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Abstract: In this paper, three advanced flux-switching (FS) machines, namely the radial-field
flux-switching permanent-magnet (RF-FSPM) machine, the radial-field flux-switching DC-field
(RF-FSDC) machine, and the axial-field FSDC (AF-FSDC) machine are quantitatively compared. Upon
the installation of the high-energy-density PM materials, the RF-FSPM machine can definitely provide
the superior torque performances as compared to its magnetless counterparts. However, the PM
machines suffer from two major fundamental problems, namely the high material costs, and the
uncontrollable flux density. By utilizing the concept of axial-field structure, the AF-FSDC machine can
offer comparable torque performance as the RF-FSPM machine. Hence, with the consideration of the
cost-effectiveness and the control flexibility, the magnetless AF-FSDC machine has exhibited

promising potential in various applications.
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1 Introduction

Because of the enhancing concerns on the energy
utilization as well as the environmental protection,
the development of the electric machines has been
drastically accelerating!'*!. To be specific, the electric
machines generally need to provide various distinctive
characteristics, including high efficiency, high power
density, high controllability, wide-speed range, and
maintenance-free operation*®. The flux-switching
permanent-magnet (FSPM) machines, which can accom-
plish most of the goals, have drawn many attentions in
the past few years'’”). However, due to the fluctuating
supply of the PM materials, the construction costs of
the PM machines have soared tremendously!'*'%.
Hence, the magnetless machines, which enjoy the
absolute advantage of lower material cost, have become
more popular recently!'*3],

Without installation of any high-energy-density
PM materials, the magnetless machines undoubtedly
suffer from relatively lower torque density. To improve
the situation, the axial-field (AF) structure, which
utilizes the radial length as active part for torque
generation, has been proposed!'®'®!. Based on the AF
structure, larger torque production area is resulted so
that the AF machines can greatly improve its torque
density as compared with its radial-field (RF) counter-
parts!'®?"1 Even though the magnetless AF machines
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have been proposed, the quantitative comparisons among
the PM and magnetless candidates based on the two
structures are still literally absent.

The purpose of this paper is to quantitatively
compare the representative FS machines, namely the
RF-FSPM machine, the magnetless RF flux-switching
DC-field (FSDC) machine, and the magnetless AF-
FSDC machine. The design criteria and operating
principles of all these FS machines will be discussed.
All the machines are designed based on the fair
conditions, while their key machine performances will
be analyzed by using the finite element method (FEM).

2  Flux-switching machines

Fig.1 shows the topologies of the three FS machines,
namely the 12/10-pole RF-FSPM machine, the 12/10-pole
RF-FSDC machine, and the 12/10-pole AF-FSDC
machine. Both the RF-FSPM machine and the RF-
FSDC machine employ the outer-stator inner-rotor
structure, while the AF-FSDC machine employs the
sandwiched-stator double-sided-rotor structure. The
stator and rotor construction of the proposed machines
are similar to those of the commonly employed
machines").

Because all these FS machines have the same
principle of operation, the design equations such as
the pole arrangement can be extended from that of the
well-established RF-FSPM machine!®!. Hence, the
pole arrangements for all the FS machines are
governed by

N, =2mk
{ (1)

N, =N, +k
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Fig.1 Proposed FS machines

where N; is the number of stator poles, N, is the
number of rotor poles, m is the number of armature
phases and & is any integer. By selecting m=3, and
k =2, this ends up with Ny = 12, N, = 10 and comes up
with the structure for all three machines.

The FSPM machine employs only one type of
winding, namely the armature winding, while the
FSDC machines employ instead two types of windings,
namely the armature winding and the DC-field winding.
All the armature windings adopt the concentrated
winding arrangement, while the DC-field windings
adopt the toroidal winding arrangement. Based on the
toroidal winding arrangement, the DC-field of the
FSDC machines can emulate the flux patterns offered
by the PM excitation does, so that all the machines
can achieve the bipolar flux-linkage characteristics.

The flux flow patterns of the RF-FSPM machine,
the RF-FSDC machine, and the AF-FSDC machine are
shown in Fig.2, Fig.3, and Fig.4, respectively. To be
specific, when the rotor of the FS machine rotates
from position 1 to 2, the flux-linkages interchange its
polarities accordingly. Therefore, the bipolar flux-

linkage characteristics are achieved so that higher
power and torque densities can be resulted.

Unlike the RF machines that employ the single-
stator single-rotor structure, the AF-FSDC machine
instead adopts the single-stator double-rotor structure.
It should be noted that the AF machine is purposely
designed to have the symmetrical topology so that
equal torque can be produced by the two sided-
segments. Therefore, the two separated rotors can be
connected to the load together, such that higher torque
density can be achieved. Consequently, to simplify the
control algorithm, the two armature winding sets can
be purposely connected in series.

