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Abstract—This paper investigates an aggregated design and 
optimization method for permanent magnet hub (PMH) motors, 
guided by permeance harmonics, to meet low-speed, high-torque 
requirements. The key lies in establishing the correlation 
between stator and rotor permeance harmonics and torque. 
Firstly, contribution equations describing the influence of stator 
and rotor permeance harmonics on torque are derived. It reveals 
that the contribution degree is affected by harmonic amplitude 
and phase. Then, the selection criteria for stator and rotor 
topology are formulated. The amplitude and phase 
characteristics of the permeance harmonic group are considered 
in criteria, which aim to achieve the aggregated design from a 
permeance harmonic perspective. Furthermore, based on the 
identified aggregated permeance harmonics, the airgap flux 
density harmonics directly linked to permeance harmonics are 
determined. Taking these harmonics as the goal, they are 
involved in the optimization process for high torque density. 
Sensitivity analysis and response surface analysis are adopted, 
respectively, to lock the design variables and their parameter 
ranges. Then, the motor topology with characteristics of high 
torque density is obtained through multi-objective optimization. 
Finally, a prototype experiment is conducted on the optimized 
PMH motor.① 

Index Terms—Permanent magnet hub (PMH) motor, torque 
density, harmonic characteristic. 

I. INTRODUCTION 

N distributed drive systems for electric vehicles (EVs), 
permanent magnet hub (PMH) motors are highly favored 

due to their high level of integration [1]-[2]. However, this 
application scenario imposes extremely stringent requirements 
on the motor, that is, providing high torque at low speeds to 
meet demands, while simultaneously maintaining strict weight 
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control to improve energy efficiency [3]-[4]. Among various 
candidate motor types, the field-modulated motor (FMM) is 
regarded as a highly promising solution due to its simple 
structure and high torque density [5]-[6]. Compared to 
traditional permanent magnet (PM) synchronous machines, 
the FMM can generate higher torque output through magnetic 
field modulation effects, making it particularly suitable for in-
wheel drive applications where space and weight are critical 
concerns [7]-[8]. 

To fully exploit the torque potential of FMMs, existing 
research primarily progresses from the design and 
optimization of the excitation source and modulator. On one 
hand, related studies focus on innovations in PM topology 
aimed at enhancing the PM magnetomotive force (PM MMF) 
[9]-[10]. Researchers have proposed various PM 
arrangements, such as surface-mounted [11], spoke-type [12], 
V-shaped [13], and double-sided PM configurations [14]-[15]. 
Building upon these PM topologies, further optimizations 
involving shape design [16], and special arrays like 
segmented and staggered trapezoidal poles [17], Halbach 
arrays [18] have been implemented. These refinements 
effectively improve the torque by improving PM MMF. 

In addition, the modulator constitutes another critical factor 
affecting the modulation performance [19]-[20]. In [21], it is 
found that key dimensional parameters of the stator 
modulator, such as the pole arc and tooth width, are directly 
related to the harmonic amplitudes of the airgap magnetic 
field, which consequently affects motor performance metrics. 
Moreover, methods such as employing notches [22] and 
specific shaping designs to improve the fundamental-to-
harmonic ratio can, to some extent, achieve a reduction in 
motor torque ripple [23]-[24]. Consequently, optimizing the 
modulator has proven to be an effective pathway for 
improving performance, gradually leading to a series of 
targeted design methodologies that use modulator permeance 
as a bridge [25]-[27]. Specifically, by establishing the 
relationship between stator dimensional parameters and the 
stator permeance function, research pathways that utilize 
stator permeance harmonics as a medium for enhancing motor 
torque performance have been developed [28]-[30]. In [31], a 
coded-tooth stator is proposed, enabling multi-degree-of-
freedom oriented design of stator permeance harmonics. 
Consequently, irregular airgap topologies provide a feasible 
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pathway for improving the distribution of airgap harmonics, 
thereby enhancing torque and reducing ripple. 

