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Analysis and Optimization of Double-Side Hybrid Excitation
Flux-Switching Motor

Yunyun Chen'> *, Tongle Cai', Jiahong Zhuang!, and Xiaoyong Zhu?

Abstract—In this paper, a double-side hybrid excitation flux-switching (DSHE-FS) motor employing
a double stator structure with special multi-excitations is presented. The high space utilization
improves the torque density and power density of DSHE-FS motor. The addition of non-rare-earth
permanent magnet material reduces the consumption of rare-earth permanent magnet material. The
double-side field windings enable the motor to have more flexible magnetic modulation properties. To
investigate the principle of motor operation and flux regulation, the equivalent magnetic circuit method
is employed. In order to achieve higher operation performances of the motor in different driving modes,
the multi-objective optimization with coupled multi-physical field calculation is carried out. The multi-
physical comprehensive sensitivity function is defined which couples the electromagnetic performance
optimization objective and mechanical performance objective. Then multi-objective genetic algorithm
(MOGA) method was used to find a feasible solution set. Response surface (RS) method and parameter
scan method are used to further determine the five important dimensions. The electromagnetic
characteristics of optimized DSHE-FS motor are evaluated and compared in detail. Moreover, the
mechanical analysis is conducted for the cupped rotor of DSHE-FS motor to validate the operation
security. Theoretical analysis and simulation results verify the rationality of the DSHE-FS motor and
the proposed optimization design method.

1. INTRODUCTION

Recently, the rapid development of green electric vehicles (EVs) has promoted the design optimization
researches of different types of electrical machines. Since the driving environments faced by EVs are
complex, the advanced qualities of high power density, high efficiency over wide speed range, and
high reliability are often required during the design of EV motors [1,2]. Among them, flux-switching
permanent magnet (FSPM) machines have been widely investigated due to the advantages of robust
rotor structure, low torque ripple, and high efficiency [3,4]. And yet, the unstable supply and sharp
price fluctuation of rare earth permanent magnet materials may directly affect the cost of FSPM motors,
where the consumption of rare-earth permanent magnet material is usually large. So, how to improve
the utilization of rare-earth permanent magnet and reduce the amount of rare-earth permanent magnet
material may become one of the new research contents of FSPM motor design [5]. Replacing rare-
earth permanent magnet with non-rare-earth ferrite is undoubtedly the most direct way to reduce the
consumption of rare-earth permanent magnet materials for such FSPM motors [6,7]. Yet, due to the
low remanence of the non-rare-earth ferrite, in order to ensure the torque output of the motor, a larger
size of the non-rare earth ferrite is required, often several times of the size of the rare-earth permanent
magnet material. Nevertheless, in the conventional FSPM motor, since both armature windings and
permanent magnets are placed in the stator, the stator space is often limited, and it is difficult to place
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a large volume of non-rare earth ferrite. On the one hand, such a complex stator structure restricts
the numbers of PMs and armature windings, thus limiting the improvements of the electromagnetic
performance. On the other hand, it is not conducive to the improvement of heat dissipation ability [8].

Recently, a new type of partitioned stator flux-switching permanent magnet motor with two
separated stators is presented and analyzed in [9]. In such a partitioned stator FSPM motor, the
PMs and armature windings are placed in the outer stator and inner stator, separately, which can
relieve the severe space competition and enhance motor efficiency and torque density. Nevertheless,
in terms of flux regulating performance, such kind of motor is still similar to a traditional permanent
magnet motor. It is difficult to regulate the air gap magnetic field of the motor, which leads to the fixed
constant power operation region and a narrow speed range [10].

