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Abstract: As one of the key components, low-speed direct-drive in-wheel machines with high
compact volume and high torque density are important for the traction system of electric vehicles
(EVs). This paper introduces four different types of outer-rotor permanent magnet motors for EVs,
including one five-phase SPM machine, one three-phase IPM machine with V-shaped PMs, one
seven-phase axial flux machine (AFM) of sandwich structure and finally one hybrid flux (radial and
axial) machine with a third rotor with V-shaped PMs added to the AFM. Firstly, the design criteria
and basic operation principle are compared and discussed. Then, the key properties are analyzed
using the Finite Element Method (FEM). The electromagnetic properties of the four fractional slot
tooth concentrated winding in-wheel motors with similar dimensions are quantitatively compared,
including air-gap flux density, electromotive force, field weakening capability, torque density, losses,
and fault tolerant capability. The results show that the multi-phase motors have high torque density
and high fault tolerance and are suitable for direct drive applications in EVs.

Keywords: permanent magnet machine; SPM machine; IPM machine; axial flux machine; hybrid flux
machine; multiphase machine; outer-rotor; electric vehicle

1. Introduction

Electric vehicles (EVs) have been developed with great effort in recent years, due to
both energy and environment issues [1]. Compared to traditional internal combustion
engine (ICE) vehicles, EVs are friendlier to the environment, e.g., less noisy and less air
pollution, which also makes them more comfortable to the passengers.

As one of the key components, electrical machines with high performances are im-
portant for the traction system of EVs. Some specifications should be therefore satisfied,
such as high torque density and high functional reliability [2]. Several successful designs
and applications of the direct- and indirect-driven motors and drives on the EVs have been
proposed. Two typical kinds of applications are commercialized: the first one is a high-
speed machine together with transmission gear, which are characterized by high power
density [3], and the second one is a low-speed direct-drive motor, which is characterized
by high torque density [4]. Due to the high integration level and high torque density, EVs
driven by in-wheel machines are considered as a good choice for future transportation [5].
For in-wheel traction application, the aim of low speed, high torque, and high reliability
are the key requirements [6]. In the following part of the introduction, different methods to
achieve the high torque density are summarized. Firstly, the methods for improvement
of torque density are generally concluded, and then, the different high torque density
structures of PM machines for in-wheel driven applications are covered. Finally, the effects
of the phase numbers on the performance of reliability are analyzed.
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In [4], the methods to improve the torque density are summarized. The first one is
the use of cobalt iron (CoFe) lamination instead of silicon steel lamination; the maximum
electromagnetic load can be increased by using this material. The superiority in terms of
volume, mass and torque density are achieved by using CoFe lamination. Tooth concen-
trated winding technology together with open slots make it easier to manufacture with a
higher slot fill factor and thus a higher torque density. The reluctance torque is reinforced
in PM machines in order to improve the torque density in the low speed region and extend
the speed range in the high speed region [5]. The interior PM machines are thus more
preferred than the surface-mounted PM (SPM) machines due to the use of the reluctance
torque. The torque density of machines can also be improved by changing the machine
structure. In the following part, different types of machines used for in-wheel application
are compared, i.e., radial flux machines and axial flux machines.

Many kinds of machines can be used in wheel machines. They can be categorized by
the flux direction as radial flux machine, axial flux machine, and transversal flux machine.
In [7], a new self-decelerating PM in-wheel motor for low-speed and high-torque drive
was proposed using magnetic gear. The proposed machine has two air gaps. In [8], by
optimizing the shape of PMs, the outer rotor flux switching PM machine exhibits better
flux-weakening capability and high efficiency and wider speed range. In [9], V-shaped
magnets embedded in the external rotor to achieve enhanced magnetic flux concentration
and hence high torque density was designed for low-speed E-bike application. In [10], a
modular spoke type permanent-magnet machine for in-wheel applications was proposed
and compared to three-phase SPM machines and a commercial machine; both torque
capability and flux weakening capability were improved. In [11], two wheel-motors for
light passenger cars were compared: axial and radial flux machine. Under the constraint of
the same volume, the same speed and the flux density in the air gap, the axial flux machine
had better torque density both in terms of volume and mass. The AFM is preferred in
low-speed applications and with constrained axial length. In [12], a double stator and single
rotor axial flux motor was optimally designed. In [13], based on a radial flux modulation
machine, an axial flux modulation machine was designed and compared. For in-wheel
drive of HEVs, the AFM has higher power density and a simpler manufacture process, but
the axial forces can be at the origin of mechanical problems.

The field modulation effect/magnetic gearing effect is also one of the ways to improve
torque density, and the field-modulated permanent-magnet machines such as permanent
magnet vernier machines (PMVMs) are also suitable for low-speed and high-torque appli-
cations. High amplitudes and a large variation gradient of armature working harmonic
that have the same pole-pair of PMs lead to the high-torque density of PMVMs [14]. In [15],
a fault-tolerant PMVM was designed for direct-drive applications, which has merits of
high-torque density and high reliability.

