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Performance Analysis and Comparison for Two
Topologies of Flux-Switching Permanent
Magnet Machine

Xu Zhang, Wei Zhang, Member, IEEE, Xingyan Liang and Ping Lu

Abstract—Flux-switching permanent magnet (FSPM)
machine is a kind of stator-typed permanent magnet
machine, which is suitable for driving electric vehicles and
hybrid electric vehicles because of their large power/torque
density and high efficiency. The axial field flux-switching
permanent magnet machine (AFFSPMM) and radial field
flux-switching permanent magnet machine (RFFSPMM)
with H-typed iron cores are reached and compared in this
paper. On the condition of the same outer diameters and
total volumes, the electromagnetic performances of the two
machines are analyzed and compared by the
three-dimensional finite element method, including the air
gap flux density, inductance, back electromotive force
(EMF), electromagnetic torque and loss. The finite element
results show that the copper loss of AFFSPMM is higher
than that of RFFSPMM at the rated load, however, the
total loss of AFFSPMM is lower than that of the
RFFSPMM. Meanwhile, AFFSPMM has greater torque
than RFFSPMM in the constant power range. The related
experiments are done to validate the finite element results,
which are basically consistent with experiment results.

Index Terms—Flux-switching permanent magnet machine,
finite element method, electromagnetic characteristics, torque,
loss.

[. INTRODUCTION

NERGY and environmental issues have become two major

factors that constraint the development of automobiles. The
development of new energy vehicles can solve the problem [1].
As we all known, driving motors is one of the crucial
components in vehicles. At present, the main driving motors
include induction motors, permanent magnet motors and
switched reluctance motors [2]. In order to meet the
requirements of large torque density, wide speed range, and
good fault tolerance of driving motors in the application of new
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energy vehicles [3]-[4], different topologies of driving
machines are researched and developed. Among them,
flux-switching permanent magnet (FSPM) machine is a double
salient machine which exhibits the advantages of large output
torque, high efficiency and good fault tolerant capability [5], so
it has become a hot research direction in recent years. The
FSPM machine is mainly divided into radial field
flux-switching permanent magnet machine (RFFSPMM) and
axial field flux-switching permanent magnet machine
(AFFSPMM).

E. Hoang firstly proposed the concept of flux-switching in
1997. In view of the problem of the large amount of permanent
magnets used in the traditional stator-typed RFFSPMM shown
in Fig. 1(a), [6] proposed a stator multi-tooth structure applied
to reduce a half of permanent magnets, as shown in Fig. 1(b).
For the reduction of overall weight of the driving motor and
easy installation, [7] proposed a modular rotor RFFSPMM in
Fig. 1(c), which removed the traditional rotor yoke. The
modular rotor FSPMM effectively provided the same torque as
that provided by the traditional RFFSPMM while reducing iron
loss.

In a stator-typed RFFSPMM, the permanent magnet is on the
stator, and therefore the magnetic saturation of the stator is
easily achieved and the space for armature winding slot is
reduced. In Fig. 1(d), an inner rotor-typed FSPMM was
proposed in [8], which compared the two structures of the
permanent magnets on the rotor and stator. The results showed
that the rotor-typed RFFSPMM could provide greater torque
density. The outer rotor-type REFSPMM was proposed in [9].
As shown in Fig. 1(e), the outer rotor-typed RFFSPMM was
more efficiently cooled than the inner rotor-typed RFFSPMM.
Moreover, the outer rotor-typed RFFSPMM reduced torque
ripple, and improved efficiency and overload capability [9]. In
order to widen the operation range and solve the problem of
single permanent magnet excitation, RFFSPMM with hybrid
excitation structures were researched in [10-11]. In Fig 1(f) and
Fig. 1(g), the DC excitation and external mechanical flux
adjuster were used to regulate magnetic field of RFFSPMM,
respectively. It was found that the flux adjuster could provide
more outstanding flux-weakening performance for wide-speed
range operation.