In this paper, by integrating a new concept of partitioned-stator and multi-excitation into a flux
switching motor, a double-side hybrid excitation flux-switching (DSHE-FS) motor is proposed and
investigated. In the proposed DSHE-FS motor, the hybrid-PMs of rare-earth NdFeB and non-rare-
earth ferrite are applied to reduce the consumption of rare-earth PM material while keeping high
torque density. Moreover, with inner and outer field windings equipped in the outer and inner stators
separately, more flexible flux adjustment can be achieved, and more wide speed range can be obtained
effectively. The paper is organized as follows. The topology of the DSHE-FS motor is given, and the basic
operation and principle of magnetic flux modulation are illustrated by using the equivalent magnetic
circuit method. Then, in Section 3, the multi-objective optimization with coupled multi-physical field
calculation is newly carried out. The electromagnetic characteristics of optimized DSHE-FS motor are
evaluated and compared in detail in Section 4. Moreover, the mechanical analysis is conducted for
the cupped rotor of DSHE-FS motor to validate the operation security. The performance comparison
between the initial and the optimized motor verifies the optimization of DSHE-FS motor. Finally, some
conclusions are drawn in Section 5.

2. MOTOR STRUCTURE AND OPERATING PRINCIPLE

In order to highlight the structural characteristics of the proposed DSHE-FS motor, in Figure 1, the
structure of the proposed motor and the structure of a conventional hybrid excitation flux switching
motor (HEFSM) are presented. It can be seen that the DSHE-FS motor makes full use of the internal
space of the motor, and the structure is more complex than the conventional HEFSM. From Figure 1(b),
the armature windings and hybrid PMs are placed in outer and inner stators separately to alleviate
the spatial conflicts in the limited stator of conventional FSPM motor. In the outer stator, the wide
armature teeth and narrow field excitation teeth are evenly distributed around the circumference and
are staggered along the radial direction. In the inner stator, rare-earth NdFeB-PMs and non-rare-earth
ferrite-PMs are arranged in parallel, which can effectively reduce the coupling interference of hybrid
PMs. The field windings around ferrite-PMs can act as supplementary electric excitation windings. It
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Figure 1. Structure of motors. (a) Conventional HEFSM. (b) Proposed DSHE-FS motor.
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Figure 2. Principle of magnetic flux regulation of the DSHE-FS motor. (a) Flux-enhancement mode.
(b) Flux-weakening mode.

is noted that the double-side inner and outer field windings make the field adjustment more flexible and
can avoid the potential risk of non-rare-earth ferrite-PMs demagnetization.

Figure 2 shows the principle of magnetic flux regulation at different operation modes of flux
enhancement and flux weakening [11,12]. From the figure, the magnetic flux path and corresponding
equivalent magnetic circuit are illustrated. In the figure, R,,, R¢1, Ry2, and Rs are magnetic reluctance
of NdFeB-PM, two ferrite-PMs, and air-gap, respectively. Fyu, Fipn, Fy, and Fy are magnetomotive
forces (MMFSs) of double-side inner and outer field windings and PMs, respectively. ®* and ®~ are
the air-gap flux amplitudes under flux-enhancement and flux-weakening, respectively.

At the flux-enhancement mode, from Figure 2(a), when the positive currents are both applied in
double-side field windings, the flux lines enter the outer stator teeth and join the PM flux in the same
direction, and consequently enhance the motor main flux. On the other hand, at the flux-weakening
mode, in Figure 2(b), in order to prevent demagnetization of ferrite PM resulting from negative current,
only negative inner field current is employed in flux-weakening condition. The flux is maintained, but
the direction is reversed to weaken the main flux path. Thus the flux density can be regulated flexibly,
and the speed range can be further widened.

Then, Figure 3 shows the magnetic field distributions and flux linkage waveforms with different
excitations conditions [13]. It can be seen that when double-side inner and outer field windings work
together with the current density varying from 0 to 20 A/mm?, the amplitude of flux linkage increases
from 0.07 Wb to 0.12 Wb, which widens the range of flux regulation.

Here, to clarify the capability of flux regulation, a flux regulation ratio ¢ is defined as follows to
evaluate the validity of field windings:

¢ (:l:ifoutu +Zf2n)

5 pu—
Ppyp

(1)

As illustrated in Figure 2, ® is the flux amplitude with different outer field currents 4= s,,¢ and inner
field currents +is;, under flux-enhancement mode and flux-weakening mode, respectively. ®py is the
flux amplitude excited by hybrid PMs only. The higher § indicates a better flux regulation capability.
Due to the double-side inner and outer field windings, the magnetic field adjustment of the DSHE-FS
motor is more flexible.

