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Abstract: The traditional flux reversal permanent magnet (FRPM) machine has high torque ripple
due to the double salient-pole structure, and the effective air-gap length is increased by the permanent
magnet structure of the stator tooth surface, which affects the size of the air-gap magnetomotive force
(MME). This paper proposes an axial modular flux-reversal permanent magnet (AM-FRPM) machine
with attractive torque capabilities. Based on air-gap magnetic field modulation theory, a method to
achieve optimal air-gap harmonic torque contributions was developed. Then, the principle for high-
torque-density generation in the AM-FRPM machine under an alternating magnetization topology
was investigated using the PM magnetic field modulation and armature reaction magnetic field
modulation. In addition, the cogging torque suppression mechanism, which guides the selection of
stator-slot and rotor-pole combinations, was investigated. In addition, a comprehensive comparison
of the electromagnetic characteristics of two AM-FRPM machines and a traditional FRPM machine
was conducted. Then, the advantages and disadvantages of the three machines were analyzed.
Finally, prototypes were manufactured and tested to verify the correctness of the theoretical analysis.

Keywords: flux-reversal permanent magnet machine; axial modular; PM magnetization modes;
air-gap magnetic field modulation

1. Introduction

For electric vehicle and hybrid electric vehicle applications, high torque density and
low torque ripple in PM machines are key performance metrics [1,2]. The FRPM machine
has the advantages of a wide speed range, robust rotor structure, and reliable operation,
making it suitable for driving systems [3].

The PM mounted on the stator-tooth surface increases the equivalent air-gap length
of the FRPM machine, which affects the amplitude of the air-gap magnetomotive force,
restricting the torque capability [4,5]. Based on the topology of the FRPM machine, a
structure with internal and external double stators has been proposed [6]. The output
torque was increased by installing PMs on the outer stator and rotor, but the overload
capacity was reduced due to magnetic saturation. Similarly, the authors of [7] embedded
the PMs in the stator slots of an FRPM machine, which helped improve the torque density.
However, high magnetic loads caused significant core losses and reduced the efficiency [7].
An asymmetric stator-pole FRPM machine was proposed in [8] that could reduce the
interpolar flux leakage and improve the torque capability. In addition, an FRPM machine
with toroidal windings, resulting in higher torque and better efficiency than its counterpart
with concentrated windings due to the high winding factors, has been proposed [4].

FRPM machines exhibit high cogging torque and torque ripple because of the salient-
pole rotor structure [9]. The use of a groove structure for the stator teeth can effectively
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suppress the cogging torque. However, this method increases the saturation of the stator
teeth and limits the overload capability [10]. A structure with pairwise distribution of
large and small teeth has been proposed. As the difference in space between the large
and small teeth is 180°, the cogging torques generated by the large and small teeth have
the opposite phase. Thus, the cogging torque can be reduced by matching different tooth
widths. However, this method only applies to pole rotors [11]. The cogging torque can also
be reduced by using unconventional structures, such as rotor asymmetry [12], asymmetric
magnets [13], double stators [14], and tooth shaping [15,16]. However, these methods lead
to the introduction of harmonics and reduce efficiency. For PM machines with a salient-pole
rotor structure, the operation principle can be explained using the theory of magnetic
field modulation [17,18]. The principle and the conditions necessary for generating a back
electromotive force in the FSPM machine can thereby be obtained and the requirements
for the generation of stable electromagnetic torque determined [19,20]. Therefore, it is
worth investigating the reduction of cogging torque from the perspective of magnetic field
modulation theory, but there are few studies in this area [21].

To further improve the torque density of FRPM machines and suppress torque ripple,
this paper proposes an axial modular flux-reversal permanent magnet (AM-FRPM) machine
based on the flux modulation principle. In Section 2, two different magnetization modes for
AM-FRPM machines are introduced: axial modular alternant (AMA) magnetization and ax-
ial modular consequent (AMC) magnetization. In Section 3, the principle for achieving high
torque performance in AMA-FRPM machines is investigated based on air-gap magnetic
field modulation theory. In addition, the cogging torque suppression mechanism, which
guides the selection of stator-slot and rotor-pole combinations, is analyzed. In Section 4, to
investigate the advantages and disadvantages of AM-FRPM machines, a comprehensive
comparison of the electromagnetic characteristics of two AM-FRPM machines and conven-
tional FRPM machines is described. Finally, prototypes were manufactured and tested to
verify the correctness of the theoretical analysis.