To offer the fair environment for comparisons,
all the major machine dimensions, namely the radial
outside diameters, the radial inside diameters, the
axial stack lengths, and the airgap lengths are set
equal. In the meantime, to avoid the magnetic satura-
tions as well as the core losses, the pole arcs, the pole
heights, the slot-fill factors, and the current densities
are optimized accordingly.
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Fig.5 Theoretical bipolar conduction scheme

3 Operating principles

All these FS machines can be operated with the
bipolar conduction operation, which is commonly
employed for the conventional FSPM machine!”’. To
be specific, the sinusoidal armature current Igpac is
applied in accordance with the status of the bipolar
flux-linkage ¥, so that the positive electromagnetic
torque T is produced. This operation is so-called as
the brushless AC (BLAC) conduction scheme, as
shown in Fig.5. With the BLAC conduction scheme,
the sinusoidal-like machine can perfectly match the
injected armature currents with its back electromotive
force (EMF) waveforms, so that the torque ripple can
be purposely minimized. The corresponding sinusoidal
armature currents can be described as

1 ax SIN O
Iy SIN(@ + (27/ 3)) (2)
mq

ax SIn(@—(2m/3))

ia
I
i, =
where i, i i, and I,,x are the corresponding armature
currents and the maximum value of the phase currents,
respectively.

On the installation of the strong PM materials,
the RF-FSPM machine can provide very minimal flux
controllability and hence this type of machine is not
capable for wide-speed range operation. On the other
hand, the FSDC machines install with the independent
DC-field winding /pc for flux regulation and it can be
expected that these advanced magnetless candidates
can provide outstanding flux-weakening performances
to fulfill various needs. In addition to the flux-
weakening capability, the DC-field can be utilized to
achieve the flux-strengthening purposes. It can be
anticipated that the FSDC machines can regulate its
DC-field excitation to boost up its torque density in a
short period of time, in order to accomplish some
specific tasks, e.g., acceleration or hill-climbing for

electric vehicles™.

4 Machine performance analysis

All the three FS machines are analyzed and
compared based on the fair conditions while the key
design data of these machines are listed in Table 1. By
utilizing the FEM, all machine performances can be

simulated and then quantitatively compared. In this
paper, JIMAG-Designer is adopted to perform the FEM
analysis.

First of all, the flux-linkages of all machines are
shown in Fig.6. It can be seen that all the flux-
linkages are well balanced with bipolar characteristics
among three-phase patterns. Each of the flux-linkages
exhibits the symmetrical pattern without significant
distortion. The results confirm that the pole-pair
arrangements and the winding configurations of all
three FS machines are correctly designed.

Table 1 Key machine design data
RF-FSPM  RF-FSDC  AF-FSDC
Radial outside diameter/mm 381.0 381.0 381.0
Radial inside diameter/mm 100.0 100.0 100.0
Airgap length/mm 0.5 0.5 0.5
Axial stack length/mm 195.0 195.0 195.0
Rotor pole number 12 12 12
Stator pole number 10 10 10
No. of phases 3 3 3
Excitation PM DC-field DC-field
Slot-fill factor(%) 60 60 60
No. of armature turns 100 100 140
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Fig.7 No-load EMF waveforms

Secondly, the no-load EMF waveforms of these
FS machines at the base speed of 300r/min with either
PM excitation or the rated DC-field excitation of 5
A/mm? are shown in Fig.7. The results show that all
FS machines obtain the sinusoidal-like patterns,
which are suitable for the BLAC conduction scheme
to produce the smoother torque performance. In the
meantime, as expected, without the high-energy-density
PM materials, the no-load EMFs generated by the
FSDC machines are relatively lower than those by the
FSPM machine are. Yet, by employing the AF structure,
the AF-FSDC machine can achieve better no-load
EMF performance than the RF counterpart can. Hence,
it is expected that the power level of the AF-FSDC
machine is comparable to that offered by the RF-
FSPM machine.

Next, to compare the flux-weakening performance
of the FS machines, the no-load EMF waveforms of
RF-FSPM machine, RF-FSDC machine, and AF-FSDC
machine at various speeds are also carried out as
shown in Fig.8, Fig.9, and Fig.10, respectively. Not
surprisingly, the magnitudes of the no-load EMFs of all
three machines increase in accordance to the operating
speeds. As aforementioned, the PM materials suffer from
poor flux regulation performance so that the FSPM
machine has very weak flux-weakening characteristics,
as compared with the advanced magnetless counterparts.
On the other hand, with the support of the controllable
DC-field excitation, the FSDC machines can both
regulate their no-load EMFs effectively, so that the

magnitudes can be maintained constant throughout a
wide-speed range.

In the third place, the steady output torques of
the proposed FS machines are calculated as shown in
Fig.11. It can be seen that the rated average torques at
rated conditions of the RF-FSPM machine, the RF-
FSDC machine, and the AF-FSDC machine are
202.3N'm, 98.1N'm, and 152.4N-m, respectively. As
expected, upon the installation of the high-energy-
density PM materials, the RF-FSPM machine can
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Fig.12 Cogging torques at rated conditions

achieve the highest torque value among them. In the
meantime, by fully utilizing the radial area for torque
production, the AF-FSDC machine can achieve far
better torque performance than the RF magnetless
counterpart can. In particular, as compared with the
RF-FSDC machine, the torque enhancement through
the AF structure is about 55.4%, and this value is
considered comparable to the PM one.