3. MULTI-OBJECTIVE OPTIMAL DESIGN

3.1. Multiple Design Requirements

Considering the potential application prospect of DSHE-F'S motor in EVs, the proposed DSHE-FS motor
should offer multiple driving modes in the early stage of motor design according to the requirements at
different EV driving cycles [14, 15]. For example, the flux-enhancement mode with high torque output
is preferred to meet the frequent start, acceleration, or overloaded climbing. Then the flux-weakening
mode with high flux regulation ratio is often necessary to realize the high-speed cruise. Thus the
multiple driving modes and multi-optimization target make the optimal design of the DSHE-FS motor
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Figure 3. Magnetic field distribution and flux linkages under the different excitations.

flexible and complicated [16]. In addition, as the cupped rotor with a large radius and double air-gap
is employed, the DSHE-FS motor suffers from high centrifugal force and mechanical stress [17, 18].

Based on the above considerations, in the optimization design process of DSHE-FS MOTOR, it
is also necessary to add the equivalent stress and deformation into the optimization objective, so as
to realize the electromagnetic & mechanical coupling optimization design of the motor [19,20]. The
specific design process is shown in Figure 4. Here, ANSYS® software and MATLAB® software are
used for simulation and optimization purpose.

3.2. Multiphysics Sensitivity Analysis

In this paper, the multi-physics comprehensive sensitivity analysis is newly utilized to investigate the
various size parameters. Some electromagnetic performances, as well as mechanical performance, are
selected to be optimization targets [21]. Thus, the comprehensive sensitivity function Frr, which includes
five optimization objectives, i.e., torque ripple Fr.;,, average torque Fr, flux regulation ratio Fi,
equivalent stress Fyg, and deformation Fp, are defined as

Fo = MFPr + XaFrrip + A3Fs + M\ Fs + AsFp (2)

where A\ ~ A5 are the weight coefficients of five design objectives. Here Fryip—(Tmax — Tmean)/Tmean-

Considering that the size of permanent magnet is a direct influence factor on the cost of motor, the
size of PM was firstly determined before design, and the initial design parameters are listed in Table 1.

Then sensitivity calculation and determination was carried out for all other design variables. The
specific design variables and their value range are listed in Table 2, and the established parameterized
model is shown in Figure 5.

Figure 6 exhibits the multi-physics comprehensive sensitivity analysis results. Here the positive
and negative numbers indicate the positive and negative correlations. Through the comprehensive
comparison of the eight parameters, it can be concluded that four key parameters including the arc
of armature tooth arc_si, the inner arc of rotor arc_r2, the armature tooth width hj, and the guide
bridge width b, are the four main parameters that affect the electromagnetic performance. For the
mechanical properties, hy, b, and outer field tooth width hs are sensitive parameters that need further
optimization.
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Table 1. Initial design parameters.
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< Final Structure Parameters >

Dimensions parameters  Size Dimensions parameters Size
Outer stator outer diameter 196 mm | Inner stator outer diameter 110 mm
Outer stator yoke height 10mm | NdFeB PM height 12 mm
Arc of armature tooth 16° NdFeB PM Mag. thick 5°

Arc of outer field tooth 10° ferrite PM Mag. thick 10 mm
Armature tooth width 8 mm ferrite PM width 30°
Outer field tooth width 5 mm Inner air gap 0.7 mm
Middle rotor outer diameter 129 mm | Outer air gap 0.7 mm
Middle rotor yoke height 9mm Axle diameter 46 mm
Outer arc of rotor 16° Axle length 70 mm
inner arc of rotor 21°
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Figure 5. The parameterized model of DSHE-FS motor.

Table 2. Key design variables.

No. Parameter Design variables Variation range

P1 arc_s1 Arc of armature tooth 14 deg ~ 18 deg
P2 arc_s2 Arc of outer field tooth 10deg ~ 12deg

P3 hp Armature tooth width 6 mm ~ 12mm
P4 hs Outer field tooth width  3mm ~ 6 mm
P5 arc_rl Outer arc of rotor 14 deg ~ 17 deg
P6 arc_r2 inner arc of rotor 18 deg ~ 22 deg
P7 th_s Thick of stator yoke 8mm ~ 14 mm
P8 by Guide bridge width ldeg ~ 3.5deg

As shown in Figure 7 and Figure 8, considering the coupling relationships among these eight
design variables and between each variable and each optimization objective, the multi-objective genetic
algorithm (MOGA) method in this paper is utilized to get the feasible solution set [22].