The Effects of the Number of Phase
(a) Torque density improvement with optimal third harmonic (supply or PM shape)

For three-phase PM machines in star connection, the fundamental air gap flux density
of PMs can be improved by a PM-shaping technique with optimal third harmonics in
the radial direction, and the torque density can be improved by 9% [16]. Along the
axial direction, a novel machine of a shaped magnet with an optimal third harmonic
is proposed in [17]. Fifteen percent higher torque with zero pulsation can be achieved.
The above illustrations about the in-wheel motors all focus on the three-phase machines.
Another alternative to improve the torque density and the extend operational speed range
is multiphase machines. Due to the development of power electronics and a semi-silicon
conductor, multiphase machines have been developed quickly in recent decades. Compared
to three-phase machines, the output torque can be improved through the injection of higher-
order harmonic currents related to no-sinusoidal back-emf of PM machines. By considering
the third harmonic both on the PM shape and the current supply, the torque density can
be increased by 30%, compared to a five-phase sinusoidal machine, with the same level of
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torque pulsation [18]. In [19], a novel bi-harmonic five-phase machine was proposed, which
could develop torque of comparable values under three kinds of supply: with only first,
third or both first and third sinusoidal current. Both the torque density at low speed and the
operation range at high speed were improved. Therefore, with PM multiphase machines
of a high number of phases, it is then possible to obtain the same high-torque density of
three-phase DC brushless machines, with trapezoidal emf and currents, but without torque
pulsation. Compared to non-sinusoidal machines, e.g., brushless dc machines, the output
torque can be improved with high quality and less torque pulsation.

(b) Fault-tolerant capability

Multiphase machines can be found in the critical application requiring high fault-
tolerant capability [20], for example, sub-marine propulsion, aerospace and certainly EVs.
For three-phase machines without a neutral point connection, the loss of one phase fails
to generate a rotating magnetic field with a breakdown for the machines. Therefore, three
is effectively the minimum number of phases allowed to generate the required rotating
field for a machine. In the case of multiphase machines, even if one phase is open-circuited,
it can still work without stopping. The current in health mode should be rearranged in
order to reduce the torque pulsation [21,22] for sinusoidal machines. The constraints on
current and voltage limit per phase are considered in faulty modes for a non-sinusoidal
seven-phase machine [23]. By imposing current in the main and secondary machines, the
machine can output 56% of healthy torque without pulsation. Using reduce order matrix
transformation, the constant current in the d-q frame can be obtained, which makes it
easier to control with a PI controller [24]. For non-sinusoidal machines, the transformation
matrix related to the third harmonic current is proposed, and the third harmonic current is
optimally injected without a torque ripple [25].

In this paper, a quantitative comparison of the outer-rotor in-wheel motors of different
structures and phases is presented. A commercial five-phase SPM machine is taken as
reference [26], and a three-phase V-shaped IPM machine [9] and a seven-phase axial flux
machine (AFM) are designed. Based on the previous AFM machine, a third rotor with
V-shaped PMs of different poles is designed [27], which is a hybrid flux (radial and axial)
machine (HFM). Considering the magnetic flux direction, PM shape and the number of
phases, four machines were selected for comparison. The magnetic flux direction includes
radial magnetic flux, axial magnetic flux, and hybrid magnetic flux. PM shape includes
built-in V shape and surface mounted. The number of phases are three, five, and seven. The
original intention of the seven-phase HFM design is to use the winding ends to increase the
output torque of the motor. In addition, the third rotor can replace the “radial frame” for
the “motor enclosure”, which gives the seven-phase HFM an advantage when compared
to an enclosed motor. The aim is to show the differences of the four machines in terms of
structure and the advantage of increasing the of number of phases. The paper is organized
as follows. The design criteria and basic operating principle are described in Section 2. A
quantitative comparison in healthy mode operation is given in Section 3, including air gap
flux density, emf, flux weakening capability and torque density. Then the fault-tolerant
capabilities are compared in Section 4. Finally, the conclusion of the comparison is given in
Section 5.

2. Design and Operational Principle of Four In-Wheel Motors

Non-overlapping, all or alternate teeth wound windings will be referred to as fractional
slot concentrated winding (FSCW) for the rest of this paper [28], which has a fractional slot
per pole and per phase. All four machines are with FSCW, which is a good candidate for
wheel-hub propulsion due to short-end winding, high-torque density and superior flux
weakening ability [29]. In order to maximize the output torque, the choice of slot/pole
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combination of FSCW with a high winding factor is often priority. Using winding function
theory [30], the winding factors of any winding can be deduced:

N N;—1 o
K= | L dmne 51" (1)
5|1 m=0

where N and Nj; are the number of phases and slots, respectively; d;; , is the element of
distribution matrix; p is the pole-pair number; / is the harmonic order. The fundamental
winding factor (h = 1) is concerned for three-phase machines, and the higher orders of
the winding factor are also concerned for multiphase (>3) machines, especially for non-
sinusoidal multiphase machines.

