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Abstract: This paper presents the results of a comprehensive investigation into the comparative analysis
and design optimization of ferrite-based surface permanent magnet vernier machines (SPMVMs). While
SPMVMs boast a simple mechanical structure and enhanced torque density attributed to the flux
modulation effect, they suffer from a persistent challenge of low power factor. Several factors hinder
the adoption of low-cost ferrite magnets in SPMVMs. First, ferrite magnets are prone to irreversible
demagnetization, constraining the allowable range of magnet thickness. Second, the reduced residual
magnetic flux density of ferrite magnets exacerbates the decrease in power factor and machine efficiency.
Thus, achieving optimal performance in ferrite-based SPMVMs necessitates the careful selection of
various design parameters. To address these issues, this study employs a surrogate-based metaheuristic
optimization algorithm with adaptive sampling to identify the optimal solution. Additionally, the
integration of a Halbach array is explored to further enhance the performance of the three-slot/two-pole
SPMVM topology. Subsequently, two ferrite-based SPMVM baseline models—one with a conventional
SPM structure and another with a Halbach magnet array—are thoroughly designed, optimized, and
subjected to detailed performance analysis using the 2D finite element method.

Keywords: design optimization; efficiency; ferrite; Halbach; magnetic saturation; power factor; PM
vernier; torque density

1. Introduction

The demand for compact designs and high-torque, high-efficiency characteristics of
electric machines has driven research into new machine topologies in recent years. Among
the various topologies, machine types that utilize the flux modulation principle have gained
significant attention due to their high torque density characteristics. In the last decade, a
significant number of research papers on flux modulation machines have been reported
on a variety of topics, including working principles [1-3], various topologies [4—6], and
application-specific performance characteristics [7-9].

Among the flux modulation machines, surface permanent magnet vernier machine
(SPMVM) is quite popular due to its simple mechanical structure and higher torque density
owing to the flux modulation effect. Flux modulation machines have the potential to
generate higher power compared to conventional PM machines because they have relatively
higher shear stress at the same airgap volume and rotational speed [1,3]. Nevertheless,
the low power factor of SPMVM is one of its major limiting factors. In addition, it is
difficult to avoid using expensive NdFeB magnets when considering the risk of magnet
demagnetization because the flux modulation effect is based on the slot harmonics of
the airgap permeance, leading to the use of thin magnets [10,11]. Hence, the design of a
ferrite-based SPMVM poses many challenges in light of these factors.

Several past studies have discussed the unique design challenges of ferrite-based
SPMVM designs in more detail. One prominent issue is the low power factor associated
with these motors, which is a problem that is exacerbated when replacing NdFeB magnets
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with low-cost ferrite alternatives due to their low residual flux density [12]. Achieving
higher machine efficiency is also a challenge due to the relatively low residual flux density
of ferrite magnets [13]. Another problem is mitigating the risk of demagnetization, which
limits the minimum allowable dimensions of permanent magnets. In addition, depending
on the application, considerations such as torque ripple and fault tolerance emerge as critical
design factors. Careful design is also essential to avoid localized magnetic saturation, which
can reduce shear stress and consequently output power.

Several studies have presented design techniques to improve the performance of
ferrite-based SPMVM. For example, ref. [14] shows that the consequent pole vernier ma-
chine is a proper type to utilize low-cost ferrite magnets because of its advantage in
increasing the magnet thickness. Halbach magnet arrays are known to have magnetic
self-shunting characteristics, which means that the magnetic field on one side of the Hal-
bach array can be enhanced while the magnetic field on the other side can be significantly
reduced. This allows the power factor of the SPMVM to be improved without sacrific-
ing magnet flux and torque [15,16]. To achieve high torque density at reasonable cost, a
hybrid-excited SPMVM [17] utilizing both NdFeB and ferrite magnets has been proposed.