AFFSPMMs have good application prospects in various
fields, such as electric vehicle, ship propeller and wind power
generation, due to its short axial dimension, large power/torque
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Fig. 1. Different topologies of RFFSPMM.

density and high efficiency. In Fig. 2(a), U-, C- and E-typed
AFFSPMMs were researched and compared in [12]. It was
found that the C-core AFFSPMM had a higher torque output
than E- and U-typed AFFSPMMs. Meanwhile, the E-typed
AFFSPMM had better fault tolerance. To facilitate the direct
drive of electric vehicles, the double-rotor structures of
AFFSPMM were studied in [13]-[14]. It was found in [13] that
the 12/13-pole AFFSPMM in Fig. 2(b) not only improved
torque/power density but also reduced cogging torque and
torque ripple. To increase space for windings and output torque
capability, a novel yokeless and segmented armature axial field
flux-switching sandwiched permanent magnet
(YASA-AFFSSPM) was proposed in [14], as shown in Fig.
2(c). The space for winding was increased because of the
absence of yoke in the stator. In addition, the even-order
harmonics of the back-EMF were removed by the double
unaligned rotors. It was shown in [14] that the
YASA-AFFSSPM motor exhibited higher torque density and
lower cogging torque than the AFFSSPM machine with yoke.
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However, the single magnetic excitation resulted in a small
speed regulation range. To improve magnetic field adjustment
capability, [15]-[17] proposed an E-core hybrid excitation
AFFSPMM in Fig. 2(d). By applying excitation currents, the
AFFSPMM increased the range of speed regulation and
improved the output torque capability. However, the regulating
range was limited by the excitation current. Axial magnetic
flux-switching memory machine in Fig. 2(e) was proposed in
[18]. Based on the high coercivity permanent magnets, the low
coercivity permanent magnets in series were used to adjust the
magnetic field easily through the application of pulse currents.
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According to above mentioned, the different stator- and
rotor- typed FSPMMs have been proposed and researched, but
merely few literature is available to compare axial and radial
FSPM machines. Therefore, under the condition of the same
outer diameters and volumes, the characteristics of the two
types of H-core FSPM machines are mainly analysed and
compared in this paper. The structures and principles of FSPM
machines are introduced in Section II, and the design
parameters are established. The performances in terms of air
gap magnetic density, cogging torque, flux-linkage, back
electromotive force, inductance, electromagnetic torque and
loss in the two machines are analysed and compared in Section
III. The related experiments are done for the AFFSPMM in
Section I'V. Finally, the conclusions are given in Section V.

II. TOPOLOGY AND OPERATING PRINCIPLE

A. Topology
The three-dimensional structures of AFFSPMM and
RFFSPMM are shown in Fig. 3 and 4, respectively. As shown
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in Fig. 3, the AFFSPMM consists of double rotors and a single
stator. The double rotors are placed symmetrically about the
stator and mounted coaxially. The stator is composed of
H-shaped stator cores, permanent magnets, armature windings,
excitation windings and non-magnetic isolation blocks. The
design of the non-magnetic isolation block increases the
magnetic permeability of the phase-to-phase magnetic circuit
and reduces the mutual inductance between adjacent coils. The
armature winding is wound around the permanent magnet and
the adjacent stator teeth of the two H-shaped cores. The
excitation winding is wound around the permanent magnet and
the two H-shaped cores. The excitation winding is located in
the space between the two non-magnetic isolation blocks. The
RFFSPMM is composed of a rotor and stator, and the stator is
composed of H-shaped cores, permanent magnets, armature
windings and excitation windings. The armature winding is
wound around the permanent magnet and the adjacent stator
teeth of two H-shaped cores. In addition, the excitation winding
is wound around the H-shaped stator core, as shown in Fig. 4.
For the two FSPM machines, the rotors are both simple and
robust.

