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ABSTRACT

In this paper, three advanced partitioned stator flux-switching permanent-magnet (PS-FSPM)
machines with different number of phases, namely the 3-phase, the 4-phase, and the 5-phase are
comprehensively compared. Owing to the higher-phase topology, better fault-tolerability and
higher power density can be achieved. On the other hand, higher-phase machine suffers from the
problem of relatively lower cost-effectiveness. Hence, trade-off between different criteria should be
considered to fulfill various situations. In particular, all the PS-FSPM machines are highly favorable for
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the electric vehicle applications, while all of their key performances are analyzed with the support

of the finite element method.

1. Introduction

Because of the rising concerns on energy utilization and
environmental protection, the development of the electric
vehicles (EVs) has been accelerating [1-3]. As the major
component of the EV technology, the electric machines
have to offer several key distinctions, namely high effi-
ciency, high power density, high controllability, wide-speed
range, maintenance-free operation, and high fault-toler-
ability [4-6]. The permanent-magnet (PM) machines,
which can accomplish most of the goals, have drawn many
attentions in the past few decades [7-9]. Based on the
flux-linkage patterns and the PM arrangements, the PM
machines can be classified as three major types, namely the
doubly-salient permanent-magnet (DSPM) machine, the
flux-reversal permanent-magnet (FRPM) machine, and
the flux-switching permanent-magnet (FSPM) machine
[10-12]. Owing to the bipolar flux-linkage characteristic
and flux concentration performance, the FSPM machine
has been regarded as the most promising candidate for
the EV applications [13-15].

Same as the other traditional machines, the FSPM
machine normally adapts the outer-stator inner-rotor
topology for most of the applications [16-18]. With this
conventional topology, both the PM materials and arma-
ture windings are allocated within the outer stator, so that
the inner space of the rotor part is wasted. To improve
the situation, the partitioned stator (PS) FSPM machine,
which purposely arranges an addition partition inside its

inner space, is proposed [19,20]. Based on the PS-FSPM
structure, the PM materials can be transferred from the
outer stator to the inner partition, such that the winding
slot areas in the outer stator can be enlarged. However, the
existing PS-FSPM machine focuses mostly on the typical
3-phase topology, while the comparisons or discussions
on the structure with higher-phase are still literally absent.

This paper aims to newly develop the PS-FSPM
machines with higher-phase topology, purposely for the
EV applications. With the higher-phase structure, bet-
ter fault-tolerability and higher power density can be
potentially achieved. In addition, the discussions on the
cost-effectiveness are also included. The design criteria
and principles of operation for the proposed higher-phase
machines will be discussed. The machine performances
will be analyzed based on the finite element methods
(FEM) and then quantitatively compared with the com-
monly employed counterparts.

2. PS-FSPM machines

Figure 1 shows the three PS-FSPM machines with differ-
ent topologies, namely the 3-phase 12/10-pole topology,
the 4-phase 16/12-pole topology, and the 5-phase 20/14-
pole topology. Due to the fact that all these PS-FSPM
machines have the same principle of operation as com-
pared with its predecessors, the design equations of the
pole arrangement can be extended from that of the pro-
found FSPM machine [14]. All the proposed PS-FSPM
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Figure 1. Proposed PS-FSPM machines: (a) 3-phase, (b) 4-phase,
and (c) 5-phase.

machines employ the double-stator sandwiched-rotor
structure, while the machine construction of the proposed
machines is similar to those applied to the commonly
developed machines [5].

The armature windings and the PM materials are
installed in the outer-stator and the inner-stator of all
three machines, respectively. To improve the control flexi-
bility, the concentrated winding arrangement is employed
for all the winding sets. Full-bridge converter circuits with
different number of phases are implemented to the corre-
sponding machines accordingly.

To illustrate the bipolar flux-linkage characteristics
of the PS-FSPM machines, the flux flow patterns of the
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Figure 2. Flux flow patterns of PS-FSPM machines: (a) Position 1
and (b) Position 2.