It is worth noting that research on coded-tooth structures 
has predominantly been applied to surface-mounted PM 
topologies [32]-[33]. For other motor configurations, such as 
spoke-type or V-shaped PM structures, the rotor structure 
influences the fundamental and harmonic components of the 
PM MMF, manifesting as a synchronous modulation of the 
harmonic amplitudes [34]. This has consequently drawn 
research attention to the modulation effects of rotor 
permeance harmonics [35]-[36]. In [36], by adopting a rotor 
T-shaped notch design, the effects of different notch positions 
on optimizing the waveform of the airgap flux density and 
improving torque performance are discussed, which is 
considered to alter the rotor permeance harmonics to some 
extent. In [37], the modulation effect of rotor salient-pole 
reluctance is analyzed, clarifying the prominent role of the 
0th, 1st, and 2nd-order rotor permeance harmonics in the 
airgap magnetic field. In summary, most current research 
focuses on the modulation principles and design of unilateral 
permeance, lacking a comprehensive consideration of 
permeance harmonics from both sides. Therefore, this paper 
approaches the design from the perspective of the integrated 
regulation of stator and rotor permeance harmonics, aiming to 
fully utilize the amplitude and phase characteristics of these 
harmonics to maximize positive torque contribution. 

This paper introduces a motor aggregation design based on 
stator and rotor permeance harmonics and proposes a multi-
objective optimization method to realize the requirement of 
high torque at low speeds within a lower weight. The 
contributions of this paper can be summarized as follows: 1) 
The correlation model between permeance harmonics and 
torque is established, and a torque contribution factor is 
defined to screen key harmonics. 2) The stator and rotor 
topology selection criteria are proposed based on the 
amplitude and phase of aggregated permeance harmonics to 
maximize positive torque contribution. 3) The multi-objective 
optimization is implemented targeting key airgap flux density 
harmonics and a lightweight factor, enhancing torque density. 
Section II provides a theoretical analysis of the torque 
generation mechanism from the permeance harmonic 
perspective, defining and analyzing a torque contribution 
factor for permeance harmonics. Section III builds topology 
selection criteria leveraging the amplitude and phase 
characteristics of permeance harmonics related to torque. It 
then investigates and compares specific stator and rotor 
permeance topologies, analyzing the resulting permeance 
harmonic distributions. In Section IV, to address lightweight 
design requirements, multi-objective optimization is 
formulated considering both a lightweight factor and flux 
harmonic content. Parameter sensitivity screening and 
response surface methodology are employed to constrain 
design variables and their ranges. In addition, performance 
analysis and evaluation are conducted in motors before and 
after the design of magnetic conduction harmonics, as well as 
the optimal motor. Finally, Section Ⅴ presents experimental 
validation of the proposed motor. 

II. CONCEPT OF PERMEANCE-HARMONIC-ORIENTED 

AGGREGATED DESIGN AND THEORETICAL ANALYSIS 

A. Method of Permeance-harmonic-oriented Aggregated 
Design and Optimization 

To achieve high torque density, a design method from 
permeance-harmonic-oriented perspective is shown in Fig. 1. 
Based on field modulation principle, the abundant air gap 
harmonics of flux-modulated PM hub (FMPMH) motor come 
from key elements, including the magnetic source, the stator 
and rotor permeance, etc. Among them, the stator and rotor 
permeance can be decomposed into harmonics with different 
amplitudes and phases, and then the correlation relationship 
between airgap permeance harmonics and the torque can be 
determined. Based on it, the comparison and design of motor 
topology elements can be carried out respectively, considering 
the torque transmission capability and aggregation 
characteristics of stator and rotor permeance harmonics. 
Furthermore, the airgap flux density harmonics generated by 
the permeance harmonics that make a stable positive 
contribution to the torque can be clearly identified. Combined 
with the design requirements of high torque density and light 
weight of hub motors, the light weight factor is defined and, 
together with flux density harmonics, is taken as an objective 
to optimize. During the process, sensitivity analysis and 
response surface analysis are adopted, respectively, to lock the 
highly sensitive parameters and their ranges, thereby 
effectively determining the final topology. 

  
Fig. 1. The concept of permeance-harmonic-oriented design and optimization. 
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B. Theoretical Analysis 
In this part, the influence of permeance harmonics on motor 

torque is derived and analyzed, providing a theoretical basis 
for the subsequent motor topology design. 