One of the key challenges of FSCW is the additional stator magnetomotive force (MMF)
sub-and super-harmonics that leads to higher losses as well as saturation effects [31]. MMF
of any winding can be deduced as follows [30]:

N-1
mimf(0s,t) = Y Niy(6s)in(t) @)
n=0

where N,,(6;) is the winding function related to the distribution of conductor in the slots,
and 0; is the angle respected to the stator; i,(t) is the injected current. Thus, the MMF
distribution varies with respect to both time and space.

In order to quantitatively evaluate the content of non-working harmonics of MME,

THD is defined as follows:
2
y (mmf - ) 3)
n#£w mmfw

where H is the number of harmonics to be considered; w is the order of working harmonics.

The design details of the four proposed machines are presented in this part. Figure 1
shows the basic configurations, in which Figure 1a relates to the five-phase SPM machine,
which is commercialized for E-bikes; Figure 1b is a three-phase IPM machine with V-shaped
PMs, and the original idea, e.g., a combination of slot/pole, is presented in [9]. Figure 1c
shows the seven-phase AFM machine of a sandwich structure, i.e., double outer-rotors and
one stator. A third rotor with V-shapes PMs is added to the AFM, and a hybrid flux (radial
and axial) machine is constructed, as shown in Figure 1d. The initial idea of this hybrid
flux machine is to take advantage of the end winding and to reinforce the output torque.

In Figure 1, the stator windings are color-coded as follows. The phase A, B, C, D and E
windings of the five-phase SPM machine are represented by deep red, yellow, green, blue
and pink, respectively; the phase A, B and C windings of the three-phase IPM machine
are respectively represented by red, yellow and blue; the phase A, B, C, D, E, F and G
windings of the seven-phase AFM or HFM machine are represented by deep red, pink,
yellow, blue, brown, bottle-green and silver, respectively. The scale bars are added for easy
size comparison. Please note, the four machines do not share the same scale bars.

In order to achieve a fair comparison between these four machines, based on the
commercial five-phase SPM machine, the following considerations are taken into account:

THD =

o  For the three-phase IPM machine, the outer rotor and stator radius, the air gap, and
the copper and iron are the same for the five-phase machine;

e  For the seven-phase HFM machine, the air gap, the outer radius and the axial length
of the third rotor are the same in reference to the five-phase machine. Thus, the global
volume of these two machines is the same;

e  For the seven-phase AFM machine, the difference with the seven-phase HEM is that it
has not a radial rotor;

e  All four machines have the same amplitude of air gap flux density and the same slot
filling factor;
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e  The injected phase current density is kept the same, and the nominal phase voltage is
the same for all machines.

50 100 (mum)

4 90 (mum) 0 35 70 (mm)

() (d)

Figure 1. Four types of outer-rotor in-wheel motors: (a) five-phase SPM; (b) three-phase V-shaped
IPM; (c) seven-phase AFM; (d) seven-phase HFM.

2.1. Five-Phase SPM

The five-phase SPM machine is a commercial one for E-bikes, as shown in Figure 1a.
The PMs are surface-mounted onto the rotor, which makes it easier for production. In
order to increase the output torque, the in-wheel machines often have a big value of radius
of the outer-rotor, and thus, there is much space in the inner stator. Therefore, the in-
wheel outer-rotor machines have good performance of torque density in terms of mass and
not volume.

A double-layer FSCW is adopted, and it consists of 25 slots and 22 poles. There is
a fundamental winding factor Kj that is 0.97, and the third harmonic winding factor K3
is 0.73. The MMF distribution is calculated according to the injection of a fundamental
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and the third harmonic current. Figure 2 shows the MMF harmonics spectrum, with the
injection of the fundamental and the third harmonic current. It can be noted that with the
fundamental current injection, the 11th harmonic is of maximum amplitude, which consists
of the number of pole-pairs. However, there is a super-harmonic (14th) that is also of big
value of amplitude, it is thus not suitable for high-speed application since it is at the origin
of eddy currents. Under the injection of the third harmonic current, the amplitude of the
working harmonic (h = 33) is much smaller compared to other sub- and super-harmonics.
It is thus not interesting to inject the third harmonic current for this machine. The THD of
MMF with fundamental current harmonic injection is 0.923 according to (3). All the above
analysis demonstrate that it is suitable for low-speed applications.
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Figure 2. MMF harmonic spectrum of five-phase SPM with fundamental current and third harmonic
current: (a) fundamental harmonic; (b) third harmonic.

2.2. Three-Phase IPM

The three-phase IPM machine is also designed for E-bike application. The V-shaped
magnets are embedded in the outer-rotor to achieve enhanced magnetic flux concentration
and hence high power and high torque output [9]. Compared to SPM machines, IPM
machines have higher torque density due to the difference between the d- and g-axis
inductance, which can contribute to the reluctance. Moreover, the PMs are embedded on
the rotor, which makes it easier to assemble and produce.

The IPM machine consists of 36 slots and 32 poles, which are selected according to
the higher value of the greatest common divisor (GCD) in order to have a smaller cogging
torque. The fundamental winding factor K; is 0.945. For a three-phase machine in star
connection, the third harmonic current cannot be used to improve the output torque; thus,
the third harmonic winding factor is not concerned. The MMF distribution and its spectrum
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are shown in Figure 3. The working harmonic is the 16th, considered as the fundamental
one, and the 20th, with a big value of amplitude, is a parasitic sup-harmonic that is the
main harmonic leading to iron losses and eddy current losses of PMs. The THD of MMF
is 0.897 according to (3). All the above analysis demonstrate that it is suitable for low
speed applications.
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Figure 3. MMF harmonic spectrum of three-phase IPM with fundamental current: (a) MMEF; (b) har-
monic spectrum.

2.3. Seven-Phase AFM

The seven-phase machine is an axial flux machine, as shown in Figure lc. Itis a
sandwich structure, i.e., two outer-rotors with PMs surface mounted and one stator with
tooth concentrated winding. It consists of 28 slots and 12 poles. The initial winding
factors for this combination are K; = 0.623 and K3 = 0.901. The winding is therefore re-
arranged using the stator shifting method, and the winding factors for the new winding
are K1 = 0.975 and K3 = 0.782.

The MMF distribution with the fundamental and third harmonic current injection is
shown in Figure 4. Under the fundamental current injection, the working harmonic is the
sixth harmonic. There are two sup-harmonics, but they are of small amplitude. In this
case, the THD of MMF is 0.325, a small value. Therefore, this new winding can be used for
both high-speed and low-speed applications. Under the third harmonic current injection,
the working harmonic is the 18th, and its amplitude is smaller than the 10th harmonic,
as shown in Figure 4d. In this case, the injection of the third harmonic current will be
interesting to improve the output torque for low-speed application.

th
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3 10+
<
3
3 22th 34t harmonics
c
=)
g 50 / \

. . . 0 I

100 200 300 400 0 10 20 30 40 50
Angle (degrees) Space Harmonics
(a)

Figure 4. Cont.
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Figure 4. MMF harmonic spectrum of seven-phase AFM with fundamental current and third har-
monic current: (a) fundamental harmonic; (b) third harmonic.

2.4. Seven-Phase HFM

Based on the seven-phase AFM, a radial rotor with V-shaped PMs embedded is added,
as shown in Figure 1d. The same external radius of the rotor is kept compared to the
five-phase and three-phase machines. The original idea is to make use of the end windings,
and the output torque can be improved. Moreover, in order to extend the operational range,
especially for the flux-weakening region, the number of poles of the third rotor is three
times than the two axial rotors, i.e., 36 poles. This kind of machine is called a bi-harmonic
machine, i.e., the machine can develop output torque of comparable values under three
kinds of supply: only fundamental, or only third harmonic, or both the fundamental and
the third harmonic current [32]. The synchronous speed of a machine can be obtained
using (4). Under the supply of the fundamental current with frequency f, the number of
pole-pairs of the machine is p, and the synchronous speed is 1;. When the supply of current
is changed to the third harmonic current, i.e., the frequency of current is 3f, the number
of pole-pairs to generate output torque is also changed to 3p; therefore, the synchronous
speed is the same as the one with a fundamental current supply. The output torque of the
machine is the sum with the supply of the two harmonics of current. This is the reason
that the injection of the third harmonic current with multiphase machines can improve the
output torque.

_60-f

p

In the case of sinusoidal multiphase machines, it is useless to inject third harmonic
current, because there is no third harmonic induction of PM. In the case of seven-phase
HFM, the third harmonic induction component is reinforced by the third rotor of radial
flux, and the injection of the third harmonic of current is useful to improve the output
torque. An extra degree of freedom for the control is thus achieved. Under the constraint of
the converter, i.e., maximum value of current and voltage, the performance of the machine
can be improved, for example, a higher value of torque at low speed and a larger value of
maximum speed at the flux-weakening region can be obtained.

ns

4)

3. Performance Comparison in Healthy Mode

The four machines in the above section are compared in a quantitative way in this part.
The main characteristics in healthy mode are presented, such as the air gap flux density,
no-load back emf, field-weakening capability, torque density in terms of mass and volume,
and the overload capability.

