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Summary

In this paper, an advanced partitioned-stator flux-switching hybrid-excitation (PS-FSHE) machine, which is

highly suitable for the hybrid electric vehicle (HEV), is proposed. By artfully implementing the two

excitation sources, namely the high-energy-density permanent-magnet (PM) source and the DC-field

excitation source, the hybrid machine can take the benefits from both sides. Unlike the existing PS-FSHE

machines that sacrifice the PM materials for DC-field winding accommodation, the proposed machine

instead shares the space of the armature winding with the DC-field winding. Hence, comparable power and

torque densities can be potentially achieved. To verify the proposed concept and illustrate the merits of the

proposed machine, the key machine performances are analysed and compared based on the finite element

method (FEM).
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1 Introduction
Owing to  the enhancing concerns on energy efficiency and environmental protection, the development of
the hybrid electric vehicles (HEVs) has been accelerating [1] –[4]. Serving as the key component of the
HEV systems, the electric machines are expected to fulfil several criteria [5]–[8]

 high efficiency
 high power and torque densities
 high controllability
 wide operating range
 maintenance-free

The flux-switching permanent-magnet (FSPM) machine can fulfil most of the requirements and this type of
machine has attracted substantial attentions in the past years [9] –[11]. The partitioned-stator FSPM (PS-
FSPM) machine, which can utilize the inner space to improve the machine performances, has been
proposed recently [12]. Nevertheless, same as the other PM machines, the PS-FSPM machine also suffers
from the undesirable flux-weakening performance.
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To provide a better flux-weakening capability, the concept of the external flux adjuster (FA) has been
developed [13] –[15]. With the installation of the mechanical FAs, the PM flux density can be short-
circuited and weakened to a desirable level. However, the implemental of the mechanical FA arrangement
suffers from the complicated structure. To improve the situation and to maintain the simplicity of the
machine structure, the development of the hybrid-excitation (HE) machines have been regarded as a
promising solution [16], [17]. However, the existing HE machine sacrifices the PM space for DC-field
accommodation, such that the power density is highly deteriorated. Yet, the research on the HE machine
with other topologies is still limited.

The purpose of this paper is to propose a new type of PS-FSHE machine for the HEV applications. Unlike
the existing PS-FSHE machine that sacrifices the high-energy-density PM materials for DC-field winding
accommodations, the proposed machine instead shares the space of the armature winding with the DC-field
winding. Hence, comparable power and torque densities can be potentially achieved. To show the
attractiveness of the proposed design, the PS-FSPM machine, the FA-PS-FSPM machine and the renowned
Toyota Prius HEV machine will also be included for comprehensive analysis.

2 Partitioned-Stator Machines
The PS-FSPM machine, the FA-PS-FSPM machine and the PS-FSHE machine are shown in Figure 1. To
have a fair comparison, all three machines employs the same topology, i.e., 3-phase 12/10-pole double-
stator sandwiched-rotor topology. To avoid the magnetic saturation within a particular region, the armature
windings and the PM materials are purposely installed in the outer-stator and the inner-stator separately.
Since the three machines are the extension from the profound FSPM machine, their key design equations
such as the pole arrangements can be derived from that of its ancestors [9]. The three proposed machines
consist of the unique flux-weakening settlements, i.e., (i) the PS-FSPM machine can weaken its flux
density based on the armature currents; (ii) the FA-PS-FSPM machine on the mechanical FA installation;
and (iii) the PS-FSHE machine on the independent DC-field currents.

In the established arrangement, the PS-FSHE machine installs the DC-field windings in a way to share the
spaces with the high-energy-density PM materials [15]. Consequently, the power and torque densities of the
machine are lowered significantly. To improve the situation, the proposed PS-FSHE machine instead
allocates the DC-field excitations to share the space with the armature windings. As a result, the proposed
machine can potentially maintain comparable power and torque levels as compared with the PS-FSPM one.

All the three machines, namely the PS-FSPM machine, the FA-PS-FSPM machine, and the PS-FSHE
machine are developed based on the passenger HEV specifications [10]. To offer a more comprehensive
comparison, the popular Prius HEV machine is also included. To fairly compare all these machines, their
most important machine dimensions, namely the outside diameters, stack lengths, and airgap lengths are set
equal. In addition, the pole arcs, pole heights, slot-fill factors, and current densities are also optimized such
that the magnetic saturations can be minimized.

(a)
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Fig. 1. Proposed machines: (a) PS-FSPM. (b) FA-PS-FSPM. (c) PS-FSHE.

3 Principle of Operations
To explain the operating principles of the bipolar flux-linkage characteristics of the proposed machines, the
PM flux flows of the PS-FSPM machine are shown in Figure 2. It should be noted that all three proposed
machines illustrate the same flux flow patterns, i.e., when the rotor segment moves from position 1 to 2, the
flux flows switch its directions correspondingly. Consequently, the proposed machines can result the
bipolar flux-linkage characteristics, and these machines can potentially generate higher power and torque
densities than the unipolar counterparts do [7].