The PM MMF of the motor can be expressed as [27]: 
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where Fpmi represents the amplitude of the i-th MMF 
harmonic, ωr is the mechanical speed of the motor, and Pr is 
the pole-pair number. θ represents the airgap circumferential 
position angle and t represents a specific moment during the 
operation of the motor. 

The synchronous modulation effect on the rotor side is 
derived, and the no-load airgap magnetic flux density of the 
motor can be expressed as: 
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where θ0 is the initial position, Λr and Λs are the rotor and 
stator permeance. Λrn and θrn are the amplitude and phase of n-
th rotor permeance harmonic, respectively. Λr0 is the direct 
current (DC) component of rotor permeance. Nrt is the number 
of the rotor poles. 

According to [28], the output torque in FMMs is mostly 
generated by the fundamental harmonic of PM MMF. 
Therefore, i is taken as 1. And on the premise that only the 
modulation effect of the rotor permeance is considered, no-
load airgap flux density can be simplified as: 
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Next, PM flux linkage ψph can be obtained by integrating 
the no-load airgap magnetic flux density and expressed as: 
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2
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where the constant C = kd1NphLefRg, kd1 is the winding 
distribution coefficient of the fundamental harmonic, Nph, Lef, 
and Rg are, respectively, winding turns, axis length, and airgap 
radius of the motor. Nst is the number of the stator teeth. 

After further derivation, the back electromotive force 
(EMF) can be calculated as: 
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According to the above equation, the amplitude of back 
EMF Eph can be expressed as: 
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When the motor adopts the brushless alternating current 
(AC) control mode with d-axis current id = 0, the 
electromagnetic torque can be expressed as: 
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where m is the number of motor phases and Iph represents the 
amplitude of the input current. Torque under the modulation 
effect of only stator permeance can be calculated as: 
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where Λsv and θsv are the amplitude and phase of v-th stator 
permeance harmonic, respectively. Λs0 is the DC component 
of stator permeance. The contribution factor λ of airgap 
permeance harmonics to the output torque is defined as: 

r s
r s

,n v
n v

n v

T Tλ λ
Λ Λ

= =  (9) 

where Tn and Tv represent torque components generated by n-th 
rotor permeance harmonic and v-th stator permeance harmonic, 
respectively. Based on this, the influence of relevant permeance 
harmonics on the torque can be classified and calculated, as 
shown in Tables I and II. The average torque has two 
components. Under the same excitation source, the amplitude 
of the permeance harmonics directly determines torque. 
Meanwhile, the phase of the permeance harmonic determines 
whether its contribution to torque is positive or negative. 

TABLE I 
ROTOR PERMEANCE CONTRIBUTION TO TORQUE 
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TABLE II 
STATOR PERMEANCE CONTRIBUTION TO TORQUE 
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order Contribution factor, λ Phase of stator permeance 
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III. CHARACTERISTIC ANALYSIS AND DISCUSSION OF 

PERMEANCE HARMONICS 

To meet the low-speed direct-drive requirements of hub 
motors, high torque density should be prioritized as the 
primary performance metric. This section establishes the 
relationship between permeance harmonics and torque. 
Subsequently, a topology optimization model centered on 
permeance harmonics for torque enhancement is developed, 
followed by a comparative analysis of the resulting permeance 
harmonic characteristics. 

A. Analysis and Discussion of Rotor Permeance Harmonic 
Fig. 2 analyzes rotor permeance harmonics, with Figs. 2(a) 

and 2(b) depicting their amplitude and phase distributions. 
Figs. 2(c) present the resulting electromagnetic torque. 

It reveals that the 0th rotor permeance harmonic exhibits 
both the highest amplitude and dominant torque contribution 
factor. Conversely, the 4th harmonic demonstrates minimal 
amplitude and negligible torque contribution. Notably, 2nd, 
3rd, and 4th harmonics generate negative torque components 
due to negative values of their cosine phase. The 0th rotor 
permeance harmonic, maintains constant phase alignment and 
consistently contributes positive torque. 

 
Fig. 2. The analysis of rotor airgap permeance. (a) Amplitude. (b) Phase 
cosine value. (c) Torque. 