2. AM-FRPM Machine Topology

The topology of the AM-FRPM machine comprises two modular units with the same
front and rear structures, as shown in Figure 1. The stator consists of two axially distributed
stator module elements with the same structure, and a magnetic separation ring is em-
bedded between the two modular units at the front and back of the stator to reduce the
axial magnetic leakage of the AM-FRPM machine. The topology of the AM-FRPM machine
module unit is similar to the conventional FRPM machine structure, as shown in Figure 2.
The toroidal armature winding is wound in the stator yoke, which is composed of two
modular units to improve the machine winding factor and the machine torque density. The
two PMs of the stator teeth of the two modular units at the same position have opposite
magnetization directions. An air gap is created between the two permanent magnets under
the surface of the tooth of the same stator module to suppress torque ripple. The difference
between the spatial positions of the rotor teeth of the front and rear rotor modules is 7t/ P;
(where P, is the number of rotor teeth; P, = 8 in this paper), which is used to eliminate
even harmonics in the permanent magnet flux, improve the sinusoidal characteristics of
the no-load permanent magnet flux waveform, and reduce torque ripple.

Front module Rear module
unit

Windings

Non-magnetic
ring

Figure 1. Topology of AM-FRPM machine.
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Figure 2. Axial modular structures of AM-FRPM machines. (a) AMA-FRPM topology. (b) AMC-
FRPM topology.

In accordance with their different magnetization modes, AM-FRPM machines are
divided into AMA-FRPM machines and AMC-FRPM machines, as shown in Figure 2. In
the AMA-FRPM machine, the PMs under the same stator teeth in each stator module are
magnetized in opposite directions, and the PMs located on both sides of the stator slots
are magnetized in the same direction. In each stator module of the AMC-FRPM machine,
the magnetization directions of the PMs on the same stator teeth are opposed, and those of
the PMs on both sides of the stator slots are also opposed. The PM magnetization modes
mentioned above are radial magnetization modes.

3. Operation Principle for AM-FRPM Machines

In AM-FRPM machines using the AMA and AMC magnetization methods, the salient
rotor modulates the PM magnetic field and armature reaction magnetic field. The machines
then have different harmonic distributions. This section investigates the operation principle
for AM-FRPM machines with the two magnetization methods based on air-gap magnetic
field modulation theory.

3.1. PM Field Modulation

The harmonic distributions of the PM field in AM-FRPM machines can be analyzed
with the magnetomotive force (MMF) permeance model, where the PM-MMF is assumed
to be a rectangular wave, as shown in Figure 3, and the permeability of the iron core is
infinite. The PM-MMEF Fpy values for the front and rear modules are identical.

Fpai(0) = £ Fop-aman sin(nPsf/2), 1)
n=1

where P; is the number of stator slots, and Fppapax is the PM-MMEF coefficient.

8FpyM-ama . Nt . nPsOppama nbs /1
Fpm-aman = —— —= sin —-sin Sf cos Ts (g — Ps-ama — QPM-AMA) p ()

where B;.ama is the half-slot width between the PMs of the AMA-FRPM machine, and
0s-ama and Oppyrama are the stator-slot and PM widths, respectively. Fpprama is the
PM-MMF amplitude.

PMs Stator core
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( ________ > F [’MVAM/I F E
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Figure 3. PM-MMF model of AMA-FRPM machine.
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Equation (1) shows that the PM-MMF mainly includes harmonics with orders of nPs/2
(n=1,3,5...). Itis worth noting that the harmonic amplitude of the PM-MMEF increases
first and then decreases with the increase in the order of the harmonics, and Equation (2)
indicates that the magnitudes of the third and ninth harmonics are the highest. Figure 4
shows the PM-MMEF harmonic distribution obtained using finite element analysis (FEA),
which verifies the results of the previous analysis.

—_ 1.0+ NI AMA-FRPM

3 08l : £ AMC-FRPM

S

rr, 0.6 /
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S 0.2 o , %

mo,o. ‘ﬂ,wﬂ,l‘ﬂﬂ.f,
3 6 9 121518 21 24 27 30 33 36 39

Harmonic order

Figure 4. PM-MMF harmonic distribution for AM-FRPM machines.

The rotor permeance model for the front and rear module units is shown in Figure 5,
where 6,1 404 is the rotor tooth width, and A, and A, are the air-gap permeances of the
rotor teeth and rotor slots, respectively. The front modular unit rotor permeance A¢apa
and rear modular unit rotor permeance A, 4p14 are expressed as:

Afama(0,8) = Aoama + Y Ak-anma coskPr (6 + wrt + 6p), 3)
k=1
ad T
Ar-ama(6,t) = Ag-ama + Y M-ama cos kP(6 + wyt + 6 + §)’ 4)
k=1

where Ap.apma and Agapa are the Fourier coefficients of the rotor air-gap permeance, w; is
the rotor angular velocity, and 6 is the initial position of the rotor. Therefore, the no-load
PM air-gap flux density of the front and rear module units of the AMA-FRPM machine can
be obtained. .
Bama(6,t) = + Y Ao-amaFpm-aman sin(nPs0/2)
n=
4 OZOL of: AeamaFom-aman @)
n=1k=1 2
sin[(nPs/2 £ kP, )0 £+ kP, (wit + 6p)]

I}otor slot Rotor teeth

ﬂ” . /1 2.71'/ P :49,-[7/1'\4/1

J ------- | <\> </> s I_

: | : : : | :
—27[/ Pr 0 O-ama 27[/ Pr @

Figure 5. Permeance model for AMA-FRPM machine rotor teeth.

