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ABSTRACT We propose a novel synthetic slot dual-permanent-magnet (SSDPM) machine with high-torque
density for direct drive in-wheel electric vehicles that employ two sets of permanent-magnet (PM) motors.
The SSDPM uses both PMs on the rotor and the stator slots, which can achieve flux modulation. The
machine’s operating principles, based on bidirectional flux modulating effects, need to be further developed.
In SSDPM stator slots, PMs are located on the rabbet and on each side of a tooth. The PM is magnetized
in various ways and its arrangement is more flexible. A magnet-iron structure is used to provide the flux
modulation and PM excitation concurrently. The optimal design adopts a combined method that uses a finite
element method and a genetic algorithm. The performance of this hybrid method is analyzed by simulation.
A prototype machine is manufactured and the experimental results verify the validity of the model structure

and simulation results.

INDEX TERMS Flux modulation, genetic algorithm (GA), magnet-iron structure, synthetic slot.

I. INTRODUCTION

Electric vehicles (EV) have long been considered as one of
the most effective solutions to mitigate the urgent energy, pol-
lution, global warming and environmental challenges facing
our society [1]-[5]. To achieve high performance, mechanical
gears are arranged to match their wheels. However, mechani-
cal gears have attracted little attention (which is possibly) due
to mechanical vibration, frictional losses, regular lubrication
and maintenance [6], [7]. By individual control, simple trans-
mission mechanisms and high efficiency can be achieved via
in-wheel motors.

Recently, a new set of magnetic gear-based machines
(MGMs), with an operation principle is based on the mod-
ulation of magnetic fields, have been proposed [8]-[11].
To enhance torque density, MGMs and in-wheel direct-
drive motors are combined [12]. Nevertheless, the torque
transmission capability of this combination is still low.
To improve machine’s torque density, hybrid-excited
machines with both PM and coil current excitations have
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been proposed [13]-[15]. However, the PMs are located on
the rotor or stator. Therefore, the limit of PM materials will
influence the machine’s performance. For the purpose of
improving the torque density, dual-rotor PM machines have
been designed and verified [16]-[18]. However, the poor
heat dissipation capacity in a region surrounding dual-rotor
PMs may cause irreversible demagnetization. To address this
challenge, and further improve torque density, dual-stator
PM machines are proposed [19], [20]. The double stator-PM
structure can improve the machine’s utilization ratio and help
to cool the magnets. However, there are some limitations to
dual-stator PM topologies, e.g., PM use is still constrained.
The purpose of this paper is to propose a novel machine
that has two sets of PMs located on the rotor and stator.
Both the fundamental components produced by PMs and
harmonics produced by the flux modulation can contribute
to improving the torque density. Meanwhile, a new synthetic
slot structure is proposed that can fully utilize the inner
space of stator slots. Moreover, the PM locations are flexible,
different topologies of synthetic slots dual-PM (SSDPM)
machine can be developed. The performance of the proposed
machine is via 2D finite element method (FEM) and genetic

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

29916

Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 7, 2019

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-7062-3735
https://orcid.org/0000-0002-2047-9712
https://orcid.org/0000-0001-9306-0720

X. Guo et al.: Design and Analysis of a Novel SSDPM Machine

IEEE Access

algorithm (GA), and experimentally verified by a prototyped
machine [21].

Il. DESIGN

Fig. 1 shows the topology of a SSDPM machine for the
direct-drive in-wheel system in EVs. The machine consists
of two rotors and double stator. In one of the synthetic slots, a
PM is mounted on the surface, which is magnetized radially
outwards. The remaining PMs are installed on the left and
right side of stator outer slots, and magnetized along with
clockwise and counterclockwise directions, respectively.

(b)

FIGURE 1. The topology of the proposed SSDPM machine.
(a) 2D topology. (b) 3D topology.

A. BASIC DESIGN RULES

For dual-PM machines, the operating principle is based on
the flux modulating effect. In that case, the two sets of PMs
should employ magnet-iron structure. In addition to the fun-
damental components excited by the poles of PM, various
field harmonics can be induced by any uneven magnetic field
paths [22], [23]. Then, the same PPN and rotating speeds
of the harmonics can couple together to generate a steady
electromagnetic torque. To reveal the working principle of
the proposed machine clearly, the harmonics excited by the
PMs and armature currents are analyzed.