The objective of this paper is to show the performance comparisons of the four ma-
chines with the same outer dimension. The completed machine dimensions are taken into
account, i.e., the two end covers of the two radial flux machines and the mechanical part



Energies 2022, 15, 6688

90f19

of the radial part of the axial flux machine are also considered. Table 1 gives the main
geometric parameters of the four machines. All four machines have the same stator radius,
axial length and air gap length. All the radial flux machines, including the seven-phase
HFM, have the same external rotor radius. It should be noted that the four machines do
not have the same volume of PMs.

Table 1. Main parameters of the four machines.

Items 5-Phase SPM 3-Phase IPM 7-Phase AFM 7-Phase HFM
Stator slots 25 36 28 28
Pole-pairs 11 16 6 6/18
Pole arc coefficient 0.90 0.74 0.89 0.89/0.58
External rotor radius (mm) 100 100 78.7 100
External Stator radius 88.5 88.5 88.5 88.5
Internal Stator radius (mm) 60 60 38.1 38.1
Air gap (mm) 2 2 2 2
Active Axial length (mm) 30 30 53 53
Total axial length (mm) 53 53 53 53
No. of turns of winding by phase 18 10 19 13
PM volume (mm?) 46,724.13696 55,449.6 69,574.51358 140,044.5136

Concerning the axial length, the active length of the radial flux machines equals 30 mm.
However, the one with the axial and hybrid seven-phase machine is higher (53 mm). Two
passive parts (end covers) must be added in order to make a real machine. The dimensions
of the two end covers of one five-phase SPM machine are taken as a reference here [26].

3.1. No-Load Performance

The used finite element software is Maxwell, and some settings are as follows: the
machines are meshed according to the material and location; the max length of the mesh
is 1/8 to 1/10 of the default values. For calculation efficiency, the number of elements is
limited in 3D FEM. The magnetostatic solver is used for flux density computation and for
other parameters, and the transient solver is used.

e  Flux density mapping

Figure 5 compares the flux distribution under no-load conditions of the proposed
four machines, which is important for the magnetic-circuit design of electrical machines.
The same air gap length is employed for the four machines, as shown in Table 1. In
the three-phase IPM, there is more flux leakage due to the magnetic bridge. Under the
mechanical constraint, the thickness of the magnetic bridge should be designed as thin
as possible in order to reduce the flux leakage. In seven-phase machines, the width of
back-iron of the rotors is adjusted in order to obtain the same amplitude of flux density as
the five-phase SPM.

e Air gap flux density

The amplitudes of the air gap flux density are the same, i.e., 0.8 T, as shown in Figure 6.
Figure 6d shows the values in the radial air gap of the seven-phase HFM, and the ones in
the two axial air gap are the same as the seven-phase AFM, which are shown in Figure 6c.
The results can also be proven by the flux distribution in Figure 5. In electrical machines
with low speed applications, a higher value of air gap flux density is often preferred, which
leads to a higher value of torque density. The permitted loading level for a machine is
often defined on the basis of the saturation value of laminations of both the stator and rotor,
the insulation material and the cooling system [33]. The empirical values are employed
in order to determine the initial dimensions of the machine, and then, they are adjusted
within an iterative process.
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Figure 6. No-load air gap flux density of (a) three-phase; (b) five-phase; (c) seven—-phase AFM;
(d) seven—phase HFM radial air gap.

e No-load back-emf

Based on the no-load air gap flux density generated by PMs, the flux linkage can be
expressed in (5). Machine winding can perform as a filter through winding factors, i.e., some
harmonics of flux density can be reduced or eliminated by adjusting the winding factors.

t/p-h

Pp = (Cw)h -1 Nph : / (Brotor)h : Sil’l(h “p 9) - Ryotor - d0 ®)
0

where (Gy);, is the winding factor of the hth harmonic; [ is the active length of the machine;
Nph is the number of turns in series for each phase; Ror is the rotor radius.

No-load emf is generated due to the reaction of the variation of flux linkage of PMs, and
it can be obtained using (6). Figure 7 shows the no-load emf of the proposed four machines
with the speed 600 rpm. The number of turns in series of each machine is adjusted in order
to obtain the same amplitude. With the increase in the number of phases, the proportion
of the third harmonic of emf increases. Based on the no-load emf, electrical machines can
be classified by sinusoidal or non-sinusoidal machines. Three-phase machines are often
sinusoidal ones. The third harmonic can also be considered in order to improve the output
torque by shaping the PMs [16]. In the case of multi-phase machines, the improvement of
performance can be achieved by higher-order harmonics of emf and current.

ei:%withizl,Z,B,...,m ®)

where m is the number of phases.
e Cogging torque

When the PM machine windings are not fed, the PM generates a magnetic field, and the
interaction of the stator teeth produces a force that tries to fix the rotor at a certain position,
which will generate an electromagnetic torque, i.e., a cogging torque. The cogging torque
changes periodically as the rotor spatial position changes. Cogging torque fluctuation is an
inherent phenomenon of the PM machine, which affects the low-speed performance of the
machine. Minimization of the cogging torque is one of the goals pursued in the design of
high-performance PM machines.
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Figure 7. EMFs and spectrum harmonics of (a) three-phase IPM; (b) five-phase SPM; (c) seven—phase