The harmonic distribution of the air-gap flux density can be obtained from Equation (5).
The main harmonic orders are |nP;/2 £+ kP,| (n=1,3,5...,k=0,1,2...). It can be seen
that the harmonics with orders of nPs/2 are mainly generated by the PM-MMF, and the
harmonics with orders of |11nP;/2 £ kP, | are produced by the field modulation effect of
the salient rotor teeth. In addition, the amplitudes of the third (0.43T) and ninth (0.54T)
harmonics are the largest (nPs/2, n = 1, 3), which further affects the contribution of the
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harmonic torque. Figure 6 shows the PM flux density harmonic distributions for the front
and rear module units, verifying the analytical results for the PM field modulation in
AMA-FRPM machines.

™ 0.6 7772 Front module unit
‘%’, 0.5 [ Rear module unit
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Figure 6. PM flux density harmonic distribution for AMA-FRPM machine.

The PM-MMF of the two modules in the AMC-FRPM machine can be expressed as:

Fpam(0) = £ Fom-amcy sin(nPsb), (6)

n=1

where Fppr.amcn is the harmonic coefficient of the PM-MMEF in the AMC-FRPM machine,
which is defined as:

2Fpp nPsB,. .
Fpm-amcn = 7131:7?”[(: {COS<Sﬁ;AMC) — cos |:7’1Ps ('Bs ‘;MC + GPM—AMC):| } @)

According to Equation (6), the harmonics of the PM-MMF in the AMC-FRPM machine
mainly include orders of nPs (n =1, 2 ... ). Moreover, it can be seen from Equation (7)
that the harmonic amplitude of the PM-MMF gradually decreases with the increase in the
harmonic order. Thus, the amplitude of the sixth harmonic is the highest. The results are
consistent with the FEA results shown in Figure 4. Furthermore, the trend for the variation
in the PM-MMF harmonics in AMC-FRPM machines is different from that for AMA-FRPM
machines, which affects the harmonic torque contributions of the two machines.

The magnetic permeance model for the salient-pole rotor of the AMC-FRPM machine
is the same as that for the AMA-FRPM machine. Therefore, the PM air-gap flux densities of
the front and rear module units can be expressed as:

o0
Bamc(6,t) = + ¥ Ao-amcFpm-amcn sin(nPs6)

n=1

+ OZO; E AamcFpm-amcn 8)
n=1k=1 2

sin[(nPs £ kP, )0 £ kP, (w,t + 6)]

The prominent harmonic orders in the AMC-FRPM machine are |nPs £ kP, |, (n=1,2
..., k=0,1,2...). The harmonics with orders of nPs are mainly generated by the PM-MME,
and those with orders of |nPs &= kPr| are generated by the modulated field resulting from
the salient-pole rotor. It can be seen from Figure 7 that the analytical results agree well with
the FEA harmonic distributions. In addition, the 2nd, 6th, 12th, and 14th harmonics of the
air-gap flux density in AMC-FRPM machines are the main components, and the harmonics
of the 6th order have the largest amplitude (1nPs, n = 1) at 0.65T. Therefore, the AMC-FRPM
machine and AMA-FRPM machine exhibit different harmonic distributions for the PM
flux density.
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Figure 7. PM air-gap flux density and harmonic distribution for AMC-FRPM machine.

For the PM-MMF analysis, the geometric parameters of AM-FRPM machines with differ-
ent magnetization methods are considered to be the same. Thus, the PM-MMF amplitudes
Fppm-ama and Fppr-amc are identical. According to Equations (5) and (8), the amplitude of the
ninth harmonic in the AMA-FRPM machine is 0.85 times that of the sixth harmonic in the
AMC-FRPM machine, which is verified by the FEA shown in Figures 6 and 7.

3.2. Cogging Torque

The cogging torque T¢oe of AM-FRPM machines can be expressed using Equation (9) [22],
where y is the permeability and V is the air-gap volume:

Tcog(“) = _%(ﬁfBé(er“)dV)
T o

(2= [ Fp(0)A%(8,2)dV) ©)

The cogging torques of the front and rear modular units can be expressed using
Equations (10) and (11), respectively, when Equation (12) is satisfied:

(D% — D%, Py &

Toogf = e Y " kFppmAgsin[kPy (wrt 4 69)], (10)
Ho k=1
D2 — D2 nl, P, &
Toogr = (D5 T o) Thals Y kFppmnAg sin[kPy(wrt + 6p) + k7], (11)
Ho k=1
_ JLCM(P, Fr)
k= T— (12)

where LCM(Ps,P,) is the lowest common multiple of Ps and P,. Dy is the inner diame-
ter of the stator, D,, is the outer diameter of the rotor, and n = kP,/Ps in the PM-MMF
coefficient Fpyyy,.