Based on the intrinsic characteristics of rotor permeance 
harmonics and their torque correlations, the following 
selection criteria are established. First, the 0th permeance 
harmonic exhibits the dominant amplitude and possesses a 
large torque contribution factor. Consequently, its amplitude 
serves as a primary design criterion. Simultaneously, to 
maximize positive torque contributions from higher-order 
rotor permeance harmonics, the sum of cosine phase values 
for harmonics with high contribution factors is defined as γr1. 
In addition, since the amplitudes of rotor permeance 
harmonics determine torque capacity, γr2 is defined as the 
cumulative amplitude of high-contribution harmonics. Based 
on the above, the quantitative criteria for structural selection 
are established: 
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where k1 and k2 are weight coefficients. γr1 and γr2 are 
expressed as follows: 
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Fig. 3 presents the candidate schemes related to rotor 
permeance harmonics. Based on the selection criteria 1 in (10) 
for rotor permeance harmonics, feasible scheme 1 is 
determined. And, feasible scheme 2 is selected by selection 
criteria 2. Comparative analysis in Fig. 4 reveals significant 
permeance waveform modifications in Schemes I and II 
relative to the initial scheme, with Scheme II exhibiting higher 
amplitude. Next, increased amplitudes of 0th, 3rd, and 4th 
harmonics is beneficial to improve torque capacity, while 
phase polarity reversals occur in 3rd–4th harmonics of 
Scheme I and in 2nd–4th harmonics of Scheme II, signifying 
increased positive torque components as shown in Figs. 4(b) 
and 4(c). Further, Fig. 4(d) shows the torque comparison 
result of three schemes as presented in the per-unit form. 
Although residual negative torque contributions persist from 
the 2nd/5th harmonics of Scheme I and those from the 1st/5th 
harmonics of Scheme II, these are outweighed by combined 
torque polarity reversals in the harmonic. Ultimately, yielding 
total torque enhancement in the two schemes. 
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Furthermore, as rotor permeance modulate the MMF, 
thereby affecting the harmonic composition of the airgap flux 
density, the airgap magnetic flux density and torque 
characteristics of the motor under the three rotor schemes are 
analyzed and presented in Fig. 5. It can be observed from Fig. 
5(c) that the torque performance of Schemes I and II has 
improved, which corresponds to the change in the harmonic 
distribution and verifies the effectiveness of the rotor 
modulator selection principle to a certain extent. 
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B. Analysis and Discussion of Stator Permeance Harmonic 
Fig. 6(a) reveals dominant amplitudes in the 0th and 1st 

stator permeance harmonics, indicating their greater influence 
on torque as shown in Fig. 6(c), whereas the 5th harmonic 
exhibits minimal torque contribution. Fig. 6(b) further 
demonstrates that torque component magnitudes scale with 
harmonic amplitudes across their orders, while positive or 
negative torque contribution is governed by its phase 
characteristics. In addition, Figs. 6(c) show different torque 
contribution factors across different stator permeance 
harmonics. Given its significant amplitude and consistent 
positive torque contribution as a DC component, the 0th 
harmonic amplitude constitutes a primary selection criterion. 
To maximize positive torque contributions from remaining 
harmonics, the sum of cosine phase values for harmonics is 
defined as γs1. The larger its value is, the more positive torque 
components generated. Simultaneously, γs2 is defined as the 
cumulative amplitude of high-contribution harmonics, with 
greater values indicating enhanced output capability. 
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Fig. 6. The analysis of stator airgap permeance. (a) Amplitude. (b) Phase 
cosine value. (c) Torque contribution ratio. 

Based on the above, the quantitative criteria for motor 
structural selection are established: 

( )
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where γr1 and γr2 are expressed as follows: 
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Through multi-objective genetic algorithm optimization 
incorporating airgap permeance harmonic selection criteria, 
Fig. 7 presents candidate schemes of stator permeance. The 
two feasible schemes are selected based on the value of the 
target function in (12). 
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Fig. 7. Feasible design schemes of stator airgap permeance. (a) Feasible 
scheme I. (b) Feasible scheme II. 

Fig. 8(b) demonstrates amplitude enhancement in the 0th, 
1st, 2nd, and 5th harmonics for both feasible schemes I and II, 
while suppressing other harmonics. As evidenced in Fig. 8(d), 
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the amplified 0th harmonic significantly increases its torