefficient. However, significant pumping power might be required to push the coolant to a high
velocity and compromise the system efficiency. The current density limits based on the constant
fluid flow and fixed temperature limits derived in the previous part could be further generalized

by varying the coolant flow rate and parameterizing the thermal conductivity of the encapsulation
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Figure 4.2-11. Thermal resistance of the water jacket as a function of coolant flow rate.
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material. As it is known, the convective heat transfer coefficient increases almost linearly with the
flow rate. (Equation 4-5) shows that the convective thermal resistance is proportional to the inverse
of the heat transfer coefficient, which indicates that the thermal resistance has a hyperbolic relation
versus the flow rate, as can be seen in Figure 4.2-11. Therefore, having a very high coolant flow
rate will not provide much benefit in the cooling performance, but will consume a large amount of

pumping power.

The extreme case of using a high flow rate would be there is no temperature increase from the
inlet to the outlet of the coolant channel, and the water jacket temperature equals the coolant
temperature, i.e. Ruj water in the thermal network equals 0 K/W. In this case, the machine thermal
performance depends mainly on the conductivity of the encapsulation material. With the same
winding and magnet temperature limits mentioned previously, the current density limits
correspond to different thermal conductivities of the encapsulation material are shown in Figure
4.2-12. Note that Figure 4.2-12 only considers the thermal constraints of the motor and assumes
an infinite coolant flow rate. It serves to give the reader an idea of how the thermal conductivity

of the encapsulation material affects the thermal performance of the machine. The actual

—20 L
£ e
Eap =
E —e—TW
< 30 —*—CW
=
B P A —
o
10
5
© 4
0 2 4 B

Thermal conductivity [Wim-k]

Figure 4.2-12. Current density limit of the machines with different encapsulation thermal
conductivities
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achievable current density depends on lots of other factors such as the machine topology, the
cooling technology used, the saturation of the core material, etc. As can be seen in Figure 4.2-12,
the TW topology benefits more from the improvement of encapsulation material since the
encapsulation and insulation layers are the only thermal resistance between the winding and the
water jacket. With the development of encapsulation material, the x-axis range of Figure 4.2-12

could certainly be extended.
C. Thermal performance with natural convection cooling

As shown in part A of this section, with water jacket cooling, the current density limit of the
TW-M2 design is 30 Arms/mm?. Such high current density is not always required for conventional
application. Considering the current density at rated condition is around 10 Arms/mm?, the 30
Arms/mm? capability seems to be overwhelming. Water jacket cooling is a type of active cooling,
which require extra pumping power to circulate the coolant. The water jacket and the associated
pump add the cost and complexity of the system. Therefore, passive cooling with natural air

convection is usually used for low-cost application. Since the TW-M2 design has the best thermal
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Figure 4.2-13. Component temperature of SLTW 6/4 FSPM machine with M2 encapsulation
and natural convection cooling
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performance among the four designs, it is used to evaluate the thermal performance of the 6/4

FSPM machine with natural convection cooling.

By replacing the heat transfer coefficient for the water jacket with the natural air convection
coefficient, the LPTN model for the TW-M2 design with natural cooling is ready to use. Following
the same procedure as presented in part A, the temperatures of each machine component are shown
in Figure 4.2-13. Because of the stator mounted permanent magnet, the eddy current loss in the
permanent magnet exists even at low load condition. If the machine only has passive cooling, the

current density is limited to around 4 Arms/mm? for steady state operation.
4.3. Machine transient thermal behavior

Overloading capability is appreciated in many applications such as electric vehicle. The
overloading performance is usually limited by the machine thermal constraint. In electric machines,
different components are made of different materials and have different thermal conductivity and
thermal capacity. During overloading operation, the copper loss could be several times higher than
during rated operation. It is necessary to ensure the temperature of each machine component is
below the limit. Thermal capacitance is needed in the LPTN model, however, due to the
complexity of the machine geometry, accurate modelling of the thermal capacitance is difficult.

Therefore, thermal finite element analysis (FEA) is used to study the transient thermal behavior.
4.3.1. Thermal finite element analysis
A. Thermal FEA modeling

The thermal FEA is similar to the electromagnetic FEA, where the geometry of the machine
is drawn and imported to the FEA solver. By using the 3D structure, the FEA can consider the heat

transfer in the axial and planar direction, which provides a more accurate result. In addition, the

FEA simulation is able to couple the electromagnetic simulation with the thermal simulation.
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Losses from each part of the machine could be accurately assigned to the elements in the simulation.
However, FEA simulation is more time consuming compared to solving a thermal network,

because of the large number of elements in the model.

After importing the machine geometry into the FEA solver, component materials and
thermal conditions need to be assigned properly. The thermal properties of the materials used in
the 6/4 FSPM machine are shown in TABLE 4-5. Note that the anisotropic thermal conductively of
the lamination need to be entered by defining the first and second axis direction. In addition, the
heat transfer in the winding is also anisotropic because of the non-unity slot filling factor. The

direction of the windings must be specified (defined as the first direction) as shown in Figure 4.3-1.

Figure 4.3-1. Defining current flow direction in coils

Heat can flow more easily in the first direction compared to the second direction. The thermal
conductivity of the first axis can be calculated as kcuksin, where ke is the thermal conductivity of
copper and ks is the slot filling factor. The thermal conductivity of the second axis is dependent
on the property of the encapsulation material and can be calculated with (Equation 4-3) and

(Equation 4-7).

The thermal conditions include the heat sources and heat transfer models for the boundaries.
The heat transfer within one solid body is conduction heat transfer and can be accurately simulated
giving a fine enough mesh. As mentioned previously, the heat sources are the loss information

from the electromagnetic simulation. The most accurate two-coupling is not used for the sake of
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time saving. The copper loss is calibrated with temperature variation, as shown in the previous
section. The boundary conditions include the convective heat transfer and the contact thermal
resistance. The convective heat transfer condition is defined for solid-fluid interface such as the
rotor surface, stator surface, and water jacket wall. Similar to the LPTN model, the convective heat
transfer in thermal FEA is also characterized by the heat transfer coefficient from CFD simulation.
The contact thermal resistance is the same as in the LPTN. For two components adjacent to each
other, if the contact thermal condition is not set, the heat transfer is considered perfect and no

temperature gradient exists between the two surfaces, which is usually not true.

As mentioned above, thermal FEA explicitly models the details associated with conduction
heat transfer, the convective coefficient must be assigned for each surface between solid and fluid.
The convective heat transfer is linked with the machine solid model through the simulation circuit,
as shown in Figure 4.3-2. In addition, the mechanical loss is cannot be simulation in
electromagnetic FEA and is mapped into the thermal simulation with thermal circuit. Parts that are

not drawn in the 3D structure such as the shaft, housing end cap also need to be represented by
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Figure 4.3-2. Thermal circuit in FEA tool
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equivalent thermal boundary conditions. The ambient temperature is set to 23 °C which is

measured in the testing room.
B. Result comparison between FEA and LPTN

In order to verify the consistency of the thermal FEA simulation and the LPTN model, the
steady state thermal performance is first compared with the DLCW 6/4 FSPM machine at rated
condition. The machine losses and thermal parameters are given in the previous part and are not

repeated here.

The temperature distribution contour plots for each part of the machine are shown in Figure
4.3-3, which gives a more clear and straight forward information about the thermal behavior of the

machine than the LPTN model. The average temperatures for each part of the machine are
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Figure 4.3-3. Temperature distribution of dual-stator 6/4 FSPM machine at 4800 rpm from FEA
simulation.
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TABLE 4-9. TEMPERATURE OF 6/4 FSPM MACHINE COMPONENTS FROM FEA SIMULATION
AND LPTN MoODEL

Node LPTN (°C) FEA (°C)

Stator 56.6 58.7 (+3.6%)
Magnet 56.3 56.0 (-0.5%)
Winding 115.1 105.0 (-8.8%)

Rotor 103.2 102.1 (-1.1%)

summarized in TABLE 4-9, together with the results from LPTN. Since the thermal FEA simulation

and the LPTN model share many parameters in common such as the material properties and the

convective heat transfer coefficient, it is not surprising that the results from the two methods match

well. The temperature calculated by LPTN agrees with FEA simulation results within 10%.

4.3.2. 6/4 FSPM machine transient thermal behavior

In order to simulate the transient thermal behavior, the thermal capacitances of the machine

materials need to be included and are shown in TABLE 4-10. The thermal capacitances for the two

windings with different encapsulation materials are the same because the thermal capacitance of

the copper is much larger than the encapsulation material. The transient thermal behavior of the

two machines are studied for overloading conditions up to 2.0 p.u. armature current at 4800 rpm.

TABLE 4-10. 6/4 FSPM MACHINE PARAMETERS AND MATERIAL PROPERTIES
Parameters DLCW SLTW

kmag =8.9 W/m'K

Permanent magnet Cp = 502 J/kg-K

Water jacket material Aluminium, kKay = 205 W/m-K, Cp =900 J/kg-K

Arnon 5, thickness = 0.127mm

Lamination steel Kax = 0.7 WIM-K, kot = 22.4 W/m-K, Cy = 491 J/kg-K

Cp = 180 J/kg-K Cp = 180 J/kg-K

Winding/Encapsulation . _ 174 wim-K, k. = 0.2 ki =115 W/m-K, ko = 2.3
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Figure 4.3-4. Transient temperature rises during overloading operations for (a) DLCW 6/4
FSPM machine with M1 encapsulation and (b) SLTW 6/4 FSPM machine with M2
encapsulation.

The increase of armature current not only affects the winding copper loss, but also has impact on
the stator/rotor iron loss, magnet loss, and housing loss. The losses variation at different loading

conditions can be found in Figure 4.2-8.

The thermal steady state at rated armature current (1.0 p.u.) is first reached, and the steady
state temperatures for each component are assigned as the initial temperatures in the overloading
simulation. The overloading losses for each part are given and the transient thermal simulations
are run for 60 seconds. The temperatures of the winding and the magnet are the most critical ones
since the temperature limits of the winding insulation and the permanent magnet are the thermal

constraints of the machine.

The transient temperature rises of the winding and magnet for the two machines during
overloading operation up to 2.0 p.u. armature current are shown in Figure 4.3-4 (a) and Figure
4.3-4 (b), respectively. As can be seen, the increase of the machine loading has a much faster
impact on the winding temperature than on the magnet temperature. Especially for the case of the

DLCW 6/4 FSPM machine, where the winding does not have close contact with the water jacket,
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the temperature rise for the winding is 10 times faster than that for the magnet. For the SLTW 6/4
FSPM machine, the winding temperature rise is about 5 times faster over the 60 second period.
Therefore, for short-time transient thermal analysis, the machine thermal behavior can be
approximated by a first-order system as shown in Figure 4.3-5, where Pm is the additional machine
loss (mostly winding copper loss) at overloading condition with respect to the rated condition.
While the magnet temperature rise can be neglected during the short-time transient, the winding

temperature rise AT (°C) can be approximately calculated with (Equation 4-9), where ATfinal iS the

AT(t) = ATja(1—e ™) (Equation 4-9)

7w = R, C, (Equation 4-10)

final temperature rise with specific overloading current after a sufficient long time. The thermal
time constant 7 (second) can be derived as (Equation 4-10), where Ry and Cy are the thermal

resistance and thermal capacitance of the winding, respectively.

Taking the DLCW 6/4 FSPM machine with a 2.0 p.u overloading as an example, the
temperature rise during the short-time transient is simulated with the thermal FEA model. The
temperature rises and the governing first-order equation is shown in Figure 4.3-6. As can be seen,

the temperature rise of the stator winding is much faster than the other components of the machine.
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Figure 4.3-6. Winding temperature variation with first-order approximation

Transient thermal experiments have been conducted to verify the thermal FEA simulation as well
as the first-order approximation. The time constant of the winding temperature rise is 222 seconds,

which is approximately 4 minutes.

4.4, Summary

This chapter first presents the cooling design of the dual-stator 6/4 FSPM machine. Because
the majority of the heat sources such as the armature winding, stator core, and permanent magnet
are in the stator, water jacket is an appropriate choice to cool the FSPM machine. Two types of
water jacket, with spiral channel water jacket and axial channel water jacket, are investigated and
compared. It is shown that the spiral channel water jacket has lower turbulence and less pressure
drop compared to the axial channel water jacket. Therefore, spiral channel water jacket requires
less pumping power for the same coolant flow rate. However, axial channel water jacket has the
benefit of a more flexible design. Without influencing the fluid characteristics, the location of the

inlet/outlet of the channel can be easily modified.

Having the temperature-sensitive permanent magnet in the stator assembly, the thermal
analysis of the FSPM machine need to be carefully investigated. For steady state thermal analysis,

lumped-parameter thermal network (LPTN) is chosen for its fast computation. The LPTN model
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for the both DLCW and SLTW 6/4 FSPM machines are established. In addition to the different
winding topologies, two different types of winding encapsulation materials are considered, and
their impact on the thermal performance are investigated. It is shown that the SLTW 6/4 FSPM
machine with advanced encapsulation material can achieve three times higher current density than

the DLCW 6/4 FSPM machine with conventional encapsulation.

The transient thermal performance of the 6/4 FSPM machine under overloading condition
is investigated with thermal finite element analysis (FEA). It is shown that the winding temperature
reacts 5-10 times faster than the other machine component and can be approximated with a first-

order equation.
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Chapter 5 Special Design Consideration in
FSPM Machine

Unlike the interior permanent magnet (IPM) and surface permanent magnet (SPM) machines
that have been widely used in the practice, flux-switching permanent machine (FSPM) machine
has not been commonly seen in the industry and commercialized product, despite the fact that
FSPM machine possesses many benefits such as robust rotor structure and easy thermal
management. This is because FSPM machine has certain disadvantages that prevent it from
commercialization. Disadvantages of FSPM machine include high torque ripple and the
vibration/noise issue comes with it, high fundamental frequency due to the large pole pair number,
housing loss because of the stator mounted permanent magnets, and high windage loss due to the
salient rotor structure. Having the aforementioned issues solved is important and inevitable for

using FSPM machines in real world applications.

As presented in the first and second chapter, the high fundamental frequency issue could be
alleviated by using low pole FSPM topology, i.e. dual-stator 6/4 FSPM machine. It is shown that
the dual-stator 6/4 FSPM machine can reduce the fundamental frequency by 60% compared to the
most commonly seen 12/10 structure under the same speed. The fundamental frequency reduction
brings a significant decrease in the iron loss. The torque ripple issue for FSPM machine has been
addressed in many research papers [32], [115], [161], [162], which involve machine geometry
modification such as rotor tooth shaping and rotor skewing as well as different control strategy
such as harmonics injection. Torque ripple reduction for dual-stator 6/4 FSPM machine with step
skewed rotor has been investigated in [115]. With a two-step skewed rotor of 5° span angle, the

torque ripple could be reduced by 62% while maintaining 98% of the average torque.



170

This chapter focuses on the investigation of housing loss and the windage friction loss of the
6/4 FSPM machine. Few literatures can be found on the study of the housing loss of FSPM machine,
which is a non-negligible aspect especially for high-speed application. Researches on the reduction
of windage loss for switch reluctance machine (SRM), which also has salient rotor structure, can
be found in the literature [133], [135], [136]. However, the windage loss reduction structure would
bring different impact on the electromagnetic performance of FSPM machine. Especially for the
dual-stator 6/4 FSPM machine under study, which has a three-part rotor. Therefore, the windage
loss characterization is different from SRM and conventional 12/10 FSPM machine and is worth
investigating. The objective of this chapter is to investigate the two aforementioned design aspects
that have not been investigated enough. The results will contribute to the popularization of FSPM

machine into practical use.
5.1. Housing loss

The housing loss of the dual-stator 6/4 FSPM machine has been briefly discussed in Chapter

3, where the housing eddy current circulation is plotted and the housing loss of the single-layer

Figure 5.1-1. Geometry of the dual-stator 6/4 FSPM machine with single-layer toroidal
winding
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Figure 5.1-2. (a) Magnetic flux penetration into aluminum housing and the placement of B field
probe (b) Magnetic flux density variation near magnet and winding slot

machine and the double layer machine is given. In this chapter, a more detailed study on housing
loss and methods to reduce the housing loss is presented. Without the loss of generality, the single-
layer toroidal winding machine shown in Figure 5.1-1 is used to study the housing loss. As the

returning coil of the toroidal winding is close to the housing, its influence on the housing needs to

be studied separately with the magnet.

The machine housing is made of Aluminum, which is a non-magnetic material. However, as
can be seen in Figure 5.1-2 (a), although most of the magnetic flux is confined mostly in the stator
and rotor iron, there are still a certain amount of leakage magnetic flux as shown. To observe the
magnetic flux variation in the housing, two magnetic flux density probes are placed near the
magnet and the stator winding slot. The magnetic flux density variation is shown in Figure 5.1-2
(b). As can be seen, the magnetic flux variation near the permanent magnet is about 5.4 times
larger than that near the winding slot. The eddy current loss density in conductor can be calculated

by (Equation 5-1). According to the previous equation, the eddy current loss due to the stator-
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Figure 5.1-3. Housing eddy current loss density (a) at 1500 rpm (100 Hz) and (b) at 15000 rpm
(1000 Hz)
2p?2 2
D = 7°Byd, f (Equation 5-1)
ec 6pe

mounted permanent magnet is about 30 times higher than due to the toroidal winding. Therefore,

in this report, the magnet related housing loss is the focus.

From the eddy current loss density given in (Equation 5-1), volume integration is needed to
calculate the total housing loss. However, the eddy current loss distribution is non-linear.
Therefore, finite element analysis tool is used to estimate the total housing eddy current loss. The
eddy current loss density of the 6/4 FSPM machine at 1500 rpm (100 Hz) and 15000 rpm (1000
Hz) are shown, respectively. As can be seen, at lower speed (frequency), the eddy current loss
penetration is much deeper than at higher speed (frequency). This is due to the frequency

dependent nature of the eddy current, as shown in (Equation 5-2). As a result, with the volume

S _ P (Equation 5-2)
penetration ~
2t u

integration, the housing eddy current loss is not proportional to the square of the frequency. The

housing loss of the 6/4 FSPM machine at different speed is shown in Figure 5.1-4.
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Figure 5.1-4. Housing eddy current loss of 6/4 FSPM machine at different speed

There are two obvious solutions to the housing loss issue: adding iron bridge outside the
stator-mounted permanent magnet to shunt the leakage magnetic flux or leave cavities in the
housing near the magnet. With the first solution, the leakage flux is shunt by the magnet bridge,
as well as the useful magnetic flux. Therefore, trade-off study is needed between the reduction of
housing loss and the loss of output power. From the structural perspective, the iron bridge allows
the stator iron to use a single piece lamination, which makes the stator tolerance control easier and
reduces the stator assembly complexity. The contact surface area between the housing and the
stator is also increased, which improves the cooling of the stator. The second solution is straight
forward and does not have impact on the electromagnetic performance of the machine. However,
the cavities need to be axially grooved into the housing, which introduce extra machining work
and increase the manufacturing cost. With the cavities in the housing, the thickness of the housing
is no longer uniform, and the contact area is reduced, which could cause mechanical issue when
putting the stator into the housing by shrink fit or press fit. In addition, the non-uniform housing
thickness brings problem for grooving spiral water jacket channel. To avoid intersecting with the

cavities, axially grooved channel can be used as shown in Figure 4.1-2 (b). However, as shown in
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Figure 5.1-5. Magnet iron bridge structure for shunting the flux leakage in the housing

chapter 4, the axially groove channel has higher pressure drop and more flow turbulence than the

spiral channel.
5.1.1. Magnet iron bridge

The illustration of the magnet iron bridge is shown in Figure 5.1-5. As the permeability of
silicon steel is much larger than the aluminum, the magnetic flux will be shunt by the iron bridge
instead of penetrating into the housing. However, as the iron bridge should not be too thick to
avoid losing too much magnetic flux that is producing torque, the iron bridge would be heavily
saturated. Parametric study on the iron bridge thickness is done to find the optimal thickness for
the trade-off between high housing eddy current loss and low output torque. The output torque and
housing loss of the machine with different iron bridge is shown in Figure 5.1-6. Note that 1.5 mm
is thinnest bridge allowed due to manufacturing concern. As can be seen, with a 3.5 mm iron bridge,
although the housing loss is reduced by 40%, the torque is also reduced by 11%. In addition,
because of the reduction of magnetic flux density in the tooth and the air gap, the stator and rotor
core iron loss and magnet eddy current loss are also reduced. The total improvement of efficiency

is 1%. With 1.5 mm iron bridge, the torque is reduced by 4%, and the housing loss is reduced by
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Figure 5.1-6. Housing loss reduction and output torque variation with different magnet
iron bridge thickness.

TABLE 5-1. LOSSES AND EFFICIENCIES OF 6/4 FSPM MACHINE WITH DIFFERENT MAGNET IRON
BRIDGE THICKNESS

No bridge 1.5mm

Torque [Nm] 5.85 5.60 5.51 5.42 5.31 5.19
Output power [kW] 9.19 8.80 8.66 8.51 8.34 8.15
Iron loss [W] 225.4 224.7 207.3 200.5 193.7 186.4
Magnet loss [W] 57.3 54.3 44.6 41.6 38.5 35.6
Copper loss [W] 307.6 307.6 307.6 307.6 307.6 307.6
Housing loss [W] 102.4 76.8 (-25%) 73.8 69.4 66.0 62.4
Efficiency [%6] 93.0 93.0 93.2 93.2 93.2 93.2

25%. The losses of each part and the efficiency of 6/4 FSPM machine with different iron bridge

thickness is captured in TABLE 5-1.
5.1.2. Housing cavities
As can be seen, the housing eddy current loss is concentrated near the magnet. Therefore,

the second way of reducing housing eddy current loss would be removing the lossy volume in the

housing, as can be seen in Figure 5.1-7. The benefit of this method is that the output torque will
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Figure 5.1-7. Cavity in the machine housing near permanent magnet for reducing eddy
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not be affected since the aluminum is non-magnetic material. The width of the slot in the housing
is studied as a design parameter. The housing loss and the machine efficiency is plotted against
the variation of the slot width, as shown in Figure 5.1-8. As can be seen, the housing loss is
significantly reduced by removing the lossy volume in the housing. With larger housing slot, the

eddy current loss is reduced slightly. The improvement of the total efficiency is not significant. In
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Figure 5.1-8. Housing loss reduction and efficiencies with different housing slot width.
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TABLE 5-2. LOSSES AND EFFICIENCIES OF 6/4 FSPM MACHINE WITH OR WITHOUT SLOT NEAR
MAGNET IN THE HOUSING

No slot With slot

Torque [Nm] 5.85 5.85
Output power [kW] 9.19 9.19
Iron loss [W] 225.4 227.6
Magnet loss [W] 57.3 58.1
Copper loss [W] 307.6 307.6
Housing loss [W] 102.4 41.0
Efficiency [%] 93.0 93.5

addition, if the slot is too large, the contact surface between the housing and the stator core might
be too small and cause mechanical issue while shrink fitting. Therefore, 7 mm wide slot is chosen

here. The losses of each part of the machine is shown in TABLE 5-2.
5.2. Windage loss

As has been mentioned previously, one of the advantages of FSPM machine is the simple
and robust rotor structure because of the absence of permanent magnet in the rotor. The robust
rotor is preferable for high-speed application. However, the FSPM machine has a salient rotor pole,
which cause more dragging force than round shape rotor due to the addition of axial air flow [132].
The excessive windage loss acts against the high-speed application compared to the surface
permanent magnet and interior permanent magnet machine with round shape rotor. It has been
shown that the windage loss could be as high as 44% of the total machine loss for high-speed
applications [133]. Therefore, the windage loss of FSPM machine needs to be carefully evaluated

and windage loss reduction should be applied for high-speed application.

In literature, discussions about the windage loss for salient shape rotor have been carried out
for switched reluctance machines (SRM) [135][136] and FSPM machines [163] with conventional
12/10 topology. Several windage loss reduction topologies have been proposed and their influence

on the machine performance have been investigated as well. However, the low-pole FSPM
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machine investigated in this report has a dual-structure. Therefore, the conclusions for the single
stage salient rotor cannot be directly applied. In addition, the influence of the modified rotor

structure on the electromagnetic performance also need to be investigated.
5.2.1. Machine sizing and windage loss reduction rotor structure

The machine windage loss becomes non-negligible for high rotor tip speed. The geometry
parameters of the machine studied in given in TABLE 5-3. The rotor tip speed of a dual-stator 6/4
FSPM machine with rotor OD of 122 mm running at 15,000 rpm is 96 m/s. Several windage loss
reduction rotor structure has been proposed for switch reluctance machine such as ribs between
two adjacent rotor poles, shrouds attached to the end of the rotor, or combining both to form a
cylindrical shape. The rib introduced between the rotor poles would cause undesired flux leakage,
which influences the performance of the motor. The rotor shrouds also influence the magnetic flux
distribution. To avoid changes in the electromagnetic performance, non-magnetic composite
materials are considered to give the salient rotor a smooth profile [164]. However, the

manufacturing process becomes more complicated, and furthermore, retainment and tolerance

TABLE 5-3. DESGIN PARAMETERS OF 70 KW 6/4 FSPM MACHINE

Parameter Value

Stator OD [mm] 260

Rotor OD [mm] 122

Stack length [mm] 220

Gap between stator [mm] 60
Airgap length [mm] 1
Rotor Pole height [mm] 22
Output power [kKW] 70

Top speed [RPM] 15,000

Torque at top speed [Nm] 45
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Figure 5.2-1. Original and modified rotor structure for windage loss (a) Original dual-stator
6/4 FSPM rotor (b) Rotor with ribs (c) Rotor with two end shrouds (d) Rotor with four end
shrouds (e) Cylindrical rootor

issues could be critical, especially for high-speed applications. The modified rotor structure
discussed in this paper only involves changing the lamination geometry. The original and modified
rotor structures for the dual-stator 6/4 FSPM machine are shown in Figure 5.2-1. The cut view of
the cylindrical rotor is shown to illustrate the inner structure. Note that the stator of the machines
is identical. In Figure 5.2-1 (c) and Figure 5.2-1 (d), rotor shrouds are added to prevent the axial
air flow. By intuition, similar outcome can be achieved by enclosing the end cap of the machine.
In the following part, the windage loss of 6/4 FSPM machines with rotor structure modifications

and enclosed end cap is evaluated and compared.
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5.2.2. Windage loss estimation and structural analysis

Windage loss is the power dissipated due to the aerodynamic drag from the rotating rotor. It
not only degrades machine efficiency, but also introduces extra heat. Therefore, quantifying
windage loss is an important aspect of high-speed machine design. Windage loss of FSPM
machines can be estimated by referring to known windage loss from similar machines [132]. There
are two main categories in terms of rotor structure: cylindrical rotor and salient pole rotor. The
cylindrical rotor is often used in interior PM machines, surface PM machines, synchronous
reluctance machines and induction machines. The airgap between the stator and rotor is usually

thin and uniform and it has a smaller Reynolds number per (Equation 5-3), where r is the rotor

Re = Fopt (Equation 5-3)
U
outer radius (m), w is the angular speed (rad/s), t is the airgap length (m), p and u are the density
(kg/m®) and viscosity (Pa-s) of the fluid in the airgap. Low Reynolds number means that the fluid
flow within the airgap is more likely to be laminar. Whereas airgap of the salient pole rotor is not

uniform, and easily causes turbulence, which causes higher windage loss.

The machine under study is a 70 kW 6/4 dual-stator FSPM machine. The geometry
parameters and operating condition are given in TABLE 5-3. FSPM machine has a salient pole rotor
similar to the SRM. As mentioned previously, the non-uniform airgap and axial air flow cause the
high windage loss. Four modified rotor structures are proposed for windage loss reduction, as
shown in Figure 5.2-1. Analytical equations have been developed to calculate the windage loss of
rotor with cylindrical rotor shape and salient pole shape. Transient air flow characteristics and

more detailed air flow distribution can be simulated with computational fluid dynamics (CFD).
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A. Windage loss estimation by empirical method

Windage loss for concentric cylinders is usually calculated by Taylor-Couette flow theory
[165]. However, this analytical approach works for low surface speed, where laminar flow
dominates in the airgap. The machine under investigation rotates at 15,000 RPM, and the rotor tip
speed reaches 97 m/s. Random turbulence occurs in the airgap and the analytical equation is no
longer valid. Empirical estimation of windage loss for high-speed machine is provided in [132],
where the windage loss of machine with a cylindrical rotor and salient pole rotor is discussed.
However, the conclusion in [132] cannot be easily extended to the machine under study here, since
as shown in Figure 5.2-1 (a), the rotor of the dual-stator 6/4 FSPM machine consists of three parts:
two salient-pole and one cylinder. But for the full-cylindrical case, we could use the empirical
equations to estimate the windage loss of the rotor. For the original salient rotor structure,

superposition could be applied, where the total windage loss is the sum of the windage loss for

individual rotor part.

In reference [132], to obtain the windage power loss, the Reynolds number is first calculated

using (Equation 5-3) for a given machine geometry and working environment. The skin friction
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Figure 5.2-2. Friction coefficient — Reynolds number empirical relation for turbulence flow
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coefficient Cq can be calculated with the Reynolds number by(Equation 5-4), which is valid for
the turbulent Reynolds number in the high-speed machine. Notice that there is no available

analytical solution for friction coefficient that involves turbulence. (Equation 5-4) is derived from

% =2.04+1.768In(Re,/C, ) (Equation 5-4)
d

Pw,cyl =7nC, pr4a)3L (Equation 5-5)

K= 8.5%+ 2.2 (Equation 5-6)

empirical data. The curve described by (Equation 5-4) is plotted in Figure 5.2-2. The windage loss
of a cylindrical rotor can then be estimated by (Equation 5-5), where L is the machine stack length
(m). The rotor saliency introduces for sure extra loss and could be calibrated with factor K

calculated in (Equation 5-6), where H and R are the pole depth (m) and radius (m) of the rotor.

The windage loss of the full cylindrical dual-stator 6/4 FSPM machine can be calculated as the
sum of two large cylinders and one smaller cylinder. The windage loss the original rotor can be

calculated as the sum of two salient rotor and one cylindrical rotor.
B. Windage loss estimated with CFD tool

Nowadays, computational fluid dynamics (CFD) tools such as ANSY'S Fluent provides a more
accurate estimation of windage loss for complex geometries. For the dual-stator 6/4 FSPM
machine under study, the three segments-rotor makes it skeptical to apply the analytical or
empirical equations directly, where CFD tool becomes handy. The rotor geometries are imported
into the CFD software as a fluid volume with an inner rotating wall boundary condition. Mesh

number of the solid are chosen to have a convergeable CFD simulation. The k-« SST turbulence
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Figure 5.2-3. Air flow velocity stream line plot of dual-stator 6/4 FSPM machine at 15,000 rpm with
(a) Original rotor (b) Rotor with rib (c) Rotor with two shrouds (d) Rotor with four shrouds (e) Rotor
with cylindrical shape (f) Enclosed machine end cap
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Figure 5.2-4. Comparison of empirical windage loss and CFD windage loss for dual-stator
6/4 FSPM machine

model is used to better capture the drag in the airgap. Fine mesh is preferred for having accurate

and better convergent results but takes longer simulation time.

Figure 5.2-3 shows the plot of air flow velocity streamline inside the airgap of the machine for

all the rotor structure mentioned previously. It can be seen that due to high rotational speed and

the salient rotor structure, the surface speed of air is large, which causes considerable windage loss.
As can be seen, there are significant axial air flow in the original rotor structure. The rotors with
two shrouds and four shrouds are able to effectively reduce the axial air flow. The air flow for the
cylindrical shape rotor is significantly reduced. With the enclosed machine end cap, the axial flow
is considerably reduced, as can be seen in Figure 5.2-3 (f). However, because of the end winding
region, the axial flow blocking with the end cap is not as effective as with the rotor shroud. As can
be seen in Figure 5.2-3 (f). The windage loss from the previously given empirical equations and
superposition is compared with the windage loss from CFD simulation in Figure 5.2-4. As can be
seen, at two curves match good with a difference less than 5% up to 10 krpm. After 10 krpm, the

empirical result becomes lower than the CFD result.
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TABLE 5-4. WINDAGE L0SS ESTIMATED WITH ANALYTICAL EQUATIONS AND CFD SIMULATION
OF DIFFERENT ROTOR STRUCTURE

Rotor structure Drag torque [Nm] Loss [W] ‘

Original rotor 0.750 1177.5

Rib rotor 0.654 1026.8
2-shroud 0.164 257.5
4-shroud 0.152 238.6
Cylindrical (CFD) 0.037 58.1
Cylindrical (Empirical) 0.035 55.6
Enclosed end cap 0.31 486.7

Dragging torque on the rotor surface can be output from the CFD simulation. The value of
windage loss is calculated as the product of dragging torque and the rotation speed which is fixed
at 15,000 RPM (1570 rad/s). As can be seen in TABLE 5-4, the windage loss for the cylindrical
shape rotor from the empirical equations is close to the one estimated by CFD simulation. From
windage losses in TABLE 5-4, it can be seen that the windage loss of rotor rib design is still very
high, whereas the rotor shroud structures manage to reduce the windage loss significantly. This
means that the rotor shroud is a more effective way for reducing the windage loss, and the 4-shroud
design is even better than the 2-shroud one. The enclosed machine end cap is able to reduce the
windage drag but not as effective as the rotor shroud. The opened end cap allows a better rotor
cooling since it allows air exchange between the air gap region and the ambient. The final choice
of rotor structure depends on the machine overall efficiency, structural stability, and

manufacturability.
C. Structural analysis of windage reduction rotor structures

The added rotor ribs and shrouds are under stress when the machine rotates. Since rotor ribs
and shrouds are thinner than the other parts, they are more vulnerable and is more likely to cause

structural issue. Structural analysis is needed to verify the windage loss reduction topologies’
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Figure 5.2-5. Amplitude of displacement of rotor under rated condition with (a) 1 mm rib and
(b) Rotor with two shroud.

integrity. Figure 5.2-5 shows the displacement of the rib rotor and the 2-shroud rotor under rated
condition. It can be seen that for rotor with 1 mm rib, the maximum displacement is less than 0.002
mm. Note that the air gap is set to 1 mm. Therefore, there is no interference issue between the rotor
and the stator even at worst scenario. The displacement for rotor with shroud is one order of
amplitude less than the displacement of rib structure. That is to say, the end shroud is more robust

than the rib between rotor poles.

Figure 5.2-6 shows the Von Mises stress distribution on the rib rotor and the 2-shroud rotor.
For the 1 mm rotor rib structure, the maximum stress occurs on the rib between two rotor poles.
The value of the maximum stress is around 5 MPa, which is far less than the tensile strength of
normal electrical steel which is around 500 MPa. For rotor with shrouds, the maximum stress
occurs at the rotor pole and is also far less than the tensile strength of the material. The thickness
of rotor shroud is assumed to be 2 mm for the structural analysis. The actual thickness of the shroud
depends on the thickness of the steel lamination. Discussion about the influence of the shroud

thickness on the electromagnetic performance is done in the next section.
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Figure 5.2-6. Von Mises stress of rotor under rated condition with (a) 1 mm rib and (b) Rotor
with two shroud.

TABLE 5-5. MODAL ANALYSIS FOR DIFFERENT ROTOR STRUCTURE

Rotor structure 15t mode frequency [Hz]

Modal vibration analysis for each rotor structure is conducted with structural FEA
simulation to ensure the 1% mode frequency is away from the maximum speed of the machine to
avoid severe vibration and noise. TABLE 5-5 gives the 1% mode frequency of different rotor
structures. The lowest frequency is 6,000 Hz, whereas for 15,000 RPM operation, the rotor
frequency is 250 Hz, which is far less than 6,000 Hz. Therefore, resonance is not an issue for all

the rotor structures discussed here.
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5.2.3. Electromagnetic properties of windage loss reduction structure

A. No-load flux linkage and back EMF

Because of the existence of rotor rib and rotor shroud, the flux path is modified. Flux leakage
occurs between the two adjacent rotor poles. Consequently, the torque production and efficiency
will be affected. Figure 5.2-7 shows the magnetic flux density for the original rotor and rotor with
rib, respectively. It can be observed that the rotor tips and rotor ribs are highly saturated (around
2.0 T). The influence of rotor rib is not significant. The rotor shroud added to the end of the rotor
is very thin comparing to the stack length, and the axial magnetic flux is negligible comparing to
radial flux. Therefore, the influence is limited, but still need to be verified. The 3D FEA is used to

estimate the flux linkage and the back EMF of each case.

Figure 5.2-8 (a) shows the waveform of the flux linkage for the different rotor structures. To
illustrate the differences more clearly, Fourier transformation is done to give the harmonic
components, as shown in Figure 5.2-8 (b). Note that the even harmonics in the flux linkage are
negligible due to the dual-stator structure. It can be observed that the 2-shroud and 4-shroud

structure have the highest fundamental component and minimal distortion, whereas the cylindrical

(@)

Figure 5.2-7. Magnetic flux density of rotor (a) Original rotor (b) Rotor with rib
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Figure 5.2-8. Flux linage of dual-stator 6/4 FSPM machine with different type of rotor for windage
loss reduction (a) Flux linkage waveform (b) Flux linkage harmonic component

and rib rotor introduce a large number of high order harmonics. It can be concluded that topologies

with shrouds added to the ends of rotor have the minimum influence on the electromagnetic

performance.