According to Equations (10) and (11), the cogging torques of the front and rear module
units are opposite when k is an odd number. The harmonics with odd orders in the
cogging torque are then canceled. The P;/P, combinations for AM-FRPM machines with
cogging torque harmonic suppression are listed in Table 1. For 6s/8p AM-FRPM machines,
the prominent harmonics of the cogging torque are the multiples of three and the odd
harmonics cancel each other, as shown in Figures 8 and 9. In addition, the cogging torques
of AMA-FRPM and AMC-FRPM machines are 1.2 Nm and half that of the single-module
machine. Therefore, the 6s/8p AM-FRPM machines with a modular structure have lower
cogging torque.

Table 1. Combinations of AM-FRPM machines.

P, P, K
6 8,10, 14, 16 3
8,16 3]

12 10,14 6i
6 3]

18 /

8,10,12, 14,16 9j
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Figure 8. Cogging torques of the AMA-FRPM machine and a single module. (a) Cogging torque
waveforms. (b) Harmonic distributions.
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Figure 9. Cogging torques of the AMC-FRPM machine and a single module. (a) Cogging torque
waveforms. (b) Harmonic distributions.

3.3. Modulation Principle for Armature Reaction Magnetic Field in AM-FRPM Machines

AM-FRPM machines utilizing AMA and AMC methods employ toroidal armature
windings, as shown in Figure 1. The armature reaction MMF distributions are different
from those of FRPM machines with concentrated windings. Thus, the armature reaction
air-gap MMF Fy o4 for the AMA-FRPM machine can be analyzed using the armature
reaction magnetic circuit, as shown in Figure 10. Here, Fiy.apma a1 and Fyy.ama g1 are the
armature reaction MMFs, ¢, is the armature reaction flux linkage, and Aggy is the air-gap
magnetic permeability. Equation (13) is the armature reaction MMF equation for the AMA-
FRPM machine. The armature reaction air-gap MMF distribution can thus be obtained, as
shown in Figure 11.

Fw-ama-a1 = ZAgaplljal - Agaplpuz + Aguplpu3
Fw-ama-B1 = _Agaplpal + ZAgaplPHZ - AgaplpaS 7 (13)
Fw-ama-c1 = Agapwul - Agup‘l’uz + 2Agap1pa3

Fywama m

F W-AMA_A1

A gap

Fyama c1

F”'.,[ MA A2
AMA A2 Fwama 2

Fyam 2

Figure 10. Armature reaction magnetic circuit model for AMA-FRPM machine.
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Figure 11. Armature reaction MMF model for AMA-FRPM machine.

Then, the armature reaction MMF Fye anma(6, t) for the two modular units can
be obtained:

6Nsc1max ZFWAMAZCOSq)l/ (1'237’—2,7’:1,2/3“-)
z=1
Fwg-ama(0,t) = ERschmax Z Fw-amaicosgp, (i=3r—1r=123...) (14
i=1

0, (i=3rr=1,23...)

where @1 = @.t+i0 — 7/3 and @2 = @.t — i0 — 71/3. Fyy.apmai is the armature reaction MMF
coefficient, which can be expressed as:

(sm 5 sin 195t)

Fw-amai = ————, (15)
where N, is the number of conductors per slot and 8 is half the stator-tooth width. It can
be seen from Equation (14) that the harmonic orders of the armature reaction MMF can be
expressed as the ith orders, where i is an odd number and does not include harmonics of
multiples of three. The harmonic distribution of the armature reaction MMF for 6s5/8p AMA-
FRPM machines determined with FEA mainly the includes 1st, 5th, and 11th harmonics, as
shown in Figure 12.

) AMA-FRPM
AMC-FRPM

g0.0 ‘,,:ﬂflvﬂﬁﬂnﬂf M o m
é 3 6 9 121518 21 24 27 30 33 36 39
= Harmonic order

Figure 12. Armature reaction MMF harmonic distribution for AM-FRPM machines.