Fig. 3. Three-dimensional structure of AFFSPMM 1) rotor 1, 2) stator, 3) rotor
2, 4) H core, 5) permanent magnet, 6) non-magnetic isolating block, 7) stator
tooth, 8) armature winding, 9) excitation winding, 10) rotor tooth and 11) rotor
yoke.

Fig. 4. Three-dimensional structure of RFFSPMM 1) rotor, 2) stator, 3) H-type
core, 4) stator tooth, 5) permanent magnet, 6) armature winding, 7) rotor tooth,
8) rotor yoke and 9) excitation winding.
B. Operating Principle

The principle of flux switching is depicted in Fig. 5(a)-(d).
When the rotor of the machine rotates, the flux in the stator

winding changes periodically. With the variation of the rotor
from positionl to position4, the magnetic flux changes from the
positive maximum value to the negative maximum value,
completing flux-switching of a period.

The principle of hybrid excitation is depicted in Fig. 5(e)-(f).
In Fig. 5(e)-(f), the solid line represents the direction of the
magnetic field produced by the permanent magnets, and the
dotted line shows the direction of the magnetic field excited by
the DC field current. When the direction of the magnetic field
generated by the DC excitation current coincides with the
direction of the magnetic field generated by the permanent
magnet, the strengthening flux is achieved in Fig. 5(e).
Similarly, the weakening flux is realized through the reverse
excitation current flowing into the field winding, as shown in
Fig. 5(f).

In order to obtain large torque and reduced torque ripple,
6/13 AFFSPMM and 12/14 RFSPMM with the same total
volumes under the condition of the same outer dimentions are
optimized based on 3D finite element method [19], and the
design parameters of the AFFSPMM and RFFSPMM are
shown in TABLE I. Meanwhile, the main variables are marked
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TABLE I
DESIGN PARAMETERS OF TWO TYPE MACHINES

Parameter AFFSPMM  RFFSPMM
Stator/rotor pole 6/13 12/14
Rotor outer diameter D,, (mm) 140 82.6
Rotor inner diameter D,; (mm) 84 10
Rotor axial length L, (mm) 12 40
Phase winding turns 42 21
Slot filling factor (%) 76 39
Air gap length g (mm) 1 0.2
Stator .isolating block 75 )
width S (°)
Stator outer diameter Dy, (mm) 140
Stator inner diameter Dy; (mm) 84
Stator axial length L, (mm) 40
Permanent magnet width 3, (°) 7.5
Stator tooth width S (°) 7.5
Rotor tooth width S, (°) 10.5
Rated speed n (r/min) 750
Rated power (W) 350
Total volume (m?) 0.000506

III. PERFORMANCE ANALYSIS AND COMPARISON

A. Air Gap Magnetic Density

Fig. 7(a) shows the air gap magnetic density waveforms of
the two machines. Fig. 7(a) shows that the two types of
machines have focused magnetic characteristics and their peak
values of air-gap magnetic density are both around 1.5T. Based
on the Fourier analysis, the harmonic analysis of the magnetic
densities are shown in Fig. 7(b). The fundamental flux density
of AFFSPMM is found to be 0.4845T and that of RFFSPMM is
0.7685T. However, the permanent magnet usage amount of
RFFSPMM is about twice of the AFFSPMM. Therefore, the
AFFSPMM has a higher permanent magnet utilization rate.

— AFFSPMM ~—— RFFSPMM

Magnetic density(T)

2 L L L L L L L L L L L
0 30 60 90 120 150 180 210 240 270 300 330 360
Rotor position mechanical degree (°)

@

0.9

08 1 = AFFSPMM ® RFFSPMM
0.7
0.6 [
05

04

Flux density (T)

03
02
0.1

Harmonics orders

(b

Fig. 7. Air gap magnetic density (a) waveform of air gap magnetic density (b)
harmonic analysis.
B. Cogging Torque