PS-FSPM machine is shown in Figure 2. To be specific,
when the sandwiched-rotor of the proposed machine
rotates from position 1 to 2, the flux-linkages interchange
its polarities accordingly. Therefore, the fundamental
characteristics of the FSPM machines, i.e. the bipolar
flux-linkage patterns, are provided. In this case, it can
be expected the proposed PS-FSPM machines can offer
higher power and torque densities than the unipolar coun-
terparts do [13].

To offer the fair comparison environment, all the major
machine dimensions, namely the outside diameters, the
inside diameters, the stack lengths, the airgap lengths, and
the slot-fill factors are set equal. Meanwhile, to prevent
the magnetic saturations and the severe core losses, the
values of the pole arcs, the pole heights, and the current
densities are optimized.

3. Operation principles

All three proposed PS-FSPM machines can be operated
with the bipolar conduction operation, which is similar
to those applied to the profound FSPM machine [5].
To be specific, the armature current I, with the sinu-
soidal pattern is applied in accordance with the status
of the bipolar flux-linkage ¥, and hence the positive
electromagnetic torque T can be generated. This oper-
ation scheme is sometimes known as the brushless AC
(BLAC) conduction scheme, as shown in Figure 3. Upon
the BLAC conduction scheme, the PS-FSPM machines
can effectively comply the injected armature currents
with its corresponding back electromotive force (EMF)
waveforms, such that the torque ripple can be purposely
minimized. The corresponding sinusoidal armature
currents for the 3-phase PS-FSPM machine can be
described as:
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Figure 3. Theoretical operating waveforms.

i, =1, sin0
i, = Lo sin(0 + (2 /3)) (1)

i =Ly sin(@ — 2z /3))

where i, i), i_and I, are the corresponding armature
currents and the peak value of the phase currents, respec-
tively. In the meantime, the corresponding conduction
schemes for both 4-phase and 5-phase PS-FSPM machines

are described in (2) and (3), respectively as:

(i, =1,sin0
) i, = Ly sin(6 + (/2)) o
i = Ipeak sin(@ + )
| ig = Tpeai SIN(0 + (37/4))
(i, =1 sin®
i, = Loy sin(@ + (27/5))
q e = L sin(0 + (47 /5)) 3)
i = Ly sin(6 + (67/5))
| i, = Ipeak sin(@ + (87/5))

where i » and i are the corresponding armature currents.
As compared with the 3-phase machine, the higher-phase
machines can potentially achieve higher power density
based on the same current limitation of each phase. In
contrast, the higher-phase machines suffer from relatively
higher control complexity.

4. Machine performances analysis

All three PS-FSPM machines are compared based on the
fair environments where the key design data are listed
in Table 1. By the support of the FEM, all machine per-
formances can be simulated and then quantitatively

Table 1. Key design data of PS-FSPM machines.

Items 3-phase 4-phase 5-phase
Qutside diameter (mm) 156.0 156.0 156.0
Inside diameter (mm) 22.0 22.0 22.0
Airgap length (mm) 0.5 0.5 0.5
Stack length (mm) 120 120 120
Stator pole number 12 16 20
Rotor pole number 10 12 14
Number of phases 3 4 5
Slot-fill factor (%) 60 60 60
Number of turns 140 92 75

Figure 4. Magnetic field distributions of the proposed PS-FSPM
machines: (a) 3-phase, (b) 4-phase, and (c) 5-phase.
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Figure 5. Flux-linkage waveforms of PS-FSPM machines: (a)
3-phase, (b) 4-phase, and (c) 5-phase.

compared. In this paper, IMAG-Designer is adopted to
perform the FEM analysis. The magnetic field distribu-
tions of all the proposed machines at no-load condition
are shown in Figure 4. The results show that the flux distri-
butions of all machines are well balanced where no severe
saturation is observed.