Although the thickness of the shroud is less than 1% of the stack length and the shroud is

placed outside of the stator laminations, it is still required to quantify the impact of shroud
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TABLE 5-6. AVERAGE TORQUE AND TORQUE RIPPLE FOR DIFFERENT ROTOR STRUCTURES

Rotor structure Average [Nm] Ripple [Nm P-P]
Original rotor 45.8 5.6
Rotor with rib 39.6 11.4
2 shrouds 46.6 6.5
4 shrouds 45.18 6.8
Cylindrical 37.1 7.6

thickness on flux linkage. Figure 5.2-9 shows the amplitude of flux linkage for different shroud
thickness. It can be seen that in both 2-shroud and 4-shroud case, the reductions of flux linkage
are less than 1% for 1.5 mm shroud thickness. Whereas starting from 2 mm, the flux linkage drop
is larger than 3%. Therefore, a balanced approach is taken between the flux linkage and structural
robustness. The shroud thickness is fixed to be 1.5 mm. From the structural analysis done in the
previous section, it is shown that a 1 mm shroud is robust enough to hold the structure, which
means that the 1.5 mm shroud will not cause any structural issue. Note that the shroud thickness
must be a multiple of the lamination thickness. Lamination thicknesses of 0.15 mm to 0.20 mm

are under consideration for this machine design.

B. Torque production

As shown in the previous part, the modified rotor structure has introduced distortion in the
flux linkage and back EMF waveform. As a result, the average torque is compromised, and larger
torque ripple is expected. Figure 5.2-10 shows the torque variation along the rotor position for
different rotor structures. To give a clear comparison, TABLE 5-6 summarizes the average torque
and torque ripple for each structure. Similar to the result from the previous part, the 2-shroud rotor
has the highest average torque among the modified structures. The result shows that with a 1.5 mm

thick shroud, the resultant torque is even higher than the original structure. The reason for this
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increase is the shrouds are placed outside the stator stack, as a consequence, the rotor stack length
is increased. As mentioned previously, the high-order harmonic components in the flux linkage
cause torque ripple. Figure 5.2-8 shows that the 4-shroud rotor has the lowest harmonic distortion
whereas the rib rotor has a very high harmonic distortion. Torque ripple can also be observed from
Figure 5.2-10, where it can be seen that the rotor rib structures have higher torque ripple compared

to the rotor shroud and original structure.

C. Overall efficiency comparison

The previous two sections present the windage loss estimation for a 70-kW dual-stator 6/4
FSPM machine with different types of rotor structure and their influence on the electromagnetic
performance. It is shown that the windage loss could be significantly reduced by employing
shrouds at the end of rotor stack or use a cylindrical shape rotor. However, changing the rotor
structure influences the electromagnetic performance. Some of the modified rotor structures
significantly compromise the machine electromagnetic performance. TABLE 5-7 summarizes the
losses and efficiency of each type of rotor. It can be seen from the table that the 4-shroud rotor has

the highest efficiency, and the low windage loss indicates that it is more promising in high-speed

TABLE 5-7. LOSSES AND EFFICIENCIES OF 70 KW DUAL-STATOR 6/4 FSPM MACHINE WITH
DIFFERENT ROTOR STRUCTURES

Power [W] Original  2-shroud 4-shroud Rib rotor Cylindrical

42312 41010 38839 39237 3490.6
785.1 835.1 866.1 901.0 1062.4
11775 2575 238.6 1026.8 58.1
696761  70736.6 690450 611233 579855
61938 51936 49886 58515 4611.1
91.83 93.16 93.26 91.26 92.63
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region. However, from the perspective of torque density, the 2-shroud rotor is the best choice, and

the efficiency is only slightly lower than the 4-shroud design.

Notice that the material of the rotor shroud is chosen to be the silicon steel, the same as the
rotor core, for the sake of easy manufacturing. However, the shroud could be fabricated with non-
magnetic and non-conductive material. The windage loss and be reduced without sacrifice the
output torque. But on the other hand, the manufacturing cost could potentially increase, and the

structural strength of the shroud material need to be investigated carefully.
5.2.4. Windage reduction structure and rotor heat transfer

As shown in the previous section, the rotor shroud can effectively prevent the axial air flow
in the rotor region and reduce the windage loss. On the other hand, the reduced air flow over the
surface of the rotor compromise the convective heat transfer of the rotor. The 6/4 FSPM machines
with the original salient teeth rotor and with 2 rotor shrouds are simulated in the CFD simulation
software. The corresponding average convective heat transfer coefficients on the rotor surface for
the two machines are shown in Figure 5.2-11. As can be seen, the heat transfer coefficient of the

2-shroud rotor is 40% less than the original rotor.
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Figure 5.2-11. Convective heat transfer coefficient of the rotor surface for 6/4 FSPM
machine with original rotor and with rotor shroud.
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(b)

Figure 5.2-12. Temperature contour of dual-stator 6/4 FSPM machine with original rotor and
with shrouded rotor.

TABLE 5-8. TEMPERATURE OF 6/4 FSPM MACHINE COMPONENTS FROM FEA SIMULATION
AND LPTN MoODEL

Node Original (°C) 2-shroud (°C)
Stator 56.6 55.8
Magnet 56.3 56.0
Winding (avg) 115.1 108.2 (-5.9%)
Rotor 103.2 127.1 (+23.1%)

The new air gap heat transfer coefficient is used in the new thermal FEA simulation. The
updated machine temperature contour plot is shown in Figure 5.2-12. The temperatures of each
machine component are shown in TABLE 5-8. As can be seen, the reduced air gap heat transfer
coefficient leads to a higher machine rotor temperature and does not have significant influence of
the other machine components. As one of the advantages of FSPM machine, the FSPM machine
rotor structure is simple and robust. Iron losses are the only heat generated in the rotor. In addition,
the rotor laminations are not as temperature sensitive as permanent magnets. Therefore, the

reduction in rotor cooling has no significant impact on the machine thermal design.
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5.3. Summary

This chapter investigates two special design aspects for FSPM machine, housing loss and
windage loss. Focus has been given to the 6/4 FSPM machine for high-speed application. It is
shown that due to the stator-mounted permanent magnet and the flux modulation principle, the
magnetic field variation in the housing is large, especially the housing volume near the magnet.
Therefore, the eddy current loss in the housing is not negligible. For the FSPM machine with
single-layer toroidal winding, the returning coil is close to the housing, which is another source of
varying magnetic field. However, it is shown that the eddy current loss due to the returning coil is
much less than the housing loss caused by the magnet. According the electromagnetic FEA
simulation, the housing loss due to the toroidal winding is less than 3% (at rated condition). The
housing loss can be reduced with the use of iron bridge over the permanent magnet. However, the
iron bridge causes significant flux leakage and compromises the machine performance. Leaving
cavities in the housing near the magnet can reduce the housing loss by 60% without compromising
the output power. However, the housing slot will increase the manufacturing complexity for the

housing and potentially makes the water jacket design complicated.

Due to the salient rotor structure, windage loss in FSPM machine greatly influence the
overall efficiency at high-speed. The rotor structure has a major influence on the windage loss of
the machine and affects the electromagnetic performance. Finite element analysis (FEA) and
computational fluid dynamics (CFD) results show that adding shrouds at the axial ends of the rotor
reduce the windage loss by about 78% without compromising the torque. For the dual-stator FSPM
machine, there is a choice of two or four shrouds. 2-shroud structure has a higher average torque,
whereas 4-shroud structure has lower windage loss and higher efficiency. The rotor rib is shown
to be less effective than the shrouds for reducing windage loss and has a decreases torque by 10%.

It is also shown that the shroud structure is more robust in terms of structural strength and has less
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deformation. Therefore, the shroud structures are recommended over the rib design as an
improvement in high-speed FSPM machines. The 2 shrouds at the end of the rotor prevent the
axial air flow, which not only reduce the windage loss but also compromise the rotor convective
cooling. CFD simulation results suggest that the convective heat transfer on the rotor surface is
reduced by 44% with the 2-shroud rotor. The 2-shrond rotor 6/4 FSPM machine has 24°C higher
rotor temperature than the original rotor, which is not a problem for FSPM machine. The

temperature of the rest of the machine is almost not affected.
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Chapter 6 Experiment Verification

To verify the performance and characteristics of the dual-stator 6/4 FSPM machine estimated
by the analytical calculation and finite element analysis simulation, prototype motors are built and
installed on dynamometer test bench for experimental testing. In this chapter, the prototype
machine manufacturing, the test equipment, and the testing procedure for both electromagnetic
and thermal testing are presented. The measured results are compared with the calculation and

simulation results to validate the electromagnetic and thermal model of the machine.
6.1. Prototype motor fabrication

The double-layer concentrated winding (DLCW) and single-layer toroidal winding (SLTW)

6/4 FSPM machine have been prototyped. The mechanical prints for each machine part are drawn

TABLE 6-1. GEOMETRY AND OPERATING PARAMETERS OF THE PROTOTYPE DUAL-STATOR
6/4 FSPM MACHINE

Parameter Values

Rated power [KW] 10
Rated speed [rpm] 15000
Operation frequency, f [Hz] 1000
Rated voltage [Vrms] 158.2
Rated current [Arms] 24
Stator outer diameter, Dos [Mm] 130
Stator inner diameter, Dis [mm] 62
Total lamination stack length, L. [mm] 80
Rotor outer diameter, Dir [mm] 30
Airgap length, g [mm] 1
Gap between stators, dgap [MmM] 30

NdFeB magnet remanence [T] 1.2



197

and the tolerances are assigned with the help of engineers from Arnold Technologies. The two
prototype motors have the same power and total volume. The basic machine sizing and operation
parameters are given in TABLE 6-1. The stator core, water jacket channel, and the winding
topology of the DLCW and SLTW 6/4 FSPM machines are different, which is specified in this

section.
6.1.1. Double-layer concentrated winding 6/4 FSPM machine prototype

The 6/4 FSPM machine has 8 poles from the control aspect, which requires 1000 Hz
fundamental frequency at the speed of 15000 rpm. Thin laminations of electric steel are needed to
avoid high iron loss. Arnon 5 from Arnold technology with a thickness of 0.127 mm is chosen. A
whole list of machine parts is given in the bill of material (BOM) given in the Annex A. The

assembled machine and the CAD drawing are shown in Figure 6.1-1.

Figure 6.1-1. Photo of the assembled prototype DLCW 6/4 FSPM prototype motor
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A. DLCW 6/4 FSPM machine stator assembly

The prototype motor has a modular stator design, the front and rear stator are made of 6 U-
shape stator units, respectively. In order to hold the 6 stator units together, circular rings with
threaded holes are used, as shown in Figure 6.1-2. The keys on the circular ring are to fix the
azimuthal position of the stator relative to the housing. The magnets are sandwiched between the
two stator units, fixed by a thin layer of glue. The stator cores have through holes to accommodate
the bolts that attach the circular ring. The stators are shrunk fit to the housing before wound with
coil because the axial distance between the two stators need to be fixed first. The winding is
randomly hand wound, with a slot filling factor of approximately 40%. The copper section area
for each turn is about 3.5 mm?, which corresponds to the AWG #12 wire. To alleviate the winding
skin effect and make the multi-turns coil easier to wound, 8 strands of AWG# 22 wire is used. The
Nomex 410 is used as the slot liner to guarantee the insulation between the winding and the stator.

To monitor the temperatures of the machine winding and magnet, resistive temperature

detectors are embedded in the coil while winding the machine and are attached to the surface of

Stator core Stator B "> End turns

=

P
Magnet-#

Circular ring

& N Magnet Circular frame
- Housing
Bolt/Nut

(a) (b)

Figure 6.1-2. Stator assembly of the DLCW 6/4 FSPM machine (a) CAD drawing and (b)
Actual stator assembly photo
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Figure 6.1-3. Placement of 10 RTD temperature sensors in the DLCW 6/4 FSPM machine

prototype

encapsulation material.