AFM; (d) seven—phase HFM.
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In FSCW machines, the slot/pole number combination plays a major role in determin-
ing the cogging torque magnitude [34]. The frequency of cogging torque over the entire
machine rotation can be calculated by Equation (7) [35]:

feog = LCM(Q, 2p) @)

where Q is the number of stator slots, and LCM(Q,2p) is the least common multiple of the
number of slots Q and the number of poles 2p. As the frequency of the cogging torque
increases, the effect of the torque ripple on the machine output will be reduced, as the
magnetic power changes more smoothly around the air gap. Therefore, proper selection
of the number of slots and poles can reduce the output torque ripple. Table 2 gives the
LCM of the four machines, and Figure 8 shows the cogging torque of the four machines. By
comparison, it was found that the cogging torque amplitude of the seven-phase machines
are higher than the others, because of the lowest LCM.

Table 2. LCM of the four machines.

Items 5-Phase SPM 3-Phase IPM 7-Phase AFM 7-Phase HFM
LCM(Q,2p) 550 288 84 84
200 T T ]
——3-phase IPM
150 + ~———5-phase SPM
7-phase AFM
100 - ———7-phase HFM

(4]
o
T

Cogging torque (mNm)
a
o o
S
S
\
{
\
<<
S

-100 - 1

-150 - *

-200 I L I I L I
0 1 2 3 4 5 6 7

Electrical angle (rad)

Figure 8. The cogging torque of the four machines.

3.2. On-Load Performance

Under a constant current supply of 5 A/mm?, Figure 9 compares the steady state
torque of the four machines at low speed (120 rpm). As expected, the torque of the seven-
phase HFM is the highest. It is 51%, 24% and 13% higher than the three-phase IPM,
five-phase SPM and seven-phase AFM, respectively.

15 R e Sl Vs U o N e Y e

Tt 10 &
=
§, ——3-phase IPM
g ——5-phase SPM
c 7-phase AFM
2 5t ——7-phase HFM

o L L L 1 1 1

0 1 2 3 4 5 6

Electrical angle (rad)

Figure 9. Steady state torque analysis: torque at 120 rpm.



Energies 2022, 15, 6688

14 of 19

60

a
o

Joule Loss (W)

20

The characteristics of the output torques are listed in Table 3. It can be noted that the
five-phase SPM machine is the best choice in terms of the torque ripple.

Table 3. On-load torque characteristics of the four machines.

Torque (Nm) 5-Phase SPM 3-Phase IPM 7-Phase AFM 7-Phase HFM
(Nm) (Nm) (Nm) (Nm)
mean 11.858 9.688 12.938 14.666
Max 11.929 9.8003 13.133 14.889
Min 11.797 9.5956 12.775 14.372
Ripple 1.11% 2.11% 2.77% 3.53%

max—min
mean

Where ripple =

The overload capability of the machines is related to the acceleration and climbing
capabilities of the in-wheel traction applications. Table 4 shows the average output torque
of the four machines versus current densities by FEA. It can be noted that the seven-phase
HEM output is the highest torque in the whole current density range. It is therefore the
seven-phase HFM that exhibits the strongest overload capabilities.

Table 4. The average output torque of four machines versus current densities.

Current Density 5-Phase SPM 3-Phase IPM 7-Phase AFM 7-Phase HFM
(A/mm3) (Nm) (Nm) (Nm) (Nm)
5 11.858 9.688 12.938 14.666
10 23.380 19.272 25.675 29.025
15 33.680 27.934 38.056 42.863
20 42.169 34.397 50.968 57.139

Figure 10 shows the steady state loss analysis. Figure 10a compares the steady state
joule losses of the four machines. Compared to the three-phase IPM and the five-phase
SPM, the seven-phase machines consider the winding ends; thus, the joule losses in the
steady state are larger under a constant current supply of 5 A/mm?. Figure 10b compares
the steady state core losses of the four machines with the speed 600 rpm. The core loss of
the seven-phase AFM is smallest because of its small THD of MMF, which is suitable for
high-speed application.

14

N
o

w
o

121 ]
———3-phase IPM
10+ ———5-phase SPM ||
—3-phase IPM g 7-phase ATM
—— 5-phase SPM || o 8F ———7-phase HFM ||
7-phase AFM 4
——7-phase HFM ? 6h
! 2
o
o
4
2
2 3 4 5 6 0 5 10 15
Electrical angle (rad) Electrical angle (rad)
(a) (b)

Figure 10. Steady state loss analysis: (a) joule losses; (b) core losses.