Next, in addition to the average torque value, the
torque ripples of the machines are also well studied.
The obtained torque ripples of the RF-FSPM machine,
the RF-FSDC machine, and the AF-FSDC machine
are 12.8%, 17.6% and 15.1%, respectively, which
are similar to the commonly employed stator-PM
machines'®. In the meantime, the cogging torques of
the RF-FSPM machine, the RF-FSDC machine, and
the AF-FSDC machine are shown in Fig.12, where
their peak amplitudes are found to be 10.1N-m,
4.8N'm, and 7.7N-'m, respectively. These values are
within the acceptable range, which are only 5.0%,

4.9% and 5.1% of their corresponding rated torques.

Then, the torque boosting characteristics of the
FS machines are also carefully studied. As suggested,
the FSDC machines can utilize their DC-field excitation
for flux-strengthening, while their boosted torque
performances with the DC-field excitation of 10
A/mm? are shown in Fig.13. It can be seen that the
boosted average torques of the RF-FSDC machine and
the AF-FSDC machine are 114.2N'm, and 181.6N-m,
respectively, with torque ripples of 23.2% and 21.2 %
respectively. In the meantime, the cogging torques of
the RF-FSDC machine and the AF-FSDC machine at
boosted conditions are shown in Fig.14, where their
peak amplitudes are found to be 8.1N'm, and 14.1N-m,
respectively. These values are within the acceptable
range, which are only 7.1% and 7.7% of their corres-
ponding boosted torques. As compared with the rated
torque conditions, as shown in Fig. 11, the RF-FSDC
machine and the AF-FSDC machine can improve their
torque values by 16.4% and 19.2%, respectively. In
particular, to avoid overheating the electric machines,
the torque boosting mode should be employed for
short period of time, say around 10-15 mins.

Finally, the concept of the cost-effectiveness is
also employed to improve the comprehensiveness of
the comparison. The material costs of the FS machine
are calculated based on the raw materials of the
current market prices, while the key comparison of

250 RF-FSPC —
AF-FSDC - ||
B 200 i e
5,150
ol | L AT Sl W W
o
& 50
| | | | |
0 60 120 180 240 300 360
Angle/(°)
Fig.13 Boosted steady torque waveforms

15
10

AW AV WAV W W AWWA
DAY

Cogging torque/ (N+m)
(=]

060 120 180 240 300 360
Angle/(°)
(a) RF-FSDC
g 13 A A A A A A
g NN [
= JALIALNA VALY ALVA L
s VLY LV ALY ALY
8 16 \v/ \v/ \v/ | \'/ v
O 120 180 240 300 360
Angle/(°)
(b) AF-FSDC

Fig.14 Cogging torques at boosted conditions



C. H. T. Lee et al.: Comparison of Flux-Switching Machines With and Without Permanent Magnets 83

Table 2 Key machine comparison

RF-FSPM  RF-FSDC  AF-FSDC
Rated torque/(N-m) 202.3 98.1 152.4
Rated torque ripple(%) 12.8 17.6 15.1
Rated cogging torque/(N-m) 10.1 4.8 7.7
rated cogging torque(%) 5.0 4.9 5.1
Boosted torque/(N-m) N/A 114.2 181.6
Boosted torque ripple N/A 23.2% 21.2%
Boosted cogging torque/(N-m) N/A 8.1 14.1
Boosted cogging torque(%) N/A 7.1 7.7
Material cost/ USD 350.8 104.4 135.5
Rated torque / cost/(N-m/US) 0.6 0.9 1.1
Boosted torque /cost/(N-m/US) N/A 1.1 1.3
Flux controllability Low High High
Operating range Narrow Wide Wide

all these machines are listed in Table 2. With the
installation of the PM materials, the RF-FSPM machine
can provide the highest rated torque performances,
while regarding to the cost-effectiveness, its advantage
is offset by the high material cost. On the other hand,
without the employment of the PM materials, the
magnetless AF-FSDC machine can enjoy the highest
cost-effectiveness advantage among its counterparts.

5 Conclusion

In this paper, three representative FS machines,
namely the RF-FSPM machine, the RF-FSDC machine
and the AF-FSDC machine have been thoroughly
analyzed and quantitatively compared. With the employ-
ment of the high-energy-density PM materials, the
RF-FSPM machine can definitely offer the best power
and torque density as compared with its magneltess
counterparts. On the utilization of the radial area as
active part for torque production, the AF-FSDC machine
can produce comparable torque performance, while
better cost-effectiveness than its PM counterpart does.
In the meantime, the advanced magnetless FSDC
machines can utilize their independent DC-field
excitation for flux regulation, so that higher control
flexibility can be accomplished for various situations.
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Engineering Excellence; Gold Medal of Hong Kong Institution of
Engineers; IEE International Lecture Medal; “Asia’s Best
Technology Pioneers” by Asiaweek; “Father of Asian Electric
Vehicles” by Magazine Global View; “Pitamaha (Grandfather) of
Electric Vehicle Technology” in India; “Environmental Excellence in
Transportation Award” by Society of Automotive Engineers
(SAE); published 11 books, over 300 technical papers and holds 9
patents. (http://www.eee.hku.hk/people/ccchan.html)
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