In most cases, machine designers need to solve multiple design issues simultaneously.
The process of identifying the optimal solution considering these conflicting design goals
involves tradeoff analysis, which simultaneously evaluates various design requirements,
goals, and constraints to determine the most desirable design that is physically feasible.
Unfortunately, this important issue has received little attention to date, especially in the
family of vernier PM machines. This paper aims to fill this research gap by utilizing multi-
objective design optimization techniques to compensate for the inherent shortcomings of
the ferrite-based SPMVM. The main contributions of this paper are summarized as follows:

(1) Step-by-step analysis of the systematic design optimization process of ferrite-based
SPMVMs using a metaheuristic algorithm with adaptive sampling;

(2) Comprehensive comparative study of ferrite-based SPMVMs with and without Hal-
bach magnet array;

(8) Thorough performance analysis of ferrite-based SPMVMs over a wide range of oper-
ating regions.

Presenting an approach to solve this complex problem, we first describe the basic op-
erating principles of SPMVMs and the key design variables. Then, a thorough performance
analysis of ferrite-based SPMVM is performed with and without the Halbach magnet array,
considering the operational safety margin and reasonable design constraints. The main
design focus was kept on the torque density, power factor, and efficiency. The results of the
design optimization demonstrate the challenges inherent in achieving satisfactory power
factor and efficiency for ferrite-based SPMVMs compared to NdFeB-based SPMVMs. As
a result, we explore the potential benefits of incorporating a Halbach magnet array to
improve machine performance. Finally, two baseline ferrite-based SPMVMs were designed
and optimized, and their detailed performance characteristics, including demagnetization
risk, performance map analysis, and material cost, were comprehensively evaluated using
2D finite element analysis (FEA).

2. Basic Operation Principles and Baseline Designs

Similar to other flux modulation machines, SPMVMs work based on the principle
of magnetic gearing effect, which is also known as the flux modulation effect. The basic
operating principle may be best described by the permeance distribution theory [1]. To
help the reader’s understanding, this section explains the torque mechanism of SPMVM
based on analytical expressions and provides an explanation of the trade-off relationship
between output torque and power factor.
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Rotating electrical machines generate output power by creating a shear stress in the
airgap. The shear stress of a vernier PM machine can be expressed as follows:

1

where K; is the surface current density, By and B; are the main and the modulation fluxes,
and G; is the gear ratio of the flux modulation machine. As shown in (2), the gear ratio
depends on the ratio between the number of rotor pole pairs Z, and the number of mod-
ulation pole pairs P,,,;. The number of modulation pole pairs can be expressed as the
absolute difference between the number of modulation teeth Z; and the number of rotor
pole pairs Z, [4].

Zy Zy

G, = = 2
' Pmod |ZS_ZV| ( )

The surface current density K is proportional to the series winding turns Ny, and the
amplitude of phase current I, and inversely proportional to the airgap diameter Dy, as
shown in the following [4]:

6N, Ly
pn7p
s= o )
Dy
Using (1), the output torque T, of SPM vernier machine can be derived as
1
Ty = 2Veo =2V, (KSBO + 2I<5G,Bl> 4)

where V is the airgap volume of the machine. Alternatively, the output torque can be
expressed as follows [1]:

V2B
T, = équKsDélstk%(Kconv + Kadd) (5)

Wr
where B, is the residual flux density, i, is the recoil permeability of permanent magnet, ki,
is the fundamental winding factor, Iy is the stack length, g, is the magnet thickness, g is
the effective airgap length, Keono is the torque coefficient for a conventional SPM machine,
and K, is the additional torque coefficient for a SPMVM. As shown in (1), the additional

torque component associated with K4, is proportional to the product of K;, G, and B [1].
The power factor of SPMVM can be expressed as follows [3]:

-1
weLqig 2
PF = 0= 1 —_— 6
cos \/ + (lqu+we/\pm> (6)

where w, is the synchronous angular frequency, L, is the g-axis inductance, i, is the g-axis
current, R; is the stator resistance, and A,y is the magnet flux linkage. Neglecting the
resistive voltage drop, (6) can be further simplified as:

-1

Lyig \?

— _ 99

PF = cosf = 1+ < ) (7)
WeApm

It was discussed in [3] that the power factor generally increases when magnetic loading
is high and electrical loading is low, as shown in (7). It was also pointed out that there
is a trade-off between power factor and gear ratio, and that balancing the power factor
and output torque requires some sacrifice of additional torque due to magnetic gearing
effects. While many analytical approaches have been proposed to overcome this problem,
the use of numerical analysis is indispensable to clearly define the trade-offs between
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different objective functions and constraints that consider magnetic saturation and complex
machine geometries.