The magnetic field excited by the stator PMs are consid-
ered next. The rotor’s iron teeth will interact with the mag-
netic field generated by the stator PMs and additional field
harmonic components can be produced. Therefore, the PPN
and rotational speed can be expressed as

Pf n = (mps + np,)
! g (1

mpg + npy

() =
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TABLE 1. Effective field harmonics.

Group Combination Pole-pair Rotation speed
number

Group 1 m=1, n=0 DPw Q.
Group 1 m=1, n=0 DPw Q.
Group 1 m=1, n=-1 DPw -prQ/ py
Group 1 m=1, n=-1 DPw -0 Q. py
Group 2 m=1, n=-1 pr -pwQyw/p,
Group 2 m=1, n=0 Pr Q,
Group 3 m=1, n=1 Ds PwQw+p, Q2. ps
Group 3 m=1, n=0 Ps 0

where m = 1,2,3,---,00 and n = 0,=%1,£2, £3,

-+, x00. The pole-pair number of the PMs on the rotor
are labelled p,. The tooth number serves as the modulation
component in the stator and is characterized by the term p;
and the rotational speed of the rotor is €2;.

We evaluate the magnetic field excited by the rotor PM
next. The PPN and rotational speed can be written in the
following form

pfm,n) = (mp, + nps)

;o mpr o
m " mpy + g

@

We note that the magnetic fields are now excited by two
sets of PMs that should interact with the armature. The PPN
of the magnetic field, excited by two sets of PMs, can be
written as

w,r

Py = (mpy + npy)

3
p?;:fn) = (mpy, + npy)

where p,, is the number of pole-pairs of the armature winding.
The rotational velocity of the harmonics excited by two sets
of PMs can be expressed as

wr Mpw + npy O

(m.n) mpy, + npy mpyy, + npy ’ @)
v

" = Iy, + s

where €2,, is the rotational velocity of the fundamental com-
ponent in the armature winding. The effective field harmonics
in each group can generate stable electromechanical energy
conversions. They are listed in Table 1. The rotating speed of
these effective harmonics should satisfy

Q =-2q, ®)
Dr

Equation (5) suggests that the PPN and rotating speed of
the proposed machine can be modulated like a magnetic gear.
This machine is a combination of an outer-rotor PM machine
and inner-rotor PM machine. Moreover, the two machines
are based on a bidirectional flux modulating effect. Once
these two machines are combined into one frame, they offer
higher torque capabilities than the separated flux-modulated

machines.
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FIGURE 2. Torque variation versus PM ratio.
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FIGURE 4. Torque variation versus stator teeth width.

B. DESIGN OPTIMIZATION

To investigate the influence of the geometric parameters on
the torque performance of the machine, as shown in Fig. 2 and
Fig. 3. The parametric analysis is measured according to the
ratio and thickness of the rotor. The effect of width on the
torque of the outer stator tooth is also investigated and shown
in Fig. 4.

To improve the proposed machine performance,
an FEM-GA coupled method is employed. The flowchart
for the method is shown in Fig. 5. In this work, we use
software to conduct a finite-element analysis and the GA
algorithm is used to perform an optimization. To gener-
ate the next value, Visual Studio is adopted. The values
generated by programming will be simulated and analyzed
by calling the FEM Maxwell package. The results of the
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FIGURE 5. Optimal design process of the SSDPM machine.

TABLE 2. Key parameters to be optimized and corresponding limits.

Parameters Upper value Lower value
Inner rotor PM thickness (mm) 5 2.5
Inner rotor PM ratio 70% 35%
Stator outer tooth width (mm) 11.5 7
Outer rotor PM thickness (mm) 8.1 2.7
Outer rotor PM ratio 65% 30%
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FIGURE 6. Average torque and torque ripple ratio at different iterative
numbers.

simulation are then uploaded to the program software for
evaluation. In addition, the proposed machine will optimize
other structural dimensions via scanning parameters. In this
optimization process, the outer rotor diameter, axial length,
and rotor topology are kept constant. Five key parameters
are set as optimization variables and listed in Table 2. The
objective function determines the optimal output torque with
a constraint that the torque’s ripple ratio is smaller than 10%.
The population size of the genetic algorithm is 100.