The steady state on-load losses and the efficiencies are analyzed using FEM, which are
listed in Table 5. The mechanical losses are supposed to be 15 W, and it can be noted that
all four machines perform well in efficiency, and the seven-phase HEM is the best in terms
of efficiency.
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Table 5. Efficiency of four machines.

5-Phase SPM 3-Phase IPM 7-Phase AFM 7-Phase HFM
(Nm) (Nm) (Nm) (Nm)

Torque (Nm) 11.858 9.688 12.938 14.666

Electric power (W) 745.005 608.670 812.859 921.424

Joule loss (W) 39.403 36.586 51.836 52.336

Core loss (W) 13.6 12.213 6.591 12.798
mechanical loss (W) 15 15 15 15

Efficiency 91.64% 90.51% 91.72% 92.00%

3.3. Torque Density

The definition of the torque density can be found in [4]. In order to have a reasonable
comparison, the complete machines are considered, e.g., the end windings for the 2D
magnetic circuit machines, such as the three-phase IPM and five-phase SPM. Moreover, the
axial end closures are also taken into account. Therefore, the four machines have the same
volume. It can be seen from Table 6 that the torque density of the seven-phase HFM is the
highest not only in mass but also in volume.

Table 6. Torque density of the four machines.

Items 5-Phase SPM 3-Phase IPM 7-Phase AFM 7-Phase HFM
Torque (Nm) 11.858 9.688 12.938 14.666
Mass (kg) 7.512 7.377 7.975 8.480
Volume (mm?) 1,665,044.106 1,665,044.106 1,665,044.106 1,665,044.106
torque density (Nm/kg) 1.578 1.313 1.622 1.729
torque density (Nm/m?) 7121.733 5818.464 7770.365 8808.175

3.4. Field Weakening Capability (Inductance/Speed—Torque Curves/Power—Speed Curve/Field
Weakening Control Trajectory (MTPA))

Under the assumption of no saturation, no reluctance effect and regular spatial dis-
tribution of windings, using a vectorial control approach, a machine of n-phase, wye
connected, can be considered to be a set of (n — 1)/2 fictitious two-phase machines [36].
The (n — 1)/2 fictitious machines are magnetically decoupled, and each of them is char-
acterized by a family of harmonics. Table 7 shows the spectrums of harmonics related to
the fictitious two-phase machines. Taking the three-phase machine as an example, it is de-
coupled to a one-phase homopolar machine consisting of 3k harmonics and one two-phase
primary machine consisting of 3k + 1 harmonics, k=0, 1, 2, ... The two fictitious machines
are magnetically decoupled, i.e., the injection of the fundamental current does not interact
with the harmonics in the homopolar machine. The interaction between the fundamental
current and the fundamental emf framed in Table 5 will generate a constant torque, and the
pulsation torque will be generated with other harmonics non-framed. In the case of the
five-phase machine, a secondary two-phase fictitious machine can also contribute to the
output torque, with the injection of the third harmonic of current.

Table 7. Harmonic distribution related to different fictitious machines [36].

No. of Phase Current Harmonic Injection EMF Harmonic
3 h =1 (Primary machine) i, 57,11,13,... ,3k+1
h =3 (Homopolar machine) 3,9,15,21,27,...,3k
h =1 (Primary machine) i, 9,11,19,21,...,5k+1
5 h =3 (Secondary machine) ﬁ, 7,13,17,23,...,5k+3
h =5 (Homopolar Machine) 5,15, 25,35,45,...,5k
h =1 (Primary machine) i, 13,15,27,29,...,7k+1
7 h = 3 (Secondary machine) ﬁ, 11,17,25,31,... ,7k+3
i =5 (Third machine) B,9,19,23,33,...,7k+5
h =7 (Homopolar Machine) 7,21,35,49,...,7k

U Framed: generated a constant torque; non-framed: pulsation torque.
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The output torque of the n-phase machine is the sum of torques of fictitious machines,
similar to the fictitious machines that are coupled together in a mechanical way. For
example, for a five-phase machine, the output torque can be expressed in (8) during the
injection of both the fundamental and third harmonic of current. In the case of seven-phase
machines, the fifth harmonic can also be used to enforce output torque. However, the fifth
harmonic of emf is often tiny, and it is thus not considered.

Te = p(@ariqn — @qiia) +3p(Qazigs — g3ias) (8)

where p is the number of pole-pairs; 41,3, ¢41/3 are the d- and g- axis flux; iy /3, i51/3 are
the d- and g- axis current, respectively.

The output torque of the four machines are evaluated for the control strategy whose
objective is to find the maximum torque under voltage and current limits. An optimization
problem is formulated for the control strategy as follows:

m;ax(Te)
st max(uy, uy,..., uy) < Upc/2andn = {3, 5, or 7}] < 5A/mm? )
with X = [Il/ 1/)1/ 13/ 1P3]

where I /3, 11 /3 are the amplitude and phase of the injected currents; u;, i =1, ... ,nis the
phase voltage; Upc is the voltage of DC bus; ] is the current density and should be less than
5A/mm?.