The remainder of this section describes the 2D FEA model setup for SPMVM perfor-
mance analysis. The basic structure of the SPMVM with outer rotor configuration used in
this study is shown in Figure 1a. The nomenclature of the main design variables shown
in Figure 2 is given in Table 1. Considering the benefits associated with employing a
Halbach array, a second baseline design utilizing a Halbach PM array was investigated,
as shown in Figure 1b. The stator structure shown in Figure 1 is equipped with the
most common fractional slot winding configuration with a ratio of three-slot/two-pole, or
1/2 slot-per-pole-per-phase (SPP). Figure 2 shows a cross-section of the baseline SPMVM
with key design parameters, and Table 1 provides information about the key constants and
parameters of the baseline machine shown in Figure 1.

(b)

Figure 1. Two baseline SPMVM designs and conventional SPM counterpart. (a) Design I (without
Halbach), (b) Design II (with Halbach).

Wso: Slot opening ratio
h¢y: toothunder length
h;.:tooth tip thickness
hpm : magnet thickness
a;:tooth width ratio
wy,: notch width
d,:notch depth
Wpm: magnet pitch angle
apm: Magnet pitch ratio

Figure 2. Key design variables.

Table 1. Key design constants and variables information.

Design Constants Symbols Value Design Variables Symbols Value
Airgap diameter Dy 205 mm Stator tooth-tip thickness Iyt Variable
Airgap length g 0.8 mm Stator tooth-under length hyy Variable
Stack length Lok 103 mm Stator tooth width ratio oy Variable
Stator outer diameter Ds 204.2 mm Magnet thickness hpm Variable
Rotor outer diameter Dy, 260 mm Magnet pitch ratio Apm Variable
Rotor inner diameter D,; 205.8 mm Stator pole notch width Wy Variable
Shaft diameter Dy, 50 mm Stator notch depth dn Variable
Series winding turns N 150 Slot opening ratio Wsp Variable
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3. Initial Performance Comparison: NdFeB SPMVM vs. Ferrite SPMVM

As mentioned in Section 1, there are several design issues associated with the ferrite-
based SPMVM. To better highlight these issues, an SPM vernier generator based on NdFeB
magnets designed in [11] is taken as a reference. The main design parameters and simula-
tion conditions of the reference machine are given in Table 2. It is worth noting that due to
the presence of the stator notches, the number of stator modulation teeth was counted as
twice the number of slots.

Table 2. Main design parameters of reference machine [11].

Design Parameters Symbols Values
Slot/Pole 6/20

(Modulation Teeth /Pole Pair = Z;/Z;) n/a (12/10)

Rated speed WR 214 rpm
Rated current Ir 29.4 Arms
Surface current density K 35kA/m

Volume current density Jo 6 Arms/mm?

Airgap diameter Dq 205.8 mm

Airgap length g 0.8 mm

Stack length Ly 103 mm

PM thickness Frpm 6.8 mm

The key electromagnetic performance parameters of the reference model shown in
Table 2 were obtained using 2D FEA. For the sake of comparison, a counterpart reference
model is additionally designed with ferrite magnets. The electromagnetic performances
of the original reference model (labeled as Design A) and its counterpart ferrite-based
machine (labeled as Design B) are comparatively presented in Table 3. Figure 3 shows the
B-H curve characteristics at 20 °C for the NdFeB and ferrite magnets used in the simulation,
respectively. Both curves are very linear in the second quadrant, while the knee point for
the ferrite magnet appears as it enters the third quadrant. This curve shows that ferrite
magnets can be easily demagnetized by an external H-field of much smaller amplitude
compared to NdFeB magnets.

Table 3. Key performance comparisons between reference NdFeB model and ferrite model.

Parameters Design A: Design B:
Reference Model (NdFeB) Ferrite Counterpart
PM residual flux density at 20 degC B,=123T B,=04T
Surface current density 35kA/m 35kA/m
Back EMF (at 214 rpm) 70.91 Vrms 27.58 Vrms
Torque/airgap volume 72.63 N-m/m? 23.58 N-m/m?
Torque/mass 8.08 N-m/kg 2.61 N-m/kg
Power factor 0.609 0.254
Efficiency 86.86% 70.38%
Average torque 301.95 N-m 97.65 N-m
Torque ripple 6.75% 10.90%

Material cost $385.9 $114.9
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Figure 3. Magnet B-H curves: NdFeB (red) vs. ferrite (blue) at 20 °C.