Firstly, the flux-linkages of all machines are shown in
Figure 5. It can be shown that all the flux-linkages con-
sist of the bipolar waveforms with the balanced patterns.
These flux-linkages illustrate the symmetrical pattern with
almost no distortion so that the pole-pair arrangements
of all these machines are confirmed to be correct. As
compared with the higher-phase machines, the 3-phase
machine consists of larger winding areas, so that larger
number of armature windings can be installed. Hence,
the 3-phase machine can achieve the largest flux-linkage
amplitude among the group.

Secondly, the no-load EMF waveforms of these
PS-FSPM machines at the base speed of 1000 rpm are
shown in Figure 6. The results show that all PS-FSPM
machines consist of the more sinusoidal-like patterns,
such that it can be confirmed that the proposed machines
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Figure 6. No-load EMF waveforms of PS-FSPM machines: (a)
3-phase, (b) 4-phase, and (c) 5-phase.

are capable for the BLAC conduction scheme. As expected,
because of the largest flux-linkage magnitude, the no-load
EMFs generated by the 3-phase machine are relatively
higher than those by its counterpart do. However, due to
the fact that the higher-phase machines consist of larger
number of conduction phases, it can be anticipated the
higher-phases machines should be able to produce higher
power and torque densities as compared with its coun-
terparts do.

In the third place, the output torques of the proposed
PS-FSPM machines are simulated and as shown in Figure 7.
It can be shown that the average torques at rated conditions of
the 3-phase machine, the 4-phase machine, and the 5-phase
machine are 18.4 Nm, 20.8 Nm, and 22.1 Nm, respectively.
As aforementioned, the 5-phase machine can achieve the
highest torque value within the comparing group.

Apart from the average torque values, the torque ripples
of the machines are also carefully analyzed. The torque
ripple value T e A0 be obtained based on the following
relationship:

Tmax - Tmin
= X 100% (4)

avg

Tripple
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Figure 7. Steady torque waveforms of PS-FSPM machines: (a)
3-phase, (b) 4-phase, and (c) 5-phase.

Table 2. Key machine performance comparisons.

Items 3-phase 4-phase 5-phase
Rated power (W) 1900 2100 2300
Rated torque (Nm) 18.4 20.8 22.1
Rated torque ripple (%) 16.4 135 12.8
Material cost (US) 349 45.8 51.6
Power / cost (W/US) 544 45.9 446
Torque / cost (Nm/US) 0.53 0.45 0.43
Fault-tolerability Low Moderate High
where T ,T ., and T _are the maximum torque value,
max min an

the minimum torque value, and the average torque value,
respectively. The obtained torque ripples of the 3-phase
machine, the 4-phase machine, and the 5-phase machine
are 16.4, 13.5 and 12.8%, respectively, which are all
comparable to that produced from the profound FSPM
machines [5].

Finally, the concept of the cost-effectiveness and the
fault-tolerability are also included for the comprehensive
comparisons. Relying on the raw materials of the current
market prices, the material costs of the PS-FSPM machine
are obtained. Due to the higher number of phases, the
higher-phase machines have to bear the shortcomings of
larger PM materials consumptions. Consequently, lower

cost-effectiveness is resulted. On the other hand, with the
higher possibility to offer healthy armature windings for
remediation operation, the higher-phase machine instead
can provide larger fault-tolerability than its counterparts
do. For better presentation, the major comparisons of all
three machines are listed in Table 2.

5. Conclusion

In this paper, three PS-FSPM machines with different
topologies, namely the 3-phase topology, the 4-phase
topology, and the 5-phase topology have been thoroughly
studied and quantitatively compared. With the higher
number of conduction phases, the 5-phase machine can
definitely offer the best power and torque densities as com-
pared with its lower-phase counterparts do. The 5-phase
candidate can also provide higher fault-tolerability, yet it
suffers from lower cost-effectiveness than its lower-phase
counterparts do. On the other hand, the 3-phase PS-FSPM
machine holds the opposite situation as compared with
the 5-phase one. Hence, trade-off decisions should be
made for different scenarios.
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