In this case, only one harmonic of current is injected with the three-phase IPM machine
and two harmonics of currents, i.e., the first or the third harmonic are injected simultane-
ously with other multiphase machines. The rms values of current are respected to be the
same with all the cases. The torque optimization problem is solved by using the fmincon
function, a non-linear programming solver to find the minimum (or maximum) of a con-
strained non-linear multivariable function in MATLAB. The torque-speed characteristics
are obtained and shown in Figure 11. It can be shown that the seven-phase HFM machine
can develop the highest value of torque. The three-phase IPM machine is characterized
by the largest operational speed range. For the three-phase IPM machine, the reluctance
torque due to the salient-pole effect helps enlarge the operational speed range.

———3-phase IPM |
———5-phase SPM
7-phase AFM

—~~ ———7-phase HFM

-
o

Torque (Nm)

(9]

200 400 600 800 1000
Speed (rpm)

Figure 11. Torque-speed characteristics.

4. Performance Comparison in Degraded Mode

Multiphase machines are intrinsically more reliable than three-phase ones [37]. The
fault-tolerant capability of the proposed four machines with one phase open-circuited is
investigated. In order to ensure the same rotating magnetic field and a smooth torque,
the currents in healthy should be rearranged. Many strategies have been proposed for
fault-tolerant control, and the one proposed in [21] is employed here.
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Torque (Nm)

For all the machines, it is assumed that the phase A is open-circuited. In order to get a
smooth torque, the method for generation of current references in [23,38] is applied in this
paper. The new current reference of phase m in faulty mode I,,;¢ can be expressed as follows:

lmf = Ilsin(wt + 0 + lpl) + Igsin(S(wt + 0, + 1}73)) (10)

where 6, is constant initial phase angle of phase m. For three-phase machine, 0. = (7,

—7). For five-phase machine, 0} .4, = (%, 47”, —%”, —%). And in case of seven-phase
machine, 64,7, = (0.3735 rad, 7, 2.768 rad, —2.768 rad —5, —0.3735 rad). Figure 12

shows rearranged current vectors.

! of ] bf. ib./

Lys

(a)

(b)

Figure 12. New current references with one-phase open-circuited (a) three-phase; (b) five-phase;

(c)

(c) seven-phase.

The optimization problem in (9) is also used in this part in order to maximize the
output torque, but with the phase A current iy = 0. The problem will be solved by using
the fmincon algorithm in cases with the injection of both the fundamental and the third
harmonic currents.

Figure 13 shows the machine performances with one phase open-circuited, in which
the torque-speed characteristics of the full speed operation is presented in Figure 13a and
the torque quality at low speed is shown in Figure 13b. In the case of the one-phase open-
circuit, the three-phase machine can still operate without stopping unless the windings
are in Delta connection. The magnetic flux in the air gap is elliptical, and the torque ripple
is important and will lead to the important vibration of the system. The seven-phase
AFM machine can have a better performance in case of the torque ripple and a wide
torque-speed operation range. The seven-phase HFM machine exhibits the more interesting
performance of the output torque at low speed. Only the case with the one-phase open
circuit is investigated,. The more phase numbers, the more degree of freedom that can
be obtained, i.e., the seven-phase machine is superior to the other machines in the fault
tolerant capability.

12 T r )
——3-phase IPM 15 " w :
———>5-phase SPM ——— 3-phase IPM
107 7-phase AFM ———5-phase SPM
i o
8 — 10 v 1
£
Z
& g
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Figure 13. Torque characteristics in degraded mode of (a) torque-speed curves; (b) torques at low speed.
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5. Conclusions

Four electrical machines with different structures and phases were designed and
compared for in-wheel electrical vehicle application in this paper. It is clear that the
three-phase machine is the least interesting for fault-tolerant operation but also in health
operation because of the lower torque density. For a giving quantity of machine volume,
the seven-phase HFM machine can exhibit the best torque densities and similar behavior
with one open phase. Two types of torque density are also compared in terms of volume
and mass, and the seven-phase HFM machine is the best candidate. For the field weakening
operation, the IPM machine can achieve the highest speed operation range. Finally, the
fault-tolerant capability was investigated. With the higher number of phases, there are
more degrees of freedom for the control, and the output torque ripple is less important
than the one-phase open circuited one, and it is more interesting for the fault-tolerant
operation. Besides the purely technique aspects, generally, the complex structure will make
the machine difficult for manufacturing and maintenance. Therefore, the seven-phase HFM
machine is the most difficult for manufacturing and maintenance, and the five-phase SPM
is much easier for production and maintenance.
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