As given in Table 3, at the same surface current density, the torque per airgap volume
of Design B is approximately 33% of that of Design A. This is clearly due to the much
lower residual flux density of the ferrite magnets. In addition, the lower residual flux
density of Design B adversely affects the power factor as well as the overall machine
efficiency. Moreover, the fact that Design B’s magnets are more susceptible to irreversible
demagnetization indicates that Design B’s performance may degrade further under the
influence of large d-axis currents (e.g., fault conditions or deep flux-weakening operations).

The following sections detail the optimal design process for improving conflicting
design goals while meeting challenging constraints. To maximize the performance of
the ferrite SPMVM, two variants are considered for Design B. The machine without the
Halbach array is denoted as Design I and the machine with the Halbach array is denoted
as Design II.

4. Design Optimization
4.1. Surrogate-Based Optimization Algorithm

For the efficient design optimization of the baseline ferrite SPMVMs, the surrogate-
based stochastic optimization process introduced in [18] was used. This process has been
proven to save approximately 93% of computational time compared to traditional FEA-
based optimization methods while maintaining accuracy to within 1%. Moreover, the
Gaussian process upper confidence bound (GP-UCB)-based adaptive sampling technique
was also used to further improve the performance of the stochastic optimization process.

The presented process in Figure 4 presents an optimal design method for an elec-
tric machine, comprising (1) selecting key design variables and setting the scope so as
to improve an objective function, such as torque density, power factor, and efficiency,
(2) constructing a mathematical approximation model (i.e., surrogate model) that defines
the correlation between design variables and objective functions to efficiently perform
design space exploration, (3) using the surrogate model to reduce the computation time of
the metaheuristic optimization algorithm, and (4) using an adaptive sampling technique to
select samples to add to the training set for surrogate model training when the results in
(2) and (3) do not satisfy the convergence conditions. As described in [18], the presented
adaptive sampling technique is applied to both phase 2 and phase 3 to maximize the
benefits of balancing exploration—exploitation.
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Figure 4. Surrogate-based design optimization process using GP-UCB-based adaptive sampling.

The results of using the presented multi-objective, multi-variable design optimization
procedure to identify global optimal solutions for the baseline SPMVMs are thoroughly an-
alyzed in this section. The objective functions and constraint conditions of the optimization
process can be described as follows:

1. Tpk/mtotal [Nm/kg]
maximize: 2. Power factor
3. Efficiency [%]

1. Active material cost < $135
2. Torque ripple < 7%

where T is the maximum output torque and iy, is the total active material mass.
The definition of torque ripple is as follows:

subject to:

Torque Ripple(%) = M * 100% 8)
avg

where Tpyg is the average value, Ty, is the lowest value, and Ty is the greatest value
of the instantaneous torque waveform. It was reported in [19] that the SPMVMs exhibit
inherently low torque ripple due to harmonic flux interactions. The range of input design
variables considered in the optimization is summarized in Table 4.

The multi-objective optimization problems for the two baseline SPMVMs were solved
using NSGA-II, which is a metaheuristic method based on genetic algorithms. In this
study, the population of 30 samples and 40 evolutionary generations, with a crossover
probability of 0.9 and a mutation probability of 0.05, are used in the NSGA-II algorithm.
Table 4 summarizes the initial values and variable ranges for the eight design variables (as
in Table 1) considered in the design optimization. The range of each parameter is refined
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by examining the impact of each parameter on the objective functions using the sensitivity
study introduced in [18].

Table 4. Summary of design variable ranges and optimal values.