3.3. Comprehensive Optimization of Key Parameters

Through the multi-physical comprehensive sensitivity analysis above, five key sensitive parameters for
the multi-optimization objective have been screened, and the feasible solution set has been obtained
by using MOGA method. In this section, considering different operating conditions of the motor,
five sensitive parameters will be further optimized by the way of scanning optimization and response
surface [23]. According to the requirements under different driving modes, the optimization objectives
of the DSHE-FS motor with flux-enhances and flux-weakening are also different. In the flux-enhanced
driving mode for frequent start or climbing, the average torque and torque ripple can be selected as
the optimization objectives. In the flux-weakening driving mode for high speed cruise, the core loss
and flux regulation ratio ¢ are chosen to be the objectives. In addition, under high speed operation,
the centrifugal force of the rotor increases obviously, so the structural stress and total deformation also
need to be selected as optimization objectives.

Figure 9 depicts the response surface of average torque and torque ripple versus four key parameters
hy, by, arc_r2, and arc_s1 generated by RS method. It can be seen that h; and b,- do have a great influence
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Figure 6. Multi-physics sensitivity analysis of DSHE-FS motor.
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Figure 7. The electromagnetic optimization using MOGA method.

on the average torque, and the amplitude can vary from 24 Nm to 30 Nm. Similarly, arc_r2 and arc_si
also have more influence on the torque ripple. After optimization, the torque ripple can be reduced
by nearly half. Figure 10 shows the effects of two key parameters, in which the flux regulation ratio
and core loss are both illustrated. As can be seen, the flux regulation ratio and core loss increase
more significantly with increasing arc_s! and hy, while the motor efficiency is sacrificed. For the three
parameters hy, hs, and b, that have great influence on the deformation and stress of the motor, RS
optimization results are given in Figure 11. It can be seen that compared with the maximum value of
deformation, the equivalent stress is more nonlinear with the change of key parameters b,., hs, and hy.

Through further comprehensive comparison and analysis above, the optimum values of four key
design parameters are determined and listed in Table 3.
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Figure 11. RS optimization of stress and deformation in high speed cruise driving mode. (a) Equiv
stress versus b, and hs. (b) Total deformation versus hs and hy.

Table 3. Optimized key design parameters.

Parameter Original Optimized
Arc of armature tooth arc_si 16 deg 17 deg
Arc of inner arc of rotor arc_r2  21deg 19.5 deg
Armature tooth width hb 8 mm 10.5 mm
Guide bridge width br 2deg 1deg
Outer field tooth width hs 5 mm 4.5 mm

4. PERFORMANCE ANALYSIS

4.1. Back-EMF

The optimized DSHE-FS motor is obtained and compared with the initial design. As shown in Figure 12,
the amplitude of no-load back EMF increases, and the waveform is more sinusoidal after optimization.
Meanwhile, the harmonic contents decrease, and the amplitude of base wave increase obviously.
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Figure 12. No-load back EMF comparison: (a) back EMF waveforms; (b) back EMF harmonic spectra.
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4.2. Performance of Flux Regulation

Figure 13 shows the regulation results of different inner and outer excitation currents on no-load flux
linkage, as well as the variation curve of corresponding flux regulation ratio 6. As shown in Figure 13(a),
the flux regulation ratio ¢ decreases to 80% when —20 A is applied in outer field windings under the
flux-weakening condition. When 20 A is applied to enhance the flux, § reaches 125%. It can be seen
that the flux regulation capability increases linearly with the outer excitation current. Considering the
risk of irreversible demagnetization of ferrite PMs, for the inner field windings, only the flux enhancing
performance is analyzed. As shown in Figure 13(b), the flux regulation ratio § can be nearly 107% when
20 A is applied. The above analysis proves that when double-side inner and outer field windings work
together, the range of flux regulation can be wider.
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Figure 13. Flux regulation performance (a) of inner field excitation. (b) of outer field excitation.