B. DLCW 6/4 FSPM machine rotor assembly

the magnets, as illustrated in Figure 6.1-3. The stator slots are encapsulated with epoxy to make

the winding cooling better. As mentioned in Chapter 4, the Dolphon CC-1105 is used as the

The rotor of FSPM machine only contains laminations of electrical steel. As shown in Figure

Rotor core

Shaft

6.1-4, the DLCW 6/4 FSPM machine rotor has 4 rotor poles for each of the two torque-producing

section. The cylindrical shape middle part of the rotor corresponds to the 30 mm gap between the

Bearing

Figure 6.1-4. Rotor assembly CAD drawing
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two stators. The whole rotor is made of the same material to simplify the manufacturing. Each
rotor pole is step skewed by 5° to reduce the cogging torque [117]. The rotor core is also made of

Arnon 5 laminations, which are glued together.

The shaft is shrunk fit into the rotor. The shaft hole in the rotor is made to be square shape
to better transfer the torque from the rotor to the shaft and no key is needed. High-speed bearings
(AST-F63801) are used in the prototype to meet the 15000-rpm target speed. It is impossible to
put RTD onto the rotor. The rotor temperature is monitored by thermal camera through openings

on the housing, as described in the following part.
C. DLCW 6/4 FSPM motor housing

The housing of the motor also serves as the water jacket to cool the machine. For the DLCW
6/4 FSPM machine, spiral channel water jacket is used. The water jacket consists of two part, an
inner part and an outer part. The channel of the water jacket is carved on the inner housing, while
the outer housing is a hallow cylinder. The outer housing is shrink fitted to the inner housing to
guarantee the water tightness, as shown in Figure 6.1-5 (a). Two through holes are drilled on the

outer housing as the inlet and outlet for the water jacket.

Inlet/outlet Motor cable

lead outlet

Inner housing

Shaft hole

Openings
Outer housing

(a) (b)
Figure 6.1-5. DLCW 6/4 FSPM machine housing (a) Water jacket (b) End cap.
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The housing has a front and a rear end cap, which are mandatory for high rotation speed
machine for the safety consideration. As can be seen in Figure 6.1-5 (b), fins are created on the
end cap to facilitate the convective heat transfer. In addition, four openings are left on each end
cap. The openings serve as windows to inspect the inside of the machine. The rotor temperature is

monitored by a thermal camera through the openings.
6.1.2. Single-layer toroidal winding 6/4 FSPM machine prototype

The single-layer toroidal winding (SLTW) 6/4 FSPM machine has the same power rating
and the same outer diameter and stack length as the double-layer concentrated winding machine
shown in the previous section. The stator/rotor core, permanent magnet, and the housing use the
same material as well. The BOM for the SLTW 6/4 FSPM machine is given in the Annex B. The
assembled prototype motor is shown in Figure 6.1-6. The prototype design of the DLCW machine
has been through several engineering iterations to make the motor easier to manufacture. The
prototyping experience of the DLCW 6/4 FSPM motor prototyping is useful for the manufacture

of the SLTW 6/4 FSPM motor prototype.

Figure 6.1-6. Photo of the assembled prototype SLTW 6/4 FSPM prototype motor
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A. SLTW 6/4 FSPM machine stator assembly

Because of the toroidal winding topology, the stator unit of the SLTW 6/4 FSPM machine
has an H-shape to accommodate the returning coil. Instead of having a totally modular stator design,
the stator lamination of the SLTW 6/4 FSPM machine is designed to be one piece, as shown in
Figure 6.1-7, to make the stator assembling process easy. The stator units are connected by a 1 mm
iron bridge at the outside of the permanent magnet. As can be seen, the circular ring is no longer
needed, which simplify the assembling process of the stator. The magnets are inserted between the
two stator cores. A keyway is carved in the stator core to lock the relative position of the stator
core and the housing.

' ~
Magmet

(@) (b)

Figure 6.1-7. Photos of the stator of the SLTW 6/4 FSPM machine (a) Stator core and (b)
Stator assembly.

Same as the DLCW 6/4 FSPM machine, the stators are put into the housing before the
machine is wound. 9 strands of AWG # 23 wire are used to form the coil. Note that the strands are
transposed in order to reduce the proximity effect. Because of the single-layer design, there is no

need for phase-phase insulation. Therefore, the slot filling factor is able to achieve about 45%.
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RTD. a
RTD placement

Figure No. RTD Description

RTD. a #1 Middle of slot winding of phase Al

RTD. a #2 Middle of slot winding of phase B1

RTD. a #3 Middle of slot winding of phase C1

RTD. b #4 Side surface of magnet in front stator, between phase A and B
RTD. b #5 Side surface of magnet in front stator, between phase B and C
RTD. b #6 Side surface of magnet in front stator, between phase Aand C

Figure 6.1-8. RTD temperature sensors placement of the SLTW 6/4 FSPM machine

Nomex 410 slot liner is used to ensure the insulation between the coil and the stator. RTDs are
inserted among the coils and are attached to the magnet to monitor the components temperature,
as shown in Figure 6.1-8. The stator slots are encapsulated with EFI-108 epoxy, which has a
thermal conductivity of 1.9 W/m-K.
B. SLTW 6/4 FSPM machine rotor assembly

The rotor of the SLTW 6/4 FSPM machine is almost identical to the rotor of the DLCW 6/4
FSPM prototype and only consists of the lamination steel. The three-part design of the rotor with
step skew of 5° is preserved, as shown in Figure 6.1-9. As can be seen, in order to reduce the
windage loss of the machine, shrouds are added to the end of the rotor. The same silicon steel

laminations are used for the shrouds to reduce the manufacturing complexity.

Instead of using a square shaft as in the DLCW 6/4 FSPM prototype, the SLTW 6/4 FSPM

prototype uses conventional keyway design, as shown in Figure 6.1-9. Using the shaft key allows



204

Rotor core

—~

Shaft key
Shaft
Bearing A
(a) (b)
Figure 6.1-9. Rotor assembly of the SLTW 6/4 FSPM machine (a) CAD drawing and (b)
Rotor photo.

the shaft being easily shrink fitted into the rotor core. A pair of high-speed ball bearings (NSK-

6802-VV) are used to fulfill the rotation speed requirement.

C. SLTW 6/4 FSPM motor housing

The water jacket housing of the SLTW 6/4 FSPM prototype is also made of two part, which

are shrink fit together. The channel has an axial zig-zag shape as can be seen in Figure 6.1-10.

Front endcap  Rear endcap

Inlet/outlet Motor cable
lead outlet

Eyebolt hole

Fixing bolt hole

Inner housing

y

Dowel pin hole

\

QOuter housing

RTD lead
outlet

(a) (b)
Figure 6.1-10. CAD drawing of the housing (a) Water jacket and (b) Front and rear end caps
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With the axial channel, the positions of the inlet outlet can be placed with more degrees of freedom
than the spiral channel water jacket. In this design, the inlet and outlet are placed at the middle of
the water jacket. Two eyebolt holes are left on the housing so that the machine can be easily lifted
by crane when installing.

The SLTW 6/4 FSPM machine is designed to be able to attach directly to the mounting plate
of the dyno test bench. Therefore, six M10 fixing bolt holes are left on the rear end cap, as can be
seen in Figure 6.1-10. Two dowel pin holes are created on the end cap to control the position of
the machine relative to the dyno bench mounting plate. Two wire lead outlets are left in the front
end cap for the motor phase cable and RTD leads, respectively. Cable glands are used to prevent
the stress of the cable. Although the test motor drive can use the encoder signal from the dyno
motor and does not need a separate encoder, four holes are left on the front end cap to install
encoder if necessary.

Hi-potential tests up to 2kV are done for the two prototype machines to ensure the phase-
phase and phase-ground insulation. Preliminary impedance and back EMF measuring are done to

ensure the balance of the three phases.

6.2. Prototype motor test setup
6.2.1. Test equipment and configurations

In order to test the electromagnetic and the thermal performance of the DLCW and SLTW
6/4 FSPM prototype motors (referred as test motor in the following paragraph), they are mounted
on the dynamometer test setup. An induction motor controlled by an inverter and a bi-directional
DC power supply is used as the prime mover machine during no-loading test and as the load
machine during loaded test (referred as load motor in the following paragraph). The test motor is
controlled by a commercial 3-phase ac drive from Rockwell. A power analyzer is used to record

the electrical input and mechanical output power of the test motor. The motor voltage is read via
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Figure 6.2-1. Schematics of the dynamometer test bench setup (Add temperature data logger,
electric power measurement).

a high voltage differential probe, and the current is measured by a current transducer. A torque
transducer is coupled between the load motor and the test motor, the torque signal is read by the
power analyzer. The motor speed and position information are from the encoder mounted on the
load motor. The voltage and current applied to the test motor are also recorded by the power
analyzer to calculate the electrical input power. As mentioned in the previous section, resistive
temperature detectors (RTDs) are embedded in the prototype motors to monitor the temperatures
of the critical machine component such as the armature winding and the permanent magnet. A
multi-channel datalogger is used to read and record the temperature variation of the test motor
during operation. All the communications among the motor drive, power analyzer, datalogger, and
the control desktop are realized by ethernet cable. The control of the test motor is done in a separate
room for the safety consideration. A schematic drawing of the dynamometer test bench setup is
shown in Figure 6.2-1. Photo of the DLCW and SLTW 6/4 FSPM machine test bench set up are
shown in Figure 6.2-2 (a) and Figure 6.2-2 (b), respectively. For the safety consideration, the
coupler between the shaft of the load motor and the test motor and the torque transducer, are
covered by a steel dome. PWM inverter is used to control the prototype motors which could

potentially cause radiated and conducted EMI. A Copper braid shielding is used to cover the motor
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Figure 6.2-2. Photo of dynamometer test bench setup for (a) DLCW 6/4 FSPM prototype motor
and (b) SLTW 6/4 FSPM prototype motor

input cables. The copper shield is connected to the protective earth of the drive as well as motor
housing to create a low impedance path for the common mode current.

Both DLCW and SLTW 6/4 FSPM prototype motors equip with water jacket cooling system.
A temperature-controlled bath circulator is used as the cooling pump and heat exchanger for the
cooling fluid of the motors. Deionized water is used as the coolant because of the low cost and
safety. The inlet/outlet temperature and the flow rate of the coolant are measured, and the inlet
temperature is controlled to be 23°C. The inlet and outlet of the water jacket are connected to the
tube of the bath circulator via NPT 1/8 threaded holes.

The prototype motors are installed on the dynamometer testing bench from built by
Anderson Electric and Control. Inc. The dyno bench is equipped with an oil-cooled induction
machine with incremental encoder, accelerometer to monitor the vibration, inverter with output
filter, and bi-directional DC power supply. A list of the control, measuring, and recording
equipment is given in TABLE 6-2. The DLCW and SLTW 6/4 FSPM machine are tested

sequentially, and some of the measurement are done with different equipment. All measurements
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are done within the range and bandwidth of the equipment. Therefore, the change of measurement

tool does not affect the validity of the results.

TABLE 6-2. DESCRIPTION OF PROTOTYPE MOTOR TESTING EQUIPMENT

Equipment Description

Dual-stator 6/4 FSPM motor with DLCW and SLTW
10 RTDs embedded for temperature monitoring

10 ft phase cable shielded with copper braid

PowerFlex 755, up to 12 kHz switching, Imax = 65 A
Drive/Controller Compact Logix 5370 controller
Ethernet interface between drive/controller/desktop

WT 1800 with Motor option module

Power analyzer 5A current input limit, current measured by current
transducer with ratio of 1750:1. Voltage directly measured

Prototype motor

Ethernet interface with desktop

T10FS-500 from HBM

Analogue and digital output, + 500 Nm, with 0.1% accuracy
15000 rpm induction machine

Torque transducer

Dynamometer (Dyno 5)
Dynamometer (Dyno 6) Dual-output incremental encoder with 512 PPR
NESLAB RTE-7 series
Cooling pump 500 W cooling capacity, 15 LPM max flow rate

Maximum 16” pump head
Keysight 37492A Datalogger, 20 analogue multi-function

Temperature datalogger channels
Ethernet interface with desktop

6.2.2. Switching current ripple and choose of output filter

As shown previously, a commercial AC drive is used to drive the prototype FSPM machine.
As a matter of fact, the DC bus voltage of the drive is 10 times higher than the rated voltage of the
motor, which is not a preferable match in terms of minimizing current ripple. To mitigate the

current ripple, an output filter could be added to the drive, as illustrated in Figure 6.2-3, where the
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Figure 6.2-3. Electric motor drive system with output filter.

sine wave filter could also be replaced be three inductors for simple design. To decide on the choice
of output filter, simulations based on MathWorks® Simulink have been done. The schematic of the

system is shown in Figure 6.2-4.