Design I (without Halbach) Design II (with Halbach)

Parameters
Initial Range Optimized Initial Range Optimized
Slot—ope;ung ratio 05 [0.4 0.55] 0.4 0.5 [0.4 0.55] 0.4
S0
Tooth-under length 137 [1114.5] 145 13.7 [11 14.5] 14.5
hty [mm]
Tooth-tip thickness 11 [912.5] 12.4 11 [912.5] 125
hy [mm]
Magnet thickness 6.8 [612] 8.6 6.8 [612] 11
hpm [mm]
Tooth w;dth ratio 035 [0.25 0.35] 0.35 0.35 [0.25 0.35] 0.35
S
Notch width 13 8 15] 15 13 [8 15] 15
wy [mm]
Notch depth
2 o] 11 [515] 13.2 11 [515] 14.8
Magnet{xpltch ratio 1 [051] 0.89 1 [0.50.9] 0.67
pm

4.2. Optimization Results

In the preceding section, both the ferrite-based SPMVMs with and without a Halbach
PM array are optimally designed, and the detailed design parameters are provided in
Table 4. Figure 5 shows the optimized machine geometry for both Design I and Design II.
To compare the performance of the optimized SPMVMs to the conventional SPM design, we
also prepare and analyze an SPM machine with SPP = % by removing the stator notches and
reducing the number of poles from 20 to 4, as shown in Figure 5c. As summarized in Table 4,
the optimized designs show noticeable changes in most of the design parameters, including
decreasing the slot opening ratio, increasing the modulation pole dimensions, increasing
the magnet thickness, widening and deepening the notch width and depth, and decreasing
the magnet pitch ratio. The results of these changes were significant improvements in all
the objective functions while satisfying the constraints, as will be shown in Table 5.

(b)

Figure 5. Baseline designs after optimization and conventional SPM counterpart. (a) Design I (without
Halbach), (b) Design II (with Halbach), (c) Design III (SPM counterpart).

Figure 6 shows the flux density distribution for Design I and Design II at the rated
load condition. As shown in the figure, the overall saturation of the core for both designs is
relaxed with a noticeable reduction in localized saturation along the main flux path through
the stator teeth and back yoke region. This improved core utilization leads to reduced core
losses and mitigated temperature rise.
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Table 5. Summary of optimization results.
Design I Design II
Design III
Parameters Initial Optimized Initial Optimized (SPM Counterpart)
(See Figure 1a) (See Figure 5a) (See Figure 1b) (See Figure 5b)
Torque Density 2.61 N-m/kg 2'9(?_112:;:/({)1(‘% 2.72N-m/kg 3.1(3-111171:/({)1((% 1.86 N-m/kg

- o 79.37% o 80.04% o

Efficiency 70.38% (+12.8%) 71.35% (+12.2%) 69.20%
Power Factor 0.254 (+g331230 %) 0.265 (+(;§:6500 %) 0.722

Torque Ripple 10.93% (_63'8.1522) 14.12% (_6532$0) 23.82%

$123.63 $134.4
Cost $114.95 (+1.96%) $114.95 (+13.4%) $128.26

' \\“'" \\ TE & )

/ ‘a = P —
%,- il IO'5

(c) (d)

Figure 6. Flux density contour and flux lines at rated load condition. (a) Design I: before optimization,
(b) Design I: after optimization, (c) Design II: before optimization, (d) Design II: after optimization.

Achieving a sinusoidal back-emf waveform is a key factor in improving the perfor-
mance of rotating electrical machines. It is well known that harmonic components in the
back-emf waveform contribute to torque ripple, losses, noise, and vibration [20]. There
are several techniques to improve the quality of the back-emf waveform, but most meth-
ods have drawbacks. For example, winding short pitching and rotor skewing are very
effective at suppressing undesirable harmonic components but at the expense of output
torque degradation. The problem of achieving a sinusoidal waveform becomes even more
complex when conflicting objective functions such as torque capability and manufacturing
cost are considered.

The advantage of applying the proposed optimization process is that it can consider
thousands of combinations of design variables over a wide design space to find the optimal
design that balances the various objective functions and constraints. Although the back-emf
harmonic component was not explicitly included as a design objective or constraint, the
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process of maximizing output torque and efficiency and suppressing torque ripple to 7%
or less naturally shifted the waveshape of back-emf voltage closer to sinusoidal. This is
clearly shown in Figure 7, which compares the back-emf waveforms and FFT spectrum for
both Design 1 and Design 2 before and after optimization.