Wheni=3r -2 (r=1,2,3...), the armature reactive air-gap flux density for the
AMA-FRPM machine can be obtained as:

Bama(0,t) = sclmac o e Zl Fy-anmaicos (wet +i6 — 5 )

= , (16)

Lo 21 kZ Me-amcFw-amai(cosaapia + cos Bama)
iZ1K=1
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xapma and Bapa can be expressed using Equation (17), where d = 0 for the front module
unit and d=1 for the rear module unit:

{"‘AMA = (kPy 4+ 1)0 + (k + 1) Pyt + kP (6p + dF ) —

Vi
3
Bania = (kPy — )0+ (k — 1)Prcoyt + kP, (6 +d ) + 1 17)

Wheni=3r-1(r=1,2,3...), the expression for the air-gap flux density Bap4(0,t) is:

Bama(,t) = Rclmapy 4y 21 Fw-amaicos (wet —i6 — 5)
i= (18)
3Nsclmax 21 Zl Ak AMCFW AMAZ(COS XAMA + cos ﬁAMA)

xapma and Bapa can be expressed using Equation (19), where d = 0 for the front module
unit and d = 1 for the rear module unit:

{ocAMA— (kP —1)0 + (k — 1) Pyt + kP (6p + dF) — & (19)
Bama = (kPr +1)0 + (k+1)Prwrt + kP (00 +dE) + 5’

According to Equations (16) and (18), the main harmonic order for the armature
reaction air-gap flux density is kP, £ il (i=1,57...,k=0,1,2... ), and all are
odd harmonics. The ith harmonic is directly generated by the armature reaction MMF,
while the harmonics with orders of | kP, & il are mainly generated by the salient rotor
modulation. Figure 13 shows the air-gap flux density harmonic distributions for the
armature magnetic fields of the front and rear module units of the AMA-FRPM machine,
verifying the correctness of the armature magnetic field modulation analytical results.
It can be seen from Equations (16) and (18) that the amplitudes of the third and ninth
harmonics are 3NscLuaxAr-amcFw-amai/7t. Therefore, the amplitude of the ninth harmonic
of the air-gap flux density is greater than that of the third harmonic, which is consistent
with the FEA results shown in Figure 13. Hence, the ninth harmonic contributes a greater
harmonic component to the electromagnetic torque.

6 0.6 Front module unit
—§ 0.51 (] Rear module unit

2044

gosf

S0.2¢

E0.0/ m ol F IHH moo B W o o L

§ 5 10 15 20 25 30 35 40
Harmonic order

Figure 13. Armature reaction air-gap flux density harmonic distributions for AMA-FRPM machine.

For the AMC-FRPM machine, the armature reaction air-gap MMF distribution
Fwg-amc(b, t) can be expressed using Equation (20):

sz‘fImaX Y. Fwamcicosgs, (i=3r—2,r=1,2,3...)
i=1
FWS'AMC(G’ t) = %Zl Fw.amcicos@y, (i=3r—1,r=1,2,3...) (20)
=

0, (i=3rr=1,23...)

where @3 = wet + 10 — /3, ¢4 = wet — i) — n/3. Fyyapmci is the armature reaction MMF

coefficient:
cos T sin ifs

Fw-amci = — (21)
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According to Equation (20), the main harmonic order of the armature reaction MMF is
the ith order, where i is an even number and does not include harmonics of multiples of
three. The harmonic distribution of the armature reaction MMF is shown in Figure 12.

Wheni=3r—-2(r=1,2,3...), Bapc(0,t) can be expressed as:

Bamc(6,1) = 2¥3Nechmax A 1y 5 Fyy gpscicos (wet + 6 — 3)
N i=1 , (22)
+ Nsc max Z kzl /\k AMCFW AMCZ(COS XAMC —+ cos ,BAMC)

The parameters a 4p1c and Banmc can be expressed using Equation (23), where d=0 for
the front module unit and d = 1 for the rear module unit:

wapc = (kPr+1)0 + (k+1)Prw,t + kP (6 +d5) — 5 23)
Bamc = (kP —i)0 + (k — 1) Prw,t + kP (60 +dF) + §~
Wheni=3r—-1(r=1,2,3... ), Bapmc(8,t) can be expressed as:
Bamc(0,t) = sz“Im“)\ 0-AMC Z Fw-amci cos (wet —i0 — %)
J =1 , (24)
-+ ¥3Nsclmax ; 1;1 AM-amcFw-amci(cos aapc + cos Bamc)

aapc and Bapic can be obtained using Equation (25), where d=0 for the front module
unit and d = 1 for the rear module unit.

{“AMC = (kPr — 1)9 + (k — 1)P,w,t + kP, (90 + d%) — 7%
3

Bamc = (kPr + )0 + (k+ 1) Pyt + kP (g +d %) + & (25)

According to Equations (22) and (24), the main harmonic numbers for the armature
reaction air-gap flux density are | kP, £1il,(i=2,4,8... ,k=0,1,2... ), which are even. The
ith harmonic (excluding multiples of three) is directly generated by the armature reaction
MME, while the rotor salient-pole modulation mainly generates the kP, £ i| harmonic.
Figure 14 shows the air-gap flux density harmonic distributions for the armature magnetic
fields of the front and rear module units of the AMC-FRPM machine. The correctness of
the armature reaction magnetic field modulation analytical results is verified.