The current ripple without filter is first investigated. The simulated and measured current
waveforms at 1200 rpm are shown in Figure 6.2-5. As can be seen, the measured data matches
well with the simulated results. It is shown that the current ripple reaches 73.7% of the amplitude
without filter. Such large ripple will cause extra copper loss in the winding as well as iron loss in
the stator and rotor. Therefore, output filter is needed for the test setup. Two filter options have

been considered, i.e. LC sine wave filter and inductor. The design principle of the output filter is

Filter model
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inverter gate Efterz = Machine LR2
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— — — — — — Al

Drive model

Motor model

Figure 6.2-4. Simulink model of the drive system.
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Figure 6.2-5. Motor phase current waveforms without filter (a) Simulated (b) Measured

well explained in [166]. The filter impedance usually should be close to the motor impedance,
which is 2.25 Ohm. Filter impedance could be calculated by (Equation 6-1), where Lt and Ct are
the filter inductance and filter capacitance respectively. The fundamental frequency of the motor

is between 20 Hz to 320 Hz, the switching frequency is 4 kHz. The desired break frequency is set

L .
2 = C_f (Equation 6-1)
f
Pt (Equation 6-2)
break Lf Cf

to 1.2 kHz. The break frequency of a LC filter could be calculated by (Equation 6-2). Three
inductors of 0.5 mH and three capacitors of 20uF are chosen as the filter component, which provide

a break frequency of 1.5 kHz according to (Equation 6-1) and (Equation 6-2).

For the inductor filter case, the inductance is chosen to be the similar as the motor winding
inductance, i.e. 0.5 mH. The simulated current waveforms for the LC filter and inductor filter are
given in Figure 6.2-7. As can be seen, the current ripple is significantly reduced compared to the

no-filter case. It is shown that the inductor filter gives lower current ripple than the LC filter.
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Figure 6.2-7. Motor phase current waveform with filter (a) LC sine-wave fileter (b) Inductor

Figure 6.2-6. Motor current waveform with inductor filter

Therefore, three 0.5 mH inductors are added between the drive output and the motor, and the

current waveform is measured as shown in Figure 6.2-6.
6.3. Electromagnetic performance tests
6.3.1. Prototype motors parameters

Up on receiving the prototype motor, static machine parameters such as the winding
resistances and winding inductances are measured as a sanity check. Since the machine dynamic
performance is not the focus, rotor inertia is not measured. The prototype motors have only the
three phase leads without access to the neutral point. Therefore, line-to-line resistance and

reactance are measured with an impedance analyzer with a sweep of frequency from 20 Hz to 1000
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Hz. The measured machine static parameters at 100 Hz and 1kHz are shown in TABLE 6-3. The

three phases of the prototype motors are well balanced, and the line-neutral resistances and

inductances are shown. As can be seen, most of the measured parameters match with the calculated

parameters shown in Chapter 2, except for the SLTW 6/4 FSPM machine winding resistance at 1

kHz. The measured winding resistance at 1 kHz is 41% smaller than the calculated value, as can

be seen in Figure 6.3-1. This is because one turn of the SLTW 6/4 FSPM machine is made of 9

strands of AWG #23 wires, and they are transposed to reduce the proximity effect. The transposed

effect is not considered in the calculated value because it is complicated to model and can be

calibrated by the measurement. The electromagnetic and thermal performance of the machines are

TABLE 6-3. MEASURED PARAMETERS OF THE DUAL-STATOR 6/4 FSPM MACHINE

Calculate Measured Calculate Measured
DLCW Rs [mQ] 98 105.5 (+7.1%) 159 150 (-5.7%)
Ls [uH] 530 485 (-8.5%) - -
SLTW Rs [mQ] 47 50 (+6%) 147 104 (-41%)
Ls [uH] 470 450 (-4.3%) - -
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evaluated in Chapter 3 and Chapter 4 with the calibrated winding resistance. The measured

prototype motors’ inductances match well with the calculated values within 9%.
6.3.2. Open circuit test

Before connecting the test motor to the drive, open circuit test is done to verify that the test

motor has a balanced back EMF and reasonable cogging torque [167].
A. Back EMF of the prototype motors

Same as other permanent magnet machines such IPM and SPM, unbalanced back EMF is
usually due to either the miscounting of the number of turns per phase, or internal short circuit.
Such fault should be able to be detected from the static machine parameters measurement.
Asymmetric machine stator geometry due to the manufacturing tolerance could also lead to
unbalanced back EMF. Specifically, for the FSPM machine, the magnets are in the stator. Un
unbalanced back EMF could be observed if one of the magnets has a different remnant flux density
or sizing from the others.

The open circuit test is done by spinning the test motor with the test motor. The three-phase
line-to-line voltages are measured by an oscilloscope via high-voltage differential probes. The
three-phase voltage waveforms for the DLCW and SLTW 6/4 FSPM prototype motors are shown
in Figure 6.3-2 (a) and Figure 6.3-2 (c), respectively. As can be seen, the three-phase back EMFs
for the two prototypes are well balanced and are close to the sinusoidal waveform. The amplitudes
of the measured back EMF of the two prototype motors match very well with the simulated back
EMF waveform. To have a better quantitative comparison, the harmonic components of the back
EMF are given in Figure 6.3-2 (b) and Figure 6.3-2 (d), respectively. The difference between the
measured data and the simulation results of the fundamental component of the back EMF is less
than 4%, which means the manufacturing of the prototype motors is well done, and the magnet

characteristics meet well with the datasheet numbers. The back EMF of the two prototypes is
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Figure 6.3-2. Measured three-phase back EMF of the prototype dual-stator 6/4 FSPM
machine at 4800 rpm.

measured at different speed. As can be seen in Figure 6.3-3, the back EMF of both prototypes

increase linearly with the speed.
B. Cogging torque of the prototype motors

The FSPM machine has a permanent magnet machine with double saliency structure. The
cogging torque is produced while the rotor is sweeping across the stator teeth without armature
current. The rotor poles tend to get aligned with the stator tooth and get away from the slot opening
and magnet opening because the aligned position provides the least reluctance path. The cogging

torque of FSPM machine is usually large because of the double saliency structure. The reluctance
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Figure 6.3-3. Back EMF of prototype 6/4 FSPM motors at different speeds.

variation has been analyzed in Chapter 2. The two prototype 6/4 FSPM machines under test have

step skewed rotors as shown in Figure 6.3-4 to reduce the cogging torque as well as the torque

ripple [115]. The DLCW and SLTW 6/4 FSPM prototypes are designed to have the same sizing

and power, and the different winding topologies do not affect the cogging torque. Therefore, the

two prototype FSPM motors have the similar level of cogging torque.

Figure 6.3-4. 3D view of the step skewed rotor for torque ripple reduction.
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Figure 6.3-5. Cogging torque waveform for the dual-stator 6/4 FSPM machine.

The cogging torque waveforms from the experimental measurement and FEA simulation for
the DLCW and SLTW 6/4 FSPM prototypes are shown in Figure 6.3-5 (a) and Figure 6.3-5 (b),
respectively. It can be seen that the period of cogging torque from FEA and experimental test
matches well. For conventional FSPM machine, the number of cogging torque period per rotation
equals to the least common multiplier (LCM) of the stator slot number and rotor pole number.
Since the machine under study has a dual-stator structure, the cogging period per rotation is
doubled. Therefore, there are 24 cogging periods per revolution. The torque of the two prototype
motors are recorded by the same torque transducer, which has an accuracy of 0.5 Nm. In addition,
the dyno motor also has a certain level of torque ripple that will influence the cogging torque
measurement for the prototype motor. Therefore, the cogging torque difference between the
measured data and the FEA result is in an acceptable range. For the SLTW prototype, the torque
information is recorded by a faster data acquisition system. Therefore, the resolution of the SLTW

prototype cogging torque waveform is higher than the DLCW prototype.
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Note that during no-load test, the recorded torque has a non-zero average offset in the range

of 0.1 Nm to 0.4 Nm depending on the rotation speed. The non-zero torque is caused by the

mechanical loss and the no-load iron loss. The mechanical loss is from the bearing friction and the

windage drag, which cannot be modeled with the FEA simulation. There is varying magnetic field

in the stator/rotor core even no armature current is applied and causes no-load iron loss. The no-

load dragging torque and loss are recorded at different speeds, as shown in Figure 6.3-6 (a) and

Figure 6.3-6 (b), respectively. The no-load iron losses are simulated with FEA tool. The

mechanical losses are compensated in the experimental results of the electromagnetic performance.

The mechanical dragging power is interpolated with a third order polynomial as (Equation 6-3),

where n is the rotation speed in rpm.
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6.3.3. Loaded test
A. Torque production characteristics
From the control prospective, FSPM machine has negligible saliency because both d-axis

and g-axis flux pass through the permanent magnets in the stator, and the permanent magnet has

almost the same permeability as air. Therefore, the FSPM machine can be controlled in the same
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Figure 6.3-7. Rated output torque waveform of (a) DLCW 6/4 FSPM machine and (b)
SLTW 6/4 FSPM machine.

way as for the SPM machine, i.e. zero d-axis current control. Without considering the saturation,
the output torque should be proportional to the armature current amplitude, which is also the g-
axis current. The waveforms of the rated output torque of the DLCW and SLTW 6/4 FSPM
prototype motors are shown in Figure 6.3-7 (a) and Figure 6.3-8 (b), respectively. Although the
resolutions of the data are different for the two prototypes testing because different dataloggers are
used, the torque ripples from the two machines can be clearly observed. The two prototype
machines have the similar rated output torque and the same torque ripple periodicity. For both

prototype machines, the measured torque match with the FEA simulation within 5%. Note that the
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Figure 6.3-8. Output torque characteristics of the dual-stator 6/4 FSPM machine (a) Torque-
current curve (b) Output torque waveform

mechanical losses of the two machines are not simulated in the FEA and are compensated as shown
in the previous section.

The FSPM machine has a spoke-type magnet in the stators, and the flux-focusing effect
allows the FSPM machine has a high flux density in the air gap and stator teeth. Therefore, the
overload capability of FSPM machine is limited. Different levels of armature current are injected
to investigate the torque-current relation. The current command is changed from 0 p.u. up to 1.6
p.u. The torque-current curves of the DLCW and SLTW dual-stator 6/4 FSPM machine from
experimental measurement and FEA simulation are shown in Figure 6.3-8. The measured torque
matches well with the simulated value within 5% under or at the rated operating point. Beyond the
rated operating point, the measured torque is less than the simulated torque. It is probably because
at overloading condition, the magnets are getting hot and the remnant flux is reduced, which causes

the reduction of output torque.
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As mentioned in chapter 2, FSPM machine has negligible saliency, i.e. inductances in d-
axis and g-axis are almost identical. Therefore, zero d-axis control is applied at and before rated

speed. The output torque can be expressed by (Equation 6-4). To verify the claim, the output torque

P .
T, = 37 Apar,cosy (Equation 6-4)

is measured at different current angle y. The current angles are varied from 0° to 90° in a stair step

fashion. The current angles are controlled by varying the PM machine offset angle in the drive

parameters list. As shown in Figure 6.3-9, the torque is maximum at the zero current angle and

become zero when y = 90°, which indicates a zero g-axis current.

Raw data
o Average exp
—<—FEA ]

] 20 40 60 80 100
Current angle [deqg]

Figure 6.3-9. Torque versus current angle in dual-stator 6/4 FSPM machine

B. Prototype motors losses and efficiencies

As mentioned previously, the electrical input power and the mechanical output power are

measured and recorded by the power analyzer. The total machine operating loss includes the
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copper loss, stator/rotor iron loss, magnet eddy current loss, housing eddy current loss, and

mechanical loss. The copper loss can be calculated based on the measured winding impedance

calibrated by the winding temperature, and the mechanical loss can be estimated by subtracting

no-load iron loss from the total no-load dragging power. However, the iron loss and the

magnet/housing loss cannot be easily segregated.

TABLE 6-4. COMPARISON OF OPERATING PARAMETERS BETWEEN TESTING AND FEA

SIMULATION
Parameters DLCW SLTW

FEA Exp FEA Exp

Output torque (Nm) 5.85 5.61 (-4.1%) 5.83 5.70 (-2.2%)
Speed (rpm) 3000 3000
Output power (W) = 1837.8 1762.4 (-4.1%) 1831.5 = 1790.7 (-2.2%)
Voltage (Vrms) 29.2 31.1 (+6.5%) 30.2 31.9 (+5.6%)
Current (Arms) 24 24

Copper loss (W) 2217 221.7 102.2 102.2
Iron/Mag/House loss 54.8 64.4 (+17.5%) 55.6 66.4 (+19%)
Efficiency (%)  86.9 86.0 (-0.9%) 92.0 91.4 (-0.6%)
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The estimated losses are compared with measured losses at different speeds for the two
prototype motors, as shown in Figure 6.3-10. It can be seen that the copper losses are increasing
with speed because of the ac winding resistance shown previously. The iron loss and the magnet
and housing eddy current loss are also increasing as the speed goes up. The difference between the
FEA simulated loss and the measured loss is around 10% for the test speed range. Higher speed
testing cannot be achieved because of the limitation of the test bench. A detailed machine loss
comparison is done at the speed of 3000 rpm for both prototype motors, as shown in TABLE 6-4.
The discrepancy of the predicted and measured data for the iron loss and the magnet/housing loss
comes from the PWM induced iron loss. The PWM induced iron loss is not considered in the FEA
simulation because a sinusoidal current source is used to power the machine.