4.3. Torque Capability

For rated operation driving mode, the static output torque comparison waveforms at rated load and
cogging torque comparison waveforms at no load are shown in Figure 14. Obviously, the average output
torque is enhanced from 26.2 Nm to 27.8 Nm while the torque ripple is reduced from 5.6% to 4.1%.
Figure 15 gives the surface diagram of the rated average torque with different currents of the double-
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Figure 14. Torque capability. (a) static torque output (b) cogging torque.
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side inner and outer field windings. It can be seen that with the increase of current density of the
double-side field windings, the output average torque is also increased. Compared with the inner field
winding, the outer field winding has more obvious regulating effects on the average torque. All above
results validate the previous analysis and prove the effectiveness of parameter optimization on advancing

motor performance.

4.4. Operating Performance

Figure 16 shows the torque-speed characteristics corresponding to the global operation. It can be seen
that in the constant torque region below the base speed, the output torque of the optimized motor is
improved, and the speed range is also widened.
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Figure 16. Torque-speed envelops.

4.5. Capability of Anti-Demagnetization

To analyze the capability of anti-demagnetization of the ferrite-PMs in the DSHE-FS motor, the g-
axis current is chosen as 30 A which is twice that of the rated one [24]. Figure 17(a) gives the field
distributions of the ferrite-PM. Considering that the knee value of the ferrite de-magnetization curve is
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about 0.2 T, it is defined that when the working point is lower than 0.2 T, the demagnetization of ferrite
occurs. It can be seen that the demagnetization area is small. As shown in Figure 17(b), with inner
field excitation, the magnetic flux densities only at point 4 will fall below 0.2 T. And the magnetic flux
densities of other three different points are always higher than 0.2T. It indicates that the DSHE-FS

motor possesses high anti-demagnetization capabilities under the flux-weakening high-speed operation
condition.

4.6. Mechanical Characteristic

As the cupped rotor with a large radius is employed, the DSHE-FS motor suffers from high centrifugal
force and mechanical stress [25]. Thus it is important to carry out further analysis of mechanical
characteristic to appraise the motor structure design. The cupped rotor consists of rotor pieces and
is supported by fixed ring. The equivalent stress and total deformation of the rotor in the DSHE-FS
motor are shown in Figure 18. The maximum stress occurring on the fixed ring is around 36 MPa. All
stresses on the rotor are much smaller than the stress limits of rotor materials, which indicate that the
rotor can operate securely. In addition, it can be seen that the farther away the rotor is from the end
plate, the severer the deformation is. The maximum deformation of the rotor is 0.033 mm.

0 NEENTTTE 36 O [T 7 0.033
Equivalent stress (MPa) Deformation (mm)
(a) (b)

Figure 18. The mechanical analysis of DSHE-FS motor. (a) Equivalent stress (b) Deformation.
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Table 4. Optimized comparison results.

Performance Initial scheme Optimal design
D-axis inductance 13.88 mH 15.64 mH
Q-axis inductance 14.32 mH 16.27mH

Efficiency 88.21% 90.97%
Flux regulation ratio § 15.08 23.32
Power factor 0.53 0.64

In addition, for the motor before and after optimization, the comparison results of inductance
characteristics, efficiency, power factor, and flux regulation ratio are listed in Table 4.

5. CONCLUSIONS

In this paper, the DSHE-FS motor employing partitioned stators to accommodate armature windings,
and multi-excitations are proposed. To meet the different requirements of motor in different driving
modes, a multi-objective optimization design method with multi-physical field coupling calculation
is proposed. Sensitivity analysis of size parameters is carried out, and the key size parameters
are optimized by different optimization algorithms. The electromagnetic characteristics such as flux
regulation capability and demagnetizing withstand capability of ferrite are investigated in detail. Further
mechanical analysis is conducted for the cupped rotor of the DSHE-FS motor to validate the motor
operation security. The comparison results also confirm the rationality of the structure and optimal
design of the DSHE-FS motor.
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