Because the three proposed machines are developed from the fundamental FSPM ancestors, these machines
can also be operated with the profound bipolar conduction schemes [6]. In particular, the sinusoidal
armature current I is injected according to the status of the bipolar flux-linkage Ψ. Consequently, the
positive electromagnetic torque T can be produced. This conduction scheme is so-called as the brushless
AC (BLAC) conduction scheme, as shown in Figure 3. With the employment of the BLAC conduction
scheme, the proposed machines can seamlessly interact with the employed armature currents, and hence the
undesirable torque pulsation can be minimized. The sinusoidal armature currents for the proposed machines
can be described as
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where ia, ib, ic and Ipeak are the corresponding armature currents and the peak value of the phase currents,
respectively.
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Aforementioned, the three proposed machine s can weaken its PM flux densities with its distinguished
approaches. In particular, the PS-FSPM machine can weaken its PM flux densities by the control of
armature currents. Meanwhile, the FA-FSPM machine can utilize the mechanical FAs to short-circuit the
PM flux flows, as shown in Figure 4(a). As a result, the FA-FSPM machine can provide outstanding flux-
weakening capability. On the other hand, the hybrid PS-FSHE machine can independently control its DC-
field currents to weaken the PM flux density, as shown in Figure 4(b). Consequently, the hybrid machine
can offer both satisfactory PM flux density and reasonable flux-weakening capability simultaneously. 

(a) (b)

Figure 2: Flux flow patterns of PS-FSPM machine: (a) Position 1. (b) Position 2.

Figure 3: Brushless AC conduction scheme.

(a) (b)
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Figure 4: Flux-weakening principles: (a) FA-PS-FSPM. (b) PS-FSHE.

4 Electromagnetic Field Analysis
The electromagnetic field analysis has been generally accepted as the most convenient and accurate tools to
analyse the electric machine performances [6]. In this paper, a well-defined commercial finite element
method (FEM) software, the JMAG-Designer is employed to analyse the machine performances. With the
iterative approaches, the optimization of the key machine parameters can be achieved. Consequently, all
three proposed machines can be compared quantitatively with the fair environment. The Prius HEV
machine is also included for illustration purposes, while the key design data is listed in Table I. 

The aims of this paper are to offer the design criteria and quantitative comparison s of the three proposed
machines, such that the use of simulation results is more preferable. Upon the support of the FEM results,
the unexpected errors of the manufacture imperfection can be minimized.  However , the experimental
verifications are always indispensable. Hence,  the proposed machines will be prototyped, while th e
experimental data will be included in our future papers. 

TABLE I. KEY MACHINE DESIGN DATA [15]

Item Prius PS-FSPM FA-PS-FSPM PS-FSHE

Outer-stator outside diameter 269 mm 269 mm 269 mm 269 mm

Outer-stator inside diameter 161.86 mm 194.86 mm 194.86 mm 194.86 mm

Rotor outside diameter 160.4 mm 193.4 mm 193.4 mm 193.4 mm

Rotor inside diameter 110.64 mm 155.86 mm 155.86 mm 155.86 mm

Inner-stator outside diameter N/A 154.4 mm 154.4 mm 154.4 mm

Inner-stator inside diameter N/A 110.64 mm 80 mm 80 mm

Airgap length 0.73 mm 0.73 mm 0.73 mm 0.73 mm

Stack length 83.56 mm 83.56 mm 83.56 mm 83.56 mm

Number of stator slots 48 12 12 12

Number of rotor poles 8 10 10 10

Number of phases 3 3 3 3

Number of armature turns 13 33 33 18

5 Machine Performance Analysis

5.1 Machine performance at no-load conditions

The flux-linkage waveforms of the proposed machines are shown in Figure 5. Since all three machines
consist of the same operating principles, their flux-linkage patterns are very similar. In particular, the three
machines can all produce the bipolar flux-linkage characteristics. As shown, the PS-FSPM machine
exhibits the greatest flux-linkage values, such that it can potentially produce the highest power and torque
levels among the group.
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Figure 5: Flux-linkage waveforms: (a) PS-FSPM. (b) FA-PS-FSPM. (c) PS-FSHE.

5.2 Torque performance analysis

The output torque waveforms of the proposed machines at rated conditions are shown in Figure 6. It should
be noted that the PS-FSPM machine can only utilize the armature excitations for flux-regulating operation,
and its steady torque can reach up to 358 Nm. In the meantime, the FA-PS-FSPM machine under three
situations, namely with no FAs, with alternative FAs, and with all FAs installations are around 342 Nm, 243
Nm, and 188 Nm, respectively. In addition, the PS-FSHE machine under three situations, namely with IDC =
0 A/mm2, IDC = −15 A/mm2, and IDC = −30 A/mm2 are about 336 Nm, 308 Nm, and 287 Nm, respectively. 

Moreover, the torque ripple percentage Kripple can be calculated based on the following relationship
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where Tavg, Tmax, and Tmin are the average, maximum, and minimum torque values, respectively. It can be
observed that the torque ripples of the PS-FSPM machine is about 6.7 %. The torque ripples of the FA-PS-
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FSPM machine under corresponding situations are about 7.7 %, 11.2 %, and 15.1 %, while of the PS-FSHE
machine are about 7.2 %, 10.4 %, and 13.5 %. 