C. Power factor

Power factor is an important characteristic of electric machines. To deliver the same output
power, low power factor machine requires high VA rating of the drive, which either has a high
voltage stress or has larger current that introduce extra loss. The power factor of electric machine

can be calculated with (Equation 6-5), where E is the back EMF of the machine, Rs and Xq are the

E+R |
PF =cosé = :

(Equation 6-5)

\/(E+ R 1,)2 + (X, 1)’

d-axis

Figure 6.3-11. Phasor diagram of 6/4 FSPM machine with zero d-axis current control
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winding resistance and the g-axis reactance, respectively, Iq is the g-axis current value. The phasor
diagram shown in Figure 6.3-11 helps to understand how the non-unity power factor occurs. The
power factor is the cos value of the angle 6. The DLCW and SLTW 6/4 FSPM machine inductances

are shown in Figure 6.3-12. The derivation of FSPM machine inductance can be found in Chapter

2 and is not repeated here.
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Figure 6.3-13. Phase A current and voltage waveform at (a) Light load (b) Full-load
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Figure 6.3-14. Power factor of dual-stator 6/4 FSPM machine

The angle ¢ shown in (Equation 6-5) is the angle between the phase of the motor terminal
voltage and the armature current. As shown in Figure 6.3-13 (a), the armature current is almost in-
phase with the terminal voltage at light load condition, which means the power factor is close to
one. In Figure 6.3-13 (b), the current has a larger phase shift versus the voltage at the rated load

condition, which leads to a lower power factor.

The SLTW 6/4 FSPM machine has a slightly lower inductance but also a smaller winding
resistance than the DLCW 6/4 FSPM machine. At lower speed, where the reactance of the machine
is not as large, the DLCW machine has a higher power factor. However, at high-speed, where the
machine reactance dominant, the SLTW machine has the higher power factor. The relation
between the power factor and the current are shown in Figure 6.3-14 for both machines at 3000
rpm. As can be seen, at this speed, the SLTW machine has a slightly lower power factor than the
DLCW machine. The measured power factor matches well with the calculated value. The power

factor decreases with the current increases as predicted in the previous part.
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6.4. Thermal testing of dual-stator 6/4 FSPM machine

To verify the thermal performance of the 6/4 FSPM machine and to validate the thermal
analysis for the DLCW and SLTW 6/4 FSPM machine conducted in Chapter 4, experimental
thermal testing is carried out for the two 6/4 FSPM machine prototypes. The thermal test
equipment and test setup have been introduced in Section 6.2. The motor temperatures are
monitored with embedded RTD sensors. A 20-channel data logger is used to read and record the

signals from the RTDs, as shown in Figure 6.4-1. The reference zero temperature resistance and

Figure 6.4-1. Data logger for temperature recording.

the temperature gain should be set correctly to get an accurate measured temperature. The updating
rate of the data logger is 1.67 s, which is enough to show the dynamics of temperature variation.
The data logger is connected to the desktop computer via Ethernet cable. Temperature data are
recorded simultaneously as the test is going on. The cooling device such as the water jacket and

cooling pump is introduced in the previous section and is not repeated here.

To monitor the temperature of the prototype machine rotor, an Infrared thermal camera is

used to measure the rotor surface temperature through the opening on the motor end cap, as shown
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Figure 6.4-2. IR image of the dual-stator 6/4 FSPM motor at thermal steady state.

in Figure 6.4-2. Note that no person is allowed staying in the dyno room while the testing is going
on and the thermal camera is not on throughout the whole test. Therefore, the temperature of the

rotor is taken quickly after the motor is turn off, and only steady state rotor temperature is captured.
6.4.1. Steady state thermal testing and comparison

The cooling design and the thermal performance of the DLCW and SLTW dual-stator 6/4
FSPM machine have been analyzed in Chapter 4. The steady state thermal behavior has been
investigated with lumped parameter thermal network (LPTN), and it is shown that the SLTW 6/4
FSPM machine encapsulated with EFI-108 resin have a much lower steady state temperature than

the DLCW 6/4 FSPM machine with the same slot current density.

To validate the LPTN models for the steady state rated operation, the DLCW and SLTW 6/4
FSPM prototype motor are run at 4800 rpm with rated torque command. The test starts from the
room temperature (23°C) until thermal steady state. The cooling channel inlet temperature is
controlled to be 23 °C as well. The cooling channel outlet temperature is measured to be 27 °C,
and the flow rate is 5.5 LPM. Note that at rated torque condition, the slot current density of the

two machines are 9.2 Arms/mm2.
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Figure 6.4-3. Temperature rise of different parts of the prototype motor till steady state (a)
DLCW 6/4 FSPM machine, (b) SLTW 6/4 FSPM machine

The temperature variations of the machine winding and the permanent magnet for the two
prototypes are shown in Figure 6.4-3 (a) and Figure 6.4-3 (b), respectively. As can be seen, with
the same stator slot current density, the temperature of the SLTW 6/4 FSPM machine with EFI-
108 encapsulation is much lower than the DLCW 6/4 FSPM machine with CC-1105 encapsulation.
In addition, the DLCW 6/4 FSPM prototype motor reaches thermal steady state after about 30
minutes, while the temperature of the SLTW 6/4 FSPM prototype takes about 20 minutes to
stabilize. The SLTW 6/4 FSPM machine reaches steady state faster because its winding thermal
resistance is smaller than that of the DLCW machine, as shown in Chapter 4. Therefore, the
thermal time constant with the unit of second, which calculated as == RC', of the SLTW 6/4

FSPM machine is smaller than the DLCW machine.

The temperature gradient among the machine components of SLTW machine is smaller than

the DLCW machine. This is because the encapsulation material used for the SLTW machine has
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ten times higher thermal conductivity, and the toroidal winding topology allows a better cooling

for the winding coil.

Many factors during the experiment can affect the machine temperature during the test. The
LTPN model only provides the results of the thermal steady state. Therefore, in order to validate
the LTPN model, two slot current density level are tested for each topology. According to the
thermal analysis shown in Chapter 4, the current density limit of the DLCW machine is 11.2
Arms/mm?. Therefore, the DLCW machine is tested with 5 Arms/mm? and 9.2 Arms/mm?. The
SLTW machine has a much higher current density limit and is tested with 7.2 Arms/mm? and 10.8
Arms/mm?. The steady state temperatures of the two machines from the experimental testing are
compared with the results from the LPTN models, as shown in TABLE 6-5 and TABLE 6-6,

respectively. As can be seen from the table, for the two operating points of each prototype, the

TABLE 6-5 TEMPERATURE DISTRIBUTION (°C) oF THE DLCW 6/4 FSPM MACHINE AT
DIFFERENT CURRENT DENSITIES

Temp. (°C) 5 Arms/mm? Temp. (°C) 9.2 Arms/mm?
LPTN Exp Error LPTN Exp Error
Stator 38.1 41.1 (+7.3%) 52.7 56.3 (+6.8%)
Coil 58.7 57.5 (-2.1%) 121.5 115.1 (-5.3%)
Rotor 83.9 87.3 (+3.9%) 91.4 97.9 (+6.6%)

TABLE 6-6 TEMPERATURE DISTRIBUTION (°C) OF THE SLTW 6/4 FSPM MACHINE AT
DIFFERENT CURRENT DENSITIES

Temp. (°C) 7.2 Arms/mm? Temp. (°C) 10.8 Arms/mm?

LPTN Exp Error LPTN Exp Error
Stator 37.0 36.6 (-1.1%) 43.2 44.1 (+2.0%)
Coil 37.1 33.5 (-9.7%) 48.7 46.6 (-4.5%)

Rotor 63.1 65.9 (+4.2%) 82.7 84.3 (+1.9%)
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steady state temperatures estimated by the LPTN model match well with respect to the measured
temperature within 10%. The errors come from the loss estimation and the convective heat transfer

coefficients which are derived from CFD simulation.
6.4.2. Transient thermal testing

The transient thermal performance of the 6/4 FSPM machine has been analyzed in Chapter
4. It is shown that the winding of the machine together with the encapsulation, has a much slower
thermal dynamics than the core and the magnet of the machine. In a time span of 60 seconds, the
winding temperature rise is 5-10 times faster than the core and magnet temperature. This
conclusion means that during a short period overloading operation, the winding is more likely to

cause over-heating problem than the permanent magnet.

The transient thermal performance has been investigated with the thermal FEA simulation
in Chapter 4. The long-time thermal transient behavior of the 6/4 FSPM machine is compared with

the measured temperature variation, as shown in Figure 6.4-4 (a). It can be seen that the
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Figure 6.4-4. Temperature rise of different parts of the prototype motor till steady state of
different component inside the motor
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temperature from FEA simulation matches well with measured value. To validate the short-time
transient thermal behavior, the 6/4 FSPM machine is first run with rated current until thermal
steady state. Then a 1.5 p.u. current is given for 60 second. The short-time transient temperature
rise of the winding and the core/magnet are shown in Figure 6.4-4 (b). As can be seen, the
measured temperature rise is slightly faster than the estimated temperature rise, but the error

between the two is within 7%.
6.5. Summary

In this chapter, the prototyping, installing and testing of the prototypes of the DLCW and
SLTW 6/4 FSPM motor are presented. Practices to reduce the manufacturing tolerance such as
using single-piece stator lamination are developed. Features facilitating the installation such as the
use of eyebolts and cable glands are added to the SLTW FSPM prototype, according to the

experience from the DLCW FSPM prototype.

The testing equipment information is given to ensure the repeatability of the testing. The
machine static parameters are first measured and shows good agreement with the design thanks to
the manufacturer’s expertise in machine prototyping. The electromagnetic and thermal
characteristics predicted by the analytical calculation and FEA simulation shown in the previous
chapters are verified by the experimental testing. The results from the no-load and loaded tests
show good agreement with the FEA simulation with explanation error. The thermal testing verifies

the steady state LPTN model and the transient thermal FEA model.
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Chapter 7 Conclusion and Future Work

7.1. Research conclusions

The main conclusions of this research are summarized in this section. Low-pole (6/4) FSPM
machine is identified as the research focus because of its robust rotor structure, easy thermal
management, and relatively low fundamental frequency. The operation principle and popular
slot/pole combinations of FSPM machine are reviewed. The second-order harmonic in the flux
linkage of the 6/4 FSPM machine is explained and the harmonic cancellation achieved by the dual-
stator structure is illustrated. The winding factor calculation for the 6/4 FSPM machine with EMF
vector graph is presented. It is shown that the use of single-layer winding could significantly
increase the winding factor of the 6/4 FSPM machine. The proposed single-layer toroidal winding
(SLTW) 6/4 FSPM topology is shown to be able to achieve higher efficiency and better thermal
performance than the original design. Multi-physics design for the 6/4 FSPM machine has been
carried out, including the electromagnetic design, cooling system design, thermal analysis, and

windage loss reduction.
Low-pole (6/4) FSPM machine

e FSPM machine is a promising candidate for high-speed applications due to the robust
rotor structure and easy thermal management. However, the majority of existing
FSPM machines have high pole-count which is not appropriate for high-speed
operation from the loss minimization perspective.

e There are many possible slot/pole combinations for FSPM machine, and most of the
FSPM machines employ non-overlapping concentrated winding. It is shown that

high-pole FSPM machines usually have high winding factor because the slot-pole
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ratio is close to 1. The double-layer concentrated winding 6/4 FSPM has only a
winding factor of 0.5, which requires higher electric/magnetic loading to achieve the
same output power.

The winding factor of the 6/4 FSPM machine could be increased to unity by using
single-layer winding. In addition, the single-layer topology can achieve higher slot
filling factor compared to double-layer topology because no phase-phase insulation
is need.

Conventional circumferentially wound winding is not feasible for single-layer 6/4
configuration due to long end turn and thick overlapping between phases. As an
alternative, toroidal winding is easy to assemble and makes the single-layer 6/4

FSPM machine possible for manufacture.