E 0.30 . V) Front module unit
g 0.25 ;E Y Rear module unit
£ 0201

0151 i B

S 0.104 & A

2 o

S oo LA . ‘
EOOO SN N G = B N N A e — P

< 5 10 15 20 25 30 35 40

Harmonic order

Figure 14. Armature reaction air-gap flux density harmonic distributions for AMC-FRPM machine.

According to Equations (16) and (22), the harmonic amplitudes of the armature reaction
air-gap flux densities of AMA-FRPM and AMC-FRPM machines are 3NscljuaxFw-anai/m
and \ﬁNscImaxFW_ AMmci/Tt, respectively. According to Equations (14) and (20), the MMF
fundamental harmonic amplitude for the AMA-FRPM machine Fyy.ap147 is 1.85 times that
of the second harmonic for the AMC-FRPM machine Fy.sapc2. Then, the amplitude of
the ninth harmonic (1kP; +il, i =1, k = 1) of the air-gap flux density of the AMA-FRPM
machine is 1.85 times that of the sixth harmonic (1 kP, — il,i =2, k = 1) of the AMC-FRPM
machine, which is consistent with the FEA results. Therefore, based on the analytical results
for the PM and armature reaction magnetic fields, the torque contribution of the sixth
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harmonic of the air-gap flux density from the AMC-FRPM machine is smaller than that of
the ninth harmonic from the AMA-FRPM machine.

3.4. Electromagnetic Torque

The torque production mechanism in AM-FRPM machines using the AMA and AMC
methods can be determined based on magnetic loading By, and electric loading Ky, [23].
The harmonic contributions to the torque of the two AM-FRPM machines are shown in
Figure 15. It can be seen that the ninth harmonic in the AMA-FRPM machine generates
82% of the total torque. The sixth harmonic in the AMC-FRPM machine is the main
harmonic contributing to the torque, accounting for 63% of the total torque. Therefore, the
torque output capability of AM-FRPM machines can be analyzed according to the torque
component generated by the fundamental harmonic from the air-gap magnetic field. It is
worth noting that the output torque generated by the sixth (1P, (n = 1)) harmonic in the
AMC-FRPM machine is 6.8 Nm, which is only 52% of the torque component of the ninth
(nPs/2, (n = 3)) harmonic of the AMA-FRPM machine. Therefore, the AMA-FRPM machine
can effectively use the ninth (nPs/2, (n = 3)) harmonic with a higher amplitude in the PM
magnetic field and armature reaction magnetic field to generate higher output torque.

AIS- AMA-FRPM
%12- AMC-FRPM
29
jon
g o
=
&3
SO'E'EEUE' EE — - —= . . —
376 9 12 15 18 21 24 27 30 33 36 39
_3.

Harmonic order
Figure 15. Contributions of the air-gap harmonics to the torque in the two AM-FRPM machines.

4. Electromagnetic Characteristics Analysis

In this section, the electromagnetic characteristics of two types of AM-FRPM machines
and a traditional FRPM machine are compared. To objectively and fairly analyze the
advantages and disadvantages of the proposed AM-FRPM machines, the stator outer
diameter, axial length, air-gap length, and other parameters of the three machines, as well
as the materials used in each part, were kept consistent, as shown in Table 2. The rated
current density, rated speed, and DC bus voltage of the three machines were J5; = 5A/mm?,
n =1500 r/min, and Uy, = 400 V, respectively.

Table 2. The parameters of three FRPM machines.

Parameters AMA-FRPM AMC-FRPM FRPM
P,/P, 6s/8p
Speed 7 (r/min) 1500
Stator outer diameter Dy, (mm) 128
Stator inner diameter Dg; (mm) 70.4
Effective shaft length [, (mm) 75
Rotor inner diameter D,; (mm) 22
Air-gap length ¢ (mm) 0.35
Rotor pole arc 6, (deg) 20
Stator tooth width 6, (deg) 415 40.0
PM thickness hy (mm) 1.60 1.84
PM width 8y, (deg) 18.5 20.0
PM notch width Opygaep (deg) 4.5 0
PM magnetization mode NSSN NSNS NSNS
Silicon steel sheet material 50WW470
PM material N355H
Number of turns of winding 64 117 107

Wire diameter (mm) 2.01 1.53 1.01
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The FRPM machine’s back-EMF amplitude was 203.5V, as shown in Figure 16, which
was 15.3% and 45.0% higher than those of the AMC-FRPM and AMA-FRPM machines,
respectively. In addition, the harmonic content of the back-EMF of the AMC-FRPM ma-
chine was 2.1%, which was 0.3% and 3.4% lower than those of the AMA-FRPM and
FRPM machines.