—— Before Optimization | |
—— After Optimization

——Before Optimization | | 407
— After Optimization

Voltage [V]
(e

Voltage [V]
o

-40 1 -40 ‘ ‘ ‘ . ‘
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
Time [s] Time [s]
(a) (b)
40 Il Before Optimization | | 20 [l Before Optimization | |
A fter Optimization A fter Optimization
_30r _30r
= =
2201 Z207
= -
10 - 10+

NI S I HE INN I 2N R RN QNY?H X5 6N DIJIJOIOXG

Harmonic Order Harmonic Order

(c) (d)

Figure 7. Comparison of no-load back-emf waveforms. (a) Back-emf waveform: Design I. (b) Back-
emf waveform: Design II. (c) FFT spectrum: Design I. (d) FFT Spectrum: Design II.

Figure 8 compares the output torque waveform under the rated load condition at
214 r /min for both Design I and Il before and after the optimization. The results in Figure 8a
show that the average torque as well as torque ripple of Design I have been noticeably
improved after optimization by approximately 9% and 40%, respectively. Similarly, the
average torque and torque ripple of Design II have been improved by approximately
12% and 51%, respectively. In conclusion, machine geometry optimization successfully
improved output torque and torque ripple characteristics by maximizing the combined
torque components in (5) and generating sinusoidal back-emf voltage waveforms for both
the baseline SPMVM designs. Further details of the electromagnetic performance summary
of Design I and Design II are compared and summarized in Table 5.

Figures 9 and 10 show the 2D and 3D projections of sample distributions and the
Pareto front for Design I and Design II, showing the optimal set of solutions between the
conflicting objective functions. Referring to the strategy described in [18], the approach
used in this paper is to prioritize the maximization of torque density and power factor

while balancing other objectives and constraints to solve common design problems related
to PMVMs.
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Figure 8. Output torque waveforms of the two baseline machines at rated condition. (a) Design I

(without Halbach). (b) Design II (with Halbach).
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Figure 9. Two-dimensional (2D) and 3D objective space projections of the sample distribution and
Pareto front: Design I (without Halbach). (a) Efficiency vs. torque density. (b) Power factor vs. torque
density. (c) Power factor vs. efficiency. (d) PF vs. efficiency vs. torque density.

Figure 9a—c show the correlations between the three objectives: torque density, power
factor, and efficiency. Interestingly, a counter-intuitive linear relationship is observed be-
tween torque density and efficiency. This is mainly because of the improved core utilization
shown in Figure 6, which helps to improve both torque performance and core losses. How-
ever, the Pareto fronts of torque density vs. power factor and power factor vs. efficiency
generally show an inverse relationship as expected. The details of the final optimal design
for Design I are shown in Table 5.

Figure 10a—c show the correlations between the three objectives of Design II. Similar
to the results in Figure 9, a linear relationship is observed between torque density and
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efficiency, while inverse relationships are observed between torque density and power
factor as well as between power factor and efficiency. The maximum values for each of the
three objectives are slightly higher than the values in Figure 9 because of the Halbach PM
array. The details of the final optimal design for Design II are summarized in Table 5.
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Figure 10. Three-dimensional (3D) objective space projections of the sample distribution and Pareto
front: Design II (with Halbach) performance metrics indicate superiority in the SPMVMs, which is
likely due to the additional torque component in SPMVM. (a) Efficiency vs. torque density. (b) Power
factor vs. torque density. (c) Power factor vs. efficiency. (d) PF vs. efficiency vs. torque density.

Table 5 presents the results of the design optimization for both Design I and Design II.
Compared to the initial results, significant improvements are observed in the performance
metrics including torque density, power factor, and efficiency for both models. Moreover,
both models show acceptable torque ripple characteristics, meeting the targeted 7%. De-
spite a very slight increase in material costs, both designs stayed under the specified target
of USD 135. Detailed cost analysis findings are presented in Tables 6 and 7. Due to the low
ferrite cost, Design II was optimized to significantly increase magnet usage. However, the
torque increase was not directly proportional because the additional torque component
decreased as the effective airgap length increased. Finally, a comparison is drawn between
the performance characteristics of the traditional SPM design with the optimized SPMVM
designs. As shown in Table 5, except for the power factor, all performance metrics indi-
cate superiority in the SPMVMs, which is likely due to the additional torque component
in SPMVM.