To offer a more comprehensive analysis of torque performances, the cogging torques of the proposed
machines are shown in Figure 7. It can be found the cogging torques of the PS-FSPM machine is about
28.9 Nm, where it is around 8.1 % of its steady torques. For the FA-PS-FSPM machine, its cogging torques
are 27.5 Nm, 13.8 Nm, and 7.9 Nm, as 8 %, 5.7 %, and 4.2 % of its steady torques. For the PS-FSHE
machine, its cogging torques are 26.2 Nm, 15.7 Nm, and 11.7 Nm, as 7.8 %, 5.1 %, and 4.1 % of its steady
torques.

(a)

(b)

(c)

Figure 6: Output torque waveforms: (a) PS-FSPM. (b) FA-PS-FSPM. (c) PS-FSHE.
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Figure 7: Cogging torque waveforms: (a) PS-FSPM. (b) FA-PS-FSPM. (c) PS-FSHE.

5.3 Flux-weakening performance analysis

The flux-weakening capability between the PS-FSHE and the FA-PS-FSPM machines are studied, while
their no-load EMF waveforms with respect to various operating speeds are shown in Figure 8. With the
employment of the external FAs, it can be shown that the FA-PS-FSPM machine can weaken its no-load
EMF values for about 47 %. In the meantime, when the DC-field windings are excited negatively, i.e., IDC =
−30 A/mm2, the PS-FSHE machine can only weaken its no-load EMF values for about 18 %. As a result, it
can be shown that the proposed FA-PS-FSPM machine can provide better flux-weakening performance
than the PS-FSHE machine does.
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(a)

(b)

Figure 8: No-load EMFs at various speeds: (a) FA-PS-FSPM. (b) PS-FSHE.

TABLE II. MACHINE PERFORMANCE COMPARISONS [15]

Item Prius PS-FSPM FA-PS-FSPM PS-FSHE

Efficiency 86 % 87 % 87 % 87 %

Power 46200 W 45000 W 43000 W 42200 W

Base speed 1200 rpm 1200 rpm 1200 rpm 1200 rpm

Output torque 368 Nm 358 Nm 342 Nm 336 Nm

Torque ripple 20.7 % 6.7 % 7.7 % 7.2 %

Cogging torque N/A 28.9 Nm 27.5 Nm 26.2 Nm

Total mass 32.9 kg 30.8 kg 31.2 kg 31.0 kg

Power density 1404 W/kg 1461 W/kg 1378 W/kg 1361 W/kg

Torque density 11.2 Nm/kg 11.6 Nm/kg 11.0 Nm/kg  10.8 Nm/kg

Material cost US 95.4 US 116.2 US 117.3 US 121.2

Power / cost 484 W/US 387 W/US 367 W/US  348 W/US

Torque / cost 3.9 Nm/US 3.1 Nm/US 2.9 Nm/US 2.8 Nm/US
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6 Machine Performance Evaluations

All the key performances of the proposed machines are summarized in Table II. To show the potentials and
attractiveness of the proposed machines, the popular Prius HEV machine is also included for comparisons.

With the substantial installation of high-energy-density PM materials, the proposed PS-FSPM machine can
provide the highest torque and power densities among the comparing group. As a result, this characteristic
is very attractive for the high-end HEV users.

Nevertheless, the supply of PM materials is limited, such that the PM materials have become the
dominating expenses for machine constructions [18]. Undoubtedly, the cost-effectiveness must be one of
the most important factors that interferes the HEV market value, such that it should be considered carefully.
In particular, the key material costs, namely the laminated iron, the PM material, and the copper, can be
found based on the market price. It should be noted that the Prius machine can achieve the best cost-
effectiveness among the peer group, and this is the reason why this machine type is so popular in the HEV
market.

To offer a more representative evaluation for the proposed machines, a grading system is employed as
shown in Table III. The grading system consists of six most important criteria and each of them is graded
from score 1 to 5, where 1 means the worst and 5 the best. Consequently, when all the criteria are included,
the hybrid PS-FSHE machine will become a very attractive candidate for the HEV applications.

TABLE III. EVALUATIONS ON THE PROPOSED MACHINES

Item Prius PS-FSPM FA-PS-FSPM PS-FSHE

Efficiency 3 4 4 4

Power and torque densities 4 5 4 4

Cost-effectiveness 5 4 3 3

Flux-weakening capability 1 2 5 4

Operating range 1 1 4 3

Mechanical integrity 5 4 1 4

Total 19 20 21 22

7 Conclusion
In this paper, three PS machines, namely  the PS-FSPM machine, the FA-PS-FSPM machine, and the  PS-
FSHE machine have been analysed and compared based on the key criteria . With the employment of the
two excitation sources, the PS-FSHE machine exhibits excellent performances in various aspects. In
particular, the proposed PS-FSHE machine purposely maintains substantial PM material for excitation,
such that it can provide adequate power and torque densities for the HEV applications . By including all the
key criteria into the basket, the PS-FSHE machine has shown good potential for the HEV industry.
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