Comparison between single and double-layer 6/4 FSPM machine

The change of winding topology causes variation of the stator core geometry (from
U-shape to H-shape). Optimization study suggests a wider stator and rotor tooth than
the DLCW 6/4 FSPM machine to obtain the best performance.

The optimized single-layer toroidal winding (SLTW) and the double-layer
concentrated winding (DLCW) dual-stator 6/4 FSPM machines are compared. The
machines are designed to have the same back EMF, same power, and same speed.
The SLTW topology require lower electric loading due to the high winding factor.
Therefore, the copper loss of the SLTW machine is significantly reduced and has 5%
higher efficiency than the DLCW machine at 3000 rpm.

The SLTW 6/4 FSPM machine has a lower inductance and resistance. The power

factor of the two machine depends on the speed and load level. The DLCW machine
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has higher power factor at low speed region, and the SLTW machine has higher

power factor at high speed region.
Cooling system and thermal analysis of FSPM machine

e Having both permanent magnet and armature winding in the stator, FSPM machine
can be effectively cooled by water jacket cooling. Meanwhile, having the
temperature sensitive component and the major heat source together requires careful
thermal analysis.

e Steady state thermal analysis has been done with lumped-parameter thermal network
(LPTN) based on the geometry of the machine. Thermal finite element analysis (FEA)
can be used to investigate the transient thermal behavior. Convective heat transfer
needs to be characterized with computational fluid dynamics (CFD).

e Water jackets with spiral and axial cooling channel have been investigated. The spiral
channel has lower pressure drop and less turbulence than the axial channel. But the
inlet/outlet position is not as flexible as the axial channel.

e The winding topology and the winding encapsulation material have significant
impact on the thermal performance of the machine, especially the winding
temperature. When only consider the thermal constraint, with the same temperature
limit, the SLTW FSPM machine with a good encapsulation material can achieve
three times higher slot current density than the DLCW FSPM machine with
conventional encapsulation material.

e The winding/encapsulation has a much faster thermal dynamic than the stator core
and magnet. For a 60s short-time overloading operation, the winding temperature

increase is 5 — 10 times larger than the temperature increase of the stator/magnet.
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e The DLCW and SLTW 6/4 FSPM prototype motors with temperature sensors
embedded are built. The thermal steady state and thermal transient testing have been
conducted. The experimental results are compared with the simulation and show

good agreement.
Housing loss and windage loss of FSPM machine

e Housing loss for FSPM machine is investigated with 3D FEA simulation to make
sure whether the use of toroidal winding has introduced unacceptable extra housing
loss. It is shown that the magnetic flux density variation is much larger near the
magnet than near the returning coil of the toroidal winding. Therefore, the stator-
mounted permanent magnet is the main cause of high eddy current loss.

e The housing loss due to the stator-mounted permanent magnet could be reduced by
having a thin iron bridge outside the magnet or leaving cavity in the housing at the
vicinity of permanent magnet. Housing cavity can reduce the housing loss by 60%
without compromising the output power. However, axial channel water jacket is
needed if the cavity is employed.

e Windage loss is not negligible for FSPM machine at high-speed operation because
of the axial air flow due to the salient rotor. Windage loss could be effectively
reduced by adding shrouds to the end of the rotor. The shrouded rotor can reduce the
windage loss by 80%, with no torque reduction. The use of shrouded rotor reduces
the air gap convective heat transfer. But the rotor only consists lamination steel and

IS not sensitive to temperature variation.
7.2. Research contributions

The major contributions of the research are summarized as follow
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Proposed No Middle End-Turn Dual-Stator 6/4 FSPM Machine

The origin of the second-order harmonic in the flux linkage of the 6/4 FSPM machine
is analyzed. The second-order harmonic cancellation realized by two shifted stators
with no middle end-turn coil is proposed.

Compare the performance of original dual-stator 6/4 FSPM machine and the no
middle end-turn design. The benefit of the no middle end-turn design is illustrated

with FEA simulation.

Proposed single-layer toroidal winding dual-stator 6/4 FSPM machine

The winding factor of 6/4 FSPM machine is calculated and the realization of high
winding factor design with single-layer structure is illustrated. The sizing equation
for 6/4 FSPM machine is derived. Manufacturing difficulties of the single-layer
winding topology are identified.

Single-layer toroidal winding 6/4 FSPM machine is proposed to solve the
manufacturing challenges of the single-layer winding design. Machine parameters of

the single-layer and double-layer winding designs are calculated.

Compared the performance of the proposed 6/4 FSPM machines

The sizing parameters of the single-layer toroidal winding 6/4 FSPM machine are
optimized. Single-layer and double-layer winding dual-stator 6/4 FSPM machines
with the same volume and output power are designed and compared to illustrate the
benefit of the proposed single-layer winding design.

Finite element analysis models are built to simulate the electromagnetic performance

of the single-layer and double-layer winding dual-stator 6/4 FSPM machine.
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Designed the cooling system and conducted thermal analysis for 6/4 FSPM machine

with single-layer and double-layer winding

Water jacket with spiral and axial cooling channel have been designed. The cooling
performance is investigated with computational fluid dynamics simulation. The
benefits and drawbacks of each type are identified.

Thermal analysis of the single-layer and double-layer winding dual-stator 6/4 FSPM
machine is conducted. Different winding encapsulation materials are investigated.
The influence brought by the winding topology and encapsulation material are

investigated.

Investigated the special design consideration for FSPM machine

Housing loss of the FSPM machine is investigated. The housing loss of the toroidal
winding design is investigated. The major source of housing loss is identified and
modified machine structures to reduce the housing loss are proposed.

Windage loss of the dual-stator 6/4 FSPM machine at high-speed operation is studied.
Impacts on the electromagnetic performance brought by the modified rotor structures

for windage loss reduction have been investigated.

Built prototype motor and conduct experimental tests

The design of the single-layer and double-layer winding dual-stator 6/4 FSPM
machines are prototyped. The prototype motors are equipped with cooling jacket and
temperature sensors to conduct thermal testing.

The prototype motors are installed on the dynamometer test bench. Open-circuit and
loaded tests are conducted to validate the analytical calculation and finite element

simulation results.
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e Steady state and transient thermal testing are conducted to validate the LPTN and
FEA thermal models built for the single-layer and double-layer dual-stator 6/4 FSPM

machines.
7.3. Remaining work
Investigation of 6/4 FSPM machine with ferrite magnet

Rare-earth permanent magnet with high remnant flux density is usually used in electric
machine to achieve high power density. FSPM machine has the potential to have high air gap
flux density due to the flux-focusing effect even with low-cost ferrite magnet. In addition, the
FSPM machine is less vulnerable to demagnetization compared to SPM or IPM machine.
Therefore, the trade-off between the cost and the performance for the FSPM machine with rare-
earth permanent magnet or ferrite magnet would be different for SPM or IPM machines.
Considering the low magnet eddy current loss due to the high electrical resistivity, the ferrite

6/4 FSPM Machine could be a good candidate for high-speed or low-cost application.
Fault tolerance analysis of 6/4 FSPM design

Fault-tolerant capability is an important aspect of the electrical machine designs, especially in
the applications related to aerospace, transportation, and industry, etc. Investigations on the fault-
tolerance characteristics of 6/4 FSPM machine with different winding topologies are meaningful.
Identify the advantages and disadvantages and compare them with respect to the electric machines
that are used currently would help the improvement of the industry.

Acoustic noise and structural stress analysis of 6/4 FSPM machine
For applications such as home appliance and electric vehicle, the acoustic noise of electric
machine is very important and affects the user experience. According to the literature, one of the

major sources of the acoustic noise of electric machines including the FSPM machine is the



238

ovalization of the stator core due to the radial/tangential force. It is valuable to investigate possible
acoustic noise reduction in FSPM machine. In addition, as mentioned in the prototype
manufacturing section, iron bridges could be used to reduce the machine manufacturing complexity.
The structural stress on the thin bridge needs to be investigated to avoid excessive shear stress that

break the iron bridge connection.
Magnet in the stator gap

As shown in the thesis, certain gap between the two stators in the dual-stator 6/4 FSPM
machine is needed to avoid magnetic flux leakage. On the other hand, the gap between the
stators increase the machine volume without contributing to the output power. It is possible to
reduce the length of the gap while preventing the magnetic flux leakage by inserting a
permanent magnet between the two stators. The material, thickness, and the remnant flux of the

magnet need to be investigated and optimized.
Dual-rotor SLTW 6/4 FSPM machine

In the single-layer toroidal winding 6/4 FSPM machine design, the returning coil placed
outside the stator does not contribute the torque production. Dual-rotor design with toroidal
winding have been investigated in some special applications such as in-wheel drive motor. The
use of dual-rotor structure for the single-layer toroidal winding is particularly interesting
because the second-order harmonic cancellation can be realized without using a dual-stator
structure. As has been shown, the dual-stator structure requires gaps between the stator to avoid
flux leakage. Therefore, the dual-rotor design can potentially further increase the power density

and efficiency of the 6/4 FSPM machine.
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Annex

Annex A — Manufacturing guide for DLCW dual-stator 6/4 FSPM machine prototype

Bill of material (BOM)

ITEM MNO. PART MUMEER DESCRIPTICM QTY.
1 Rotor Armmon 3 lamination 1
2 Stator unit Armon 3 lamination 12
3 Cir. Frame key Hold stator units - Aluminum 2
4 Magnet NdFeB magnet, Br=1.2T 12
5 coil Copper, & strands of AWG#22 &
6 Bolt-M4-0.7-55 Connect Cir. Frame to stator unit 24
7 MNut-hM4-0.7 Connect Cir. Frame to stator unit 24
8 Cir. Frame no key Hold stator units - Aluminum 2
g innerdHousing Aluminum 1
10 outerHousing Aluminum 1
11 B18.3. 1M -6 x 1.0x 25 Hex Bolt End cap 10
12 shaft_square Harden steel 1
13 AST_Bearings_F&3801 Highspeed bearing 2
14 machine_base Machine bass - Aluminum 1
15 side_housing_open Aluminum 1
14 side_housing_closed Aluminum ]
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 Stator unit Arnon 5 lamination
F 2 Magnet NdFeB magnet, Br=1.2T F
3 Cir. Frame key Hold stator units - Aluminum 1
4 Cir. Frame no key Hold stator units - Aluminum 1
5 Bolt-M4-0.7-55 Connect Cir. Frame to stator unit 12
6 Nut-M4-0.7 Connect Cir. Frame to stator unit 12
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 Rotor Arnon 5 lamination 1
F 2 shaft_square Harden steel 1 F
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Annex B — Manufacturing guide for SLTW dual-stator 6/4 FSPM machine prototype

Bill of material (BOM)

TEM NO. PART MUMBER DESCRIPTION QTY.
| asm_statorLam 2
2 coil 1
2 housing_inner 1
4 housing_outer 1
5 endHousing_fr 1
& shaft 1
7 endHousing_re 1
& HEXTS 4x14X14.6-Indented 12

head-D-N
9 HEXTS 4x20X18.46-Indented 12
head-D-5
10 G6802-VV-NSK Beanng 2
11 shaft_key 1
12 asm_rotorLlam 1
13 cable gland Hylec 1110048-Cable Gland 1
14 Green BANANA JACK ABBATRON-1507-104 Green Bananalack 1
15 motorCable_gland Hylec K151-1014-00 1
14 Mé&-1.0 Evebolt Mé&-1.0 Eyebolt 2
17 magnet_rect 12
18 preload_ring Smalley p/n 553B-0095 1
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 asm_statorLam 2
F 2 housing_inner 1
3 housing_outer 1
4 magnet_rect 12
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stator Lam
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 asm_rotorLam
2 shaft
F 3 6802-VV-NSK ball bearing 2
4 shaft_key
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ITEM NO. PART NUMBER DESCRIPTION QTY.
1 rotorLam1 16
F 2 rotorLam2 157
3 rotorLam3 158
4 rotorLam4 236
5 rotorLam5 158
6 rotorLamé 157
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For details about shaft hole, please refer to Drawing No. 8 rotorLam1
F For details about rotor pole/tips, please refer to Drawing No. 10. rotorLam3
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For details about shaft hole, please refer to drawing No.8 rotorLam1
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For details about shaft hole, please refer to Drawing No. 8 rotorLam1
For details about rotor pole/tip, please refer to Drawing No. 10 rotorLam3
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For details about shaft hole, please refer to Drawing No. 8 rotorLam]1
For details about rotor pole/tip, please refer to Drawing No. 10 rotorLam3
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