5. Discussion

This section provides a detailed analysis of efficiency and power factor for the entire
operation area as well as other important performance metrics such as demagnetization
and cost analysis.
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5.1. Performance Characteristics of Efficiency and Power Factor

The analysis results for efficiency and power factor studied in Sections 3 and 4 were
limited to a single operating point (rated condition). In this subsection, the performance
characteristics of efficiency and power factor over the entire operating region is investigated
to extend the previously obtained results. Assuming a 58.7 Arms peak current amplitude
and a dc bus voltage of 400 V, the efficiency and power factor for the entire torque-speed
region are calculated using FEA.

Figure 11a,b show a comparison of the efficiency maps for Design 1 before and after
optimization. Comparing the two figures, the maximum torque value for a given maximum
current has increased by approximately 19.6%, and the high-efficiency region above 95%
is more extensive. The improvement in power factor can also be seen by comparing
Figure 11c,d. The power factor is plotted as a function of torque except for the very
low-speed region, and the power factor drops below 0.5 for medium torque and above.
In conclusion, ferrite SPMVMs have attractive performance characteristics under lightly
loaded conditions, but the benefits diminish as torque increases.
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Figure 11. Comparison of efficiency maps and power factor before and after optimization for Design
I (without Halbach). (a) Efficiency map: before optimization. (b) Efficiency map: after optimization.
(c) Power factor: before optimization. (d) Power factor: after optimization.

Figure 12a,b show a comparison of the efficiency maps for Design 2 before and after
optimization. Similar to the results of Design I, both an improvement in maximum torque
and an expansion of the high-efficiency region were observed. The adoption of the Halbach
array resulted in a 33.5% increase in peak torque, which is a greater improvement than that
shown in Design L.
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Figure 12. Comparison of efficiency maps and power factor before and after optimization for Design

800 1000

II (with Halbach). (a) Efficiency map: before optimization. (b) Efficiency map: after optimization.
(c) Power factor: before optimization. (d) Power factor: after optimization.

5.2. Chamfering Effect on Notch

As pointed out in Section 1, magnetic saturation can adversely affect the performance
of SPMVMs because it contributes to the degradation of the magnetic gearing effect. To
mitigate this saturation effect, various design techniques have been studied in several
papers. One effective approach to minimize saturation in the modulation pole region is to
adopt fluidic pole shape [21].

Figure 13 shows a comparison of a traditional rectangular notch with a chamfered
notch geometry with two chamfering ratios as examples. As the chamfering ratio increases,
the corners of the notch become increasingly rounded. Figure 14 shows a comparison of
flux density contours with and without chamfering, showing the reduction in magnetic sat-
uration when introducing fluidic geometry through chamfers. Figure 15 shows the results
of a parametric study that examined the correlation between the three objectives and the
chamfering ratio. The results show that the adoption of fluidic geometry improves torque
performance and efficiency by about 6% and 2%, respectively, compared to rectangular
pole geometry. However, the chamfering ratio is not included as one of the design variables
because it only influences very narrow flux paths and further increases computational time.
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Figure 13. Stator modulation pole with notch chamfering («,: chamfering ratio).
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Figure 14. Comparison of flux density contours. (a) Design I without chamfering. (b) Design I with
chamfering.
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Figure 15. Parametric study results of chamfering. (a) Torque vs. chamfering ratio. (b) Torque ripple
vs. chamfering ratio. (c) Efficiency vs. chamfering ratio. (d) Power factor vs. chamfering ratio.
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5.3. Rotor Demagnetization

The demagnetization characteristics of the baseline ferrite SPMVMSs can be visually
inspected from the analysis of color contour plots of remanence ratio of the rotor magnets.
The magnet remanence ratio represents the reduction in remanent magnetic flux density in
the rotor magnets and is given by the following;:

Remanence Ratio(%) = (1 — If—r> * 100% )
ro
where By, is the initial remanent flux density and B, is the post-demagnetization value.
Because the rotor magnets are directly exposed in the airgap area without being
protected by an iron core, SPM machines are known to have the worst magnetization char-
acteristics of the various PM machine configurations [22]. Figure 16 shows a comparison of
the remanence ratio of the two rotor pole units of Design 1 and Design 2 when the rated
current is aligned with the negative d-axis for one electrical cycle. As shown in Figure 16a,c,
the magnet strength losses in both initial (before optimization) SPMVM designs are exten-
sive, especially near the edges of each magnet, with remanence ratio values typically in the
70-100% range. In contrast, after the optimization, the rotor magnets in Design I showed
little demagnetization, and Design II also showed little loss of magnet strength except at
localized magnet edges near the rotor back yoke, as shown in Figure 16b,d. This is due to
the increased demagnetization resistance as the magnet thickness increases and the magnet
span decreases.

o

%))

(]

Figure 16. Comparison of magnet demagnetization states. (a) Design I: before optimization. (b) De-
sign I: after optimization. (c) Design II: before optimization. (d) Design II: after optimization.
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5.4. Cost Analysis

Finally, we present a comparison of the results of the active material mass and cost
breakdown for the two machines with and without a Halbach array. Table 6 shows the ma-
terial costs used in the cost analysis. It is shown in Table 7 that after optimization, the total
mass of both machines decreases slightly while the cost increases. This is because the mass
reduction is more pronounced for steel, which has a relatively lower price per kg compared
to the other materials. Based on the results, both designs were optimized by increasing the
ferrite magnet content, which is much cheaper compared to rare earth magnets.

Table 6. Material cost.

Material Cost

Steel [23] $1.08/kg
Copper [23] $10.78/kg
Ferrite [24] $7/kg
NdFeB [25] $71.6/kg

Table 7. Mass and cost breakdown.

Design I (w/o Halbach) Design II (w/Halbach)
Material
Initial Optimized Initial Optimized
Stecl 28.32kg/ 2597 kg/ 28.32kg/ 24.41kg/
e $30.59 $28.05 (~8.3%) $30.59 $26.36 (~13.8%)
Cobper 552kg/ 6.23kg/ 552kg/ 6.23kg/
PP $59.51 $67.16 (+12.9%) $59.51 $67.16 (+12.9%)
Masnet 3.55kg/ 4.06 kg/ 3.55kg/ 5.84kg/
& $24.85 $28.42 (+14.1%) $24.85 $40.88 (+64.2%)
Total 37.39kg/ 36.26 kg/ 37.39kg/ 36.5kg/
$114.95 $123.63 (+7.55%) $114.95 $134.4 (+13.4%)

6. Conclusions

This paper presents an analysis and optimal design of ferrite-based SPMVMs both
with and without Halbach magnet arrays. Initially, it demonstrates that SPMVMs utilizing
ferrite magnets encounter significant challenges including lower efficiency and inferior
power factor compared to traditional NdFeB-based counterparts alongside restricted usable
PM thickness due to demagnetization risks. To maximize the performance of ferrite-
based SPMVMs, a multi-objective optimization algorithm using a surrogate model and
adaptive sampling is employed with emphasis placed on torque density, power factor, and
efficiency enhancement.

Results indicate noticeable improvements in harmonic components of the back-emf
voltage waveform and reduced magnetic saturation post-optimization. Consequently,
torque density, efficiency, and power factor all improve by more than 10 to 20%; however,
achieving comparable performance to NdFeB-based SPMVMs remains challenging for
ferrite-based counterparts. The application of Halbach magnet arrays is observed to
partially bridge this performance gap.

Detailed performance evaluations of two ferrite-based SPMVMs, including demag-
netization risks and performance mapping, are conducted via comprehensive 2D Finite
Element Analysis (FEA). Optimization efforts effectively mitigate demagnetization risks by
bolstering resistance through increased magnet thickness and reduced span. In addition, all
three objective functions—torque, power factor, and efficiency—show improvement post-
optimization. Furthermore, while ferrite SPMVMs demonstrate favorable performance
under light loads, diminishing benefits are observed at higher torque levels.
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Despite notable performance enhancements achieved through the proposed design
approach for ferrite-based SPMVMs, it remains insufficient in comparison to NdFeB-
based counterparts. The search for new PMVM topologies will continue to facilitate the
integration of ferrite-based PMVMs across diverse industries.
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