Fig. 6 shows the optimization results of the iterative
number and the average torque output. Correspondingly,
the torque ripple ratio is within a limited range. The opti-
mization process converges rapidly, which demonstrates the
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TABLE 3. Final parameters of the SSDPM machine.

Parameters SSDPM machine
Rotor outer diameter (mm) 240
Axial length (mm) 65
PPN of outer rotor PMs 16
PPN of armature windings 17
Number of stator slots 33
PPN of inner rotor PMs 16
Rated speed (rpm) 1000
Rated power (Kw) 12.5
Number of phase 3
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FIGURE 7. Torque capability of the proposed machine at 1000rpm.
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FIGURE 8. Cogging torque capability of the proposed machine at
1000rpm.

effectiveness of the coupled FEM-GA method. Finally, the
optimized parameters are listed in Table 3.

Ill. PERFORMANCE ANALYSIS
Fig. 7 shows the electromagnetic torque waveforms of the
proposed SSDPM machine at 1000 rpm. After optimization
of the structure parameters, the output torque is significantly
improved. The cogging torque is small, as shown in Fig. 8.
To verify the performance of the synthetic slots, an exper-
iment is conducted with an armature winding current of 80A
and a rotor speed of 600 rpm. The torque density produced
by both the stator-PMs and rotor-PMs, the rotor-PMs only,
and the stator-PMs only, are compared and shown in Fig. 9.
Neglecting the nonlinear effect of the magnetic paths, the
proposed SSDPM machine can be viewed as a combination of
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FIGURE 10. The outer air-gap field distributions and harmonic spectrum.

(a) Air-gap flux density distributions. (b) Air-gap flux density space
harmonic spectra.

two separated PM machines, where one is rotor-PM-excited
and the other is stator-PM-excited.

To further illuminate the basic theory, the outer air-gap
field distributions and harmonic spectrum is shown in Fig. 10.
The results are based on the dual-flux-modulating effect.
Thus, the stator’s outer slots PMs, the outer rotor steels, and
the winding on the stator outer slots consist of the first flux
modulation group. The stator’s outer slot steels, the outer
rotor PMs, and the windings on the stator’s outer slots consist
of the second flux modulation group. According to the field
excited by the stator and rotor PMs, the main harmonics
can also occur on the 16th, 17th and 33th. The pole-pair of
stator-PMs, rotor-PMs, and windings are consistent with the
theoretical analysis.
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FIGURE 12. Efficiency map of the simulations.
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FIGURE 13. Torque-speed waveforms.

The core loss is an important limiting factor for constant
power operation of the machine [24], [25]. Iron loss is gen-
erated by the stator and rotor. FEM is used to measure core
loss of the machine at various speeds. The results are shown
in Fig. 11.

The efficiency maps (Fig. 12) show that the maximum
efficiency can reach up to 91%. This figure clearly demon-
strates that the design principle is justified. The torque-speed
characteristics of the SSDPM machine is shown in Fig. 13.
This figure also shows that the rise in voltage that occurs
as the speed increases when motor operates at rated speed.
The constant torque stage ends once the voltage rises to
the system’s limit. When the curve enters a flux-weakening
control state, the speed of the motor will increase and it can
reach a higher-than-rated speed. We note that the voltage of
the machine remains steady by increasing the d axis current.
The process is called a constant power stage. The SSDPM
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(a) (b)

FIGURE 14. Structure of the proposed SSDPM. (a) Double rotor.
(b) Double stator.

FIGURE 15. Test bench of the proposed SSDPM.

machine can keep constant power operation over a wide speed
range.

IV. EXPERIMENTAL VERIFICATION

To illustrate the theoretical analysis and simulation results,
the proposed machine is fabricated and shown in Fig. 14.
The magnetic core of the inner and outer rotor is formed
by lamination, which can effectively prevent energy losses
from eddy currents [26]. To ensure mechanical strength of
the mechanism, a fixed screw is placed on the iron core ring,
between the inner and outer stator. A monolithic structure is
made up of several stator rigid connections, stator supporting
parts, motor shafts, coupling and rotating transformers. All
components connect with the external fixed structure.