210 —=— AMC-FRPM

AMA-FRPM

V) AMC-FRPM
£ AMA-FRPM
FRPM

—
< B
S O

Back-EMF(V)
S

L
N
S

S = N W A~

210+
0 60 120 180 240 300 360
Rotor positio (deg)

(a) (b)

Figure 16. Back-EMFs of the three machines. (a) Back-EMF waveforms. (b) Harmonic distributions.

Harmonic amplitude ratio(%)

Figure 17a compares the cogging torques of the three machines. The cogging torques
of the AMA-FRPM and AMC-FRPM machines were approximately equal to 1.0 Nm, 38.5%
that of the FRPM machine. The reason was that the axial modular cooperation structure
effectively suppressed the cogging torque. Figure 17b shows the output torques of the three
machines with rated current density. The output torque of the AMA-FRPM machine was
13.83 Nm, 1.3 times and 2.0 times those of the AMC-FRPM and FRPM machines. The torque
ripple of the AMA-FRPM machine was 8%, which was 3% and 26.6% lower than those of
the AMC-FRPM machine and FRPM machine. Figure 18 shows the overload capacities
of the three machines. It can be seen that the overload capacities of the FRPM machine
and AMC-FRPM machine were better than that of the AMA-FRPM machine. It can be
seen from Figure 19 that this was because the magnetic field of the stator teeth and yoke
in the AMA-FRPM machine was seriously saturated. However, the output torque of the
AMA-FRPM machine was the highest among the three machines at J;; < 7.5 A/mm?. In
addition, the efficiency of the AMC-FRPM machine was 89.3%, which was 0.4% and 1.9%
higher than the efficiencies of the AMA-FRPM machine and FRPM machine.

g -

= —=— AMC-FRPM 1=~ AMC-FRPM = AMA-FRPM
Z 1.6 ~— AMA-FRPM @}Z o FRPM
g‘ ) g 12-

g 0.0 glOM%ﬂj
50 =Y .

& 1.6 Y 5 \ 2 6%MM¢%
-1.6—— ‘ ‘ ‘ : . = . ‘ . ‘ - ‘
8 0 60 120 180 240 300 360 O 0 60 120 180240 300 360

Roror position (deg) Rotor position (deg)

(a) (b)

Figure 17. Torque performances of the three machines. (a) Cogging torque. (b) Output torque.
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Figure 18. Output torques with different current densities for the three machines.

B [tesla] B [tesla]

36825

34370| 1.

3.1916
29461
2.7006

2.4551
22096

1.9641
l 1.7187
14732
12217

0.9822
0.7367

37170
3.4692
32214
29736
27258

24780
22302

1.9825
I|7347
1.4869
12391

09913
0.7435

0.4912

0.4958
0.2458

0.0003

02480
0.0002

(a) (b)
Figure 19. Flux density distributions for AM-FRPM machines. (a) AMA-FRPM. (b) AMC-FRPM.

The electromagnetic properties of the AMA-FRPM machine, AMC-FRPM machine,
and FRPM machine are shown in Table 3.

Table 3. Comparison of electromagnetic characteristics of AM-FRPM and FRPM machines.

Parameters AMA-FRPM AMC-FRPM FRPM
Cogging torque Tcoq (Nm) 1.20 1.12 2.6
Torque T, (Nm) 13.83 10.60 7.00
Torque ripple Ty, (%) 8.00 11.00 34.60
PM utilization ratio Kt /ypy; (Nm/L) 874.2 670.0 340.0
Torque density Kty (Nm/L) 14.33 10.98 7.22
Power Pyt (W) 2420.4 1671.2 1095.0
PM eddy current loss Ppy; (W) 29.72 28.00 43.00
Core loss P, (W) 76.77 38.50 20.00
Copper loss Pc,, (W) 147.02 133.0 94.00
Efficient 7 (%) 89.83 89.30 87.40

To evaluate the performance and disadvantages of the proposed machine in electric
vehicle and hybrid electric vehicle applications, a comprehensive comparison of the AMA-
FRPM machine and the Toyota Prius 2010 IPM machine was conducted. To ensure a fair
comparison, the stator outer diameter (D, = 264 mm), axial length (/; = 50.16 mm), air-gap
(¢ =0.73 mm), rated speed (1 = 2770 r/min), current density (Js; = 10.2 A/ mm?), and other
parameters of the two machines were kept consistent.

Figure 20a shows a comparison of the cogging torques of the two machines. The
cogging torque of the AMA-FRPM machine was 0.34 Nm, 11.5% that of the Prius IPM
machine. Figure 20b shows the output torques of the two machines at 10.2 A/mm?. It
can be seen that the output torque of the AMA-FRPM machine was 116.07Nm, which was
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24.78% greater than that of the Prius IPM machine. In addition, the torque ripple of the
AMA-FRPM machine was 3.1%, which was 8.79% lower than that of the Prius IPM machine.
Therefore, the AMA-FRPM machine had a better torque output capacity and lower torque
ripple, making it suitable for electric vehicle drive systems.