The cogging torque waveforms of the two machines are
presented in Fig. 8. The peak—peak values of cogging torque of
the AFFSPMM and RFFSPMM are 1.4 N'm and 1.8 N'm,
respectively in Fig. 8. Due to the more permanent magnet
usages, the RFFSPMM has larger cogging torque than
AFFSPMM.
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C. Flux-linkage and Back Electromotive Force

To obtain similar flux linkages and back EMF at the same
rated speed, the armature winding turns of the AFFSPMM and
RFFSPMM are designed. Fig. 9(a) and 9(b) show the flux
linkage and no-load back EMF waveforms of the two machines
at the rated speed of 750 r/min, respectively. Fig. 9 shows that
the two machines can obtain approximately equal flux linkages
and back EMF values. Fig. 9(c) shows the harmonic analysis of
the back EMF of the two type machines. It is found that the
values of THD in RFFSPMM and AFFSPMM are 6.78% and
4.47%, respectively, which indicates that the AFFSPMM can
achieve more sinusoidal back EMF waveform.

D.Self-inductance and Mutual Inductance

The inductance is a key parameter that has a direct impact on
the motor performance. Table II shows the values of the
self-inductance and mutual inductance of the two machines.
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Table II shows that the self-inductance of AFFSPMM is
2.87mH, the mutual inductance of AFFSPMM is 0.136 mH and
the ratio of the mutual inductance to self-inductance is 4.7%.
The self-inductance and mutual inductance of RFFSPMM is
0.896 and 0.379mH, respectively. Moreover, the ratio of the
mutual inductance to self-inductance is 42.37%. The large
self-inductance is beneficial to suppress the short-circuit
current, and the low mutual inductance and self-inductance
ratio is beneficial to suppress the influence of the fault phase on
the normal phase. Therefore, the AFFSPMM has better fault
tolerance than the RFFSPMM.

TABLE II
INDUCTANCE PARAMETERS OF THE TWO MACHINES
Motor type Self-inductance ) Mutual .Mutual-/self-
(mH) inductance (mH) inductance (%)
AFFSPMM 2.87 0.136 4.7%
RFFSPMM 0.896 0.379 42.38%

E. Electromagnetic Torque

Without considering DC excitation, the electromagnetic
torque at different speeds is shown in Fig. 10, the rated torques
of AFFSPMM and RFFSPMM are both approximately 4.5 N-m,
and the two machines have similar constant torque region.
During the constant power region, the AFFSPMM can provide
a greater torque output than RFFSPMM.
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Fig. 10. Torque characteristic.

F. Copper Loss

According to (1), the copper loss of the two machines are
calculated and listed in Table III.
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P, =mI’R (1
where m is the number of motor phases, / is the current

effective value and R is the resistance value of each phase
winding.

TABLE IIT
COMPARISON OF COPPER LOSS UNDER THE RATED LOAD
Copper loss AFFSPMM RFFSPMM
Theoretical results (W) 14.32 9.036
Simulation results (W) 14.79 10.12

Table IIT shows copper loss of the machines when the load is
4.5 N'm. Theoretical values of copper loss of AFFSPMM and
RFFSPMM are calculated, and compared with their simulation
results in TABLE III. It is found in TABLE III that the
simulation results are similar to the theoretical calculation
results, and the copper loss of AFFSPMM is higher than that of
RFFSPMM.

G.Iron Loss

The stator and rotor cores stacked with silicon steel sheets
are repeatedly magnetised in an alternating electromagnetic
field, so the magnetic domains in the silicon steel sheets rub
against each other, which results in irreversible stator and rotor
iron loss [20].

The iron loss can be got by (2).

P,=P+P+P_ 2
The hysteresis loss Pj is obtained by (3).
P, = f[HdB=K,fB; (3)

where K is hysteresis loss coefficient, a is hysteresis loss
calculation parameter, f'is magnetic field change rate and B, is
magnetic density amplitude. K and a are parameters related to
the material properties of the silicon steel sheet, which can be
obtained from the P-H curve.