The test platform is shown in Fig. 15. The SSDPM motor is
towed by the load motor. To convert the torque and speed sig-
nal into an analog or digital signal, the torque and rotational
speed measure is used to relate the two motors. In this way,
the power analyzer can calculate the mechanical power of the
motor by receiving the data from torque and rotational speed
measurer.

The no-load phase back EMF at 600 rpm is measured
and compared to the FEM result in Fig. 16. The simulation
produced a slightly higher voltage due to flux leakage around
the shaft in experiments.

Fig. 17 and Fig. 18 shows the current response of the
proposed machine when the speed of the rotor is 200 rpm.
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The torque varies from 60 Nm to 30 Nm. In con-
trast, the torque is increased in the same way. Therefore,
the machine can respond quickly when the load changes. The
efficiency maps of the proposed machine can be achieved by
drive experiment, as shown in Fig. 19. Meanwhile, the con-
ditions and parameters between the FEM simulation and
experiments should remain the same. To produce steady
electromagnetic torque, the load inverter should make the
SSDPM motor reach the specified speed. Moreover, the load
machine output of maximum torque should be higher than
the proposed machine. Compared with the proposed machine
used for FEM analysis and the traditional PM machines,
the experiments have lower efficiency. The reason behind this
may be higher frequency and leakage resistance.

To verify the performance of the motors, vehicle tests are
necessary. The drive system of an electric vehicle is shown
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in Fig. 20. The vehicle driving system includes a power
battery system, vehicle controller (VCU), microprogrammed
control units (MCU), power distribution unit (PDU), two
machines mounted on the wheels and any needed auxiliary
equipment [27], [28]. Double MCUs are used to control the
two machines respectively. The VCU relates to an MCU via
a CAN bus. The VCU is related to the battery management
system (BMS) via a BMS CAN bus, which is used to control
the switching state of the main relay and the dc supply of
the MCU. The VCU collects throttles, brakes and sends key
signals to generate torque signals via logical operations. The
torque signals transmitted by a CAN bus can be used to
control torque via the MCU. Finally, the proposed dual-PM
machine can achieve vehicle power control. Two machines
are connected by a rear axle to form a rear bridge structure,
as shown in Fig. 21. The frame diagram of the vehicle is
shown in Fig. 22. To accelerate testing the performance of the
proposed machine, the acceleration equation in the horizontal
pavement can be characterized by

4= (Tleft + Tright)R _f
m

(6)
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FIGURE 21. The rear axle of the wheel.

FIGURE 22. Test frame of the proposed SSDPM.

where m is the weight of the EV, which includes the test driver
(approximately 550kg), f is the total resistance, R is the radius
of each rear wheel (approximately 0.31725 m), T}gp, is the
torque of the left machine and T} is the torque of the right
machine. For the test, the torque of both machines is 50 Nm.

If f is assumed to be zero, the theoretical maximum
linear acceleration of the frame is about 0.115 m/s. Fur-
thermore, the acceleration of the proposed machine should
meet the linear relationship. Fig. 23 shows the torque and
speed responses of acceleration. It takes about 22 seconds
from O km/h to 10 km/h. The average acceleration of the
experiment is 0.11 m/s2. By comparing the experimental
results with the results of the theoretical analysis, we find
that the acceleration of the experiment is smaller than that
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FIGURE 23. System torque and speed responses to the acceleration.

of the theoretical analysis. The reason is that in a real-world
environment, total resistance cannot be neglected.

V. CONCLUSION

In this paper, a novel synthetic slot Dual-PM machine is
designed and analyzed, which employs two sets of PMs. Due
to the dual PM excitation, the proposed SSDPM can achieve
high torque density and a good flux modulating effect. The
machine achieves effective coupling between the PMs and
field coil excitations. The simulation and experimental results
validate the effectiveness of this structure. By applying the
FEM-GA coupled method, the optimal output torque can be
achieved. Therefore, the proposed machine is suitable for
low-speed high-torque applications.
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