2 3 —=— AMA-FRPM _130; o ANAFRPM

Z 2 4 Prius él 201 o Pgus 7

T & o PR e g

=, 14 \

& .

2 o

2 |

80

8 -2 ‘ ! ! ! I , 80 w " . w " .
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Rotor position (deg) Rotor position (deg)

(a) (b)

Figure 20. Torque performances of AMA-FRPM and Prius machines. (a) Cogging torque. (b) Output
torque.

5. Experiment Validation

To verify the previous analysis, FRPM machine and AM-FRPM machine prototypes
were manufactured and tested, as shown in Figure 21. The specific structural parameters
are shown in Table 2.

Stator of rear AMA-FRPM -
modular part machine :Ef-‘l.« Osciloscom ﬂ m

Rotor of rear

S @7 = modular part Shaft
—

‘ e windings 3
modular part \ 2 ' ﬁ modular part
(a) (b)

Figure 21. Prototypes and experiment platform. (a) Prototype machines. (b) Experiment platform.

Torque transducer

Prototype

The tested back-EMFs of the AM-FRPM and FRPM machines are shown in Figure 22.
The experimental waveforms of the three prototypes almost coincided with the simulation
waveforms. The back-EMF amplitude of the AMC-FRPM machine was 174 V, which was
5 V lower than the simulated analysis. Moreover, it can be seen from the harmonic analysis
that the harmonic content of the tested back-EMF was 3.3%, which was 1.1% larger than the
FEA result. In addition, the measured back-EMF amplitude of the AMA-FRPM machine
was 128 V, 12 V lower than the simulated analysis. In addition, its harmonic content was
2.3%, which was 0.1% lower than the FEA result. The simulated and experimental values
for the back-EMF fundamental wave amplitudes of the two FRPM machines were both
200 V. The harmonic content of the measured back-EMF was 3.1%, which was 1% greater
than the FEA result.
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Figure 22. Back-EMF waveforms for the two types of machines. (a,b) AMC-FRPM machine. (c,d)
AMA-FRPM machine. (e,f) FRPM machine.
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The output torques for the two machines with different current densities are shown in
Figure 23. It can be seen that the simulated and the measured values had good consistency.
At the rated current density of 5 A/mm?, the measured output torque of the AMC-FRPM
machine was 9.5 Nm, which was 0.66 Nm lower than the 3D FEA result. Moreover, the
output torque of the FRPM machine measured at the same current density was 6.6 Nm,
which was 0.1 Nm lower than the 3D FEA result. Through the experimental analysis, the
correctness of the previous research was verified.

_ 3l =— 3D-FEA ‘218 & 3D-FEA A
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e e 56
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Figure 23. Output torque for two machines with different current densities. (a) AMC-FRPM. (b) FRPM.
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6. Conclusions

In this paper, a novel type of AM-FRPM machine was proposed. Based on air-gap mag-
netic field modulation theory, the optimal harmonic coordination method was proposed,
and the principle for the suppression of the cogging torque in the AM-FRPM machine
was expounded. The experiment verified that the AM-FRPM machine has the advantages
of high output torque and low torque ripple, which makes it an attractive candidate for
electric vehicle (EV) and hybrid electric vehicle (HEV) applications. The conclusions are
summarized as follows.

(1) The electromagnetic torque of the AMC-FRPM machine is mainly generated by the
fundamental harmonic of the PM-MMF (nPs, (n = 1)), while the torque of the AMA-
FRPM machine is mainly generated by the third harmonic of the PM-MMEF (nPs/2
(n=3));

(2) With regard to the armature reaction air-gap flux density, the amplitude of the ninth
(nPs/2 (n =3)) harmonic in the AMA-FRPM machine is 1.85 times that of the sixth (nPs,
(n =1)) harmonic in the AMC-FRPM machine. Moreover, the corresponding difference
in the harmonic amplitudes between the PM magnetic fields of the two machines is
only 15%. The ninth harmonic of the AMA-FRPM machine generates higher output
torque, 1.92 times that of the sixth harmonic of the AMC-FRPM machine, with a better
harmonic utilization rate;

(3) Due to the toroidal winding and axial module structure, the AM-FRPM machines
have the advantages of higher output torque and lower torque ripple compared to
FRPM machines. The AMA-FRPM machine has the highest torque output capacity,
and the AMC-FRPM machine has a stronger overload capacity;

(4) By analyzing the cogging torque suppression mechanism, it was found that the
AM-FRPM machines can cancel the odd-harmonic component of the cogging torque
through the combination of module units, providing guidance for the selection of
stator-slot and rotor-pole combinations;

(5) Compared to the Prius IPM machine, the AMA-FRPM machine has a better torque
output capacity at J5, < 13 A/mm?. Therefore, the AM-FRPM machine holds promise
for application in EVs and HEVs.
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