Eddy current loss P, can be calculated by (4).

_ o0’ J-T(dB(t)
T 12pT 0\ dr

where o is the conductivity of the silicon steel sheet, J is the
thickness of silicon steel sheet and p is the density of the silicon
steel sheet.

Assuming the magnetic field in the eddy current region
satisfies (5) and (6), (7) is obtained by the Kircoff equation
[21].

“)

V-[leA):Ja—U(a—A+V¢j+LV><M %)
y7, ot

Hy
v-[a(a—/‘+v¢ﬂ =0 ()
ot
v = ‘Z’ +R, %)

where A is vector position, ¢ is scalar potential, J, is armature
current density, u is permeability, ¢ is conductivity, M is
magnetization of permanent magnet, ¥ is armature winding
flux linkage, V, and i, are armature voltage and current,
respectively.

The eddy current loss of the permanent magnet can be
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obtained as (8).

dvdt (8)

Wow=2101., \—+v¢

where T is the calculation time, V3, is the volume of permanent
magnet.
The additional loss P... is given in (9).

p - \/aGV j|dB(t)|

)
where G and V) are sﬂlcon steel sheet related parameters, and
S is cross-sectional area.

TABLE IV
COMPARISON OF LOSS AT NO LOAD AND RATED LOAD
No load Rated load
AFFSPMM  RFFSPMM  AFFSPMM  RFFSPMM
Iron loss (W) 4.34 7.81 11.41 17.01
Copper loss
1.63 0.53 14.79 10.12
(W)
Eddy current
oss (W) 1.65 3.84 5.04 7.54
Total loss 7.62 12.18 31.24 34.67
W) . . ) .

Under the condition of no load and rated load, the different
losses are obtained from TABLE IV. TABLE IV shows that the
total losses of the AFFSPMM and RFFSPMM are 7.65W and
12.18W at no load, respectively. When the machines run at the
rated load and speed, the total losses of AFFSPMM and
RFFSPMM are 31.24W and 34.67W, respectively. Therefore,
the total losses of RFFSPMM are both higher than those of
AFFSPMM at no load and rated load.

IV. EXPERIMENT RESULTS

In order to validate the finite element results, the
experimental platform is built for the AFFSPMM, as shown in
Fig. 11. The experimental platform mainly includes a controller
dSPACEI1104, control circuit with six IGBT switch tubes,
control conditioning board, current sensor, magnetic power
brake, and AFFSPMM. At the rated speed, no-load back-EMF
is tested and shown in Fig. 12(a), which is similar close to the
finite element result of AFFSPMM in Fig. 9(b). The phase
current, rotor speed and electromagnetic torque at rated load are
tested and shown in the Fig. 12(b), which indicate the

AFFSPMM can operate stably at the rated load.

AFFSPMM

Inverter and
control circuit

Control conditioning
board

current sensor

Fig. 11. Experimental platform.
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V.CONCLUSION

In the paper, the performances of two new types of FSPM
machines with the same total volumes are compared and
analyzed through the finite element method under the condition
of the same outer diameters. The results show that the AFFSPM
and RFFSFM machines have strong focusing magnetic
characteristic, and the fundamental flux density of RFFSPMM
is 37% larger than that of AFFSPMM. However, the
RFFSPMM has a half more permanent magnet volumes than
AFFSPMM. Meanwhile, the two machines have similar
constant torque range, but the AFFSPMM can provide larger
torque density than RFFSPMM in the constant power area. In
addition, the ratio of the mutual- to self-inductance of
AFFSPMM is 37.68% smaller than that of RFFSPMM, which
is beneficial to improve the fault tolerance. The AFFSPMM can
obtain higher efficiency than RFFSPMM although the copper
loss of AFFSPMM is larger than that of RFFSPMM at the rated
load. Considering the price of silicon steel sheet is much lower
than that of permanent magnet, it is found that the AFFSPMM
can get better performances than the RFFSPMM while
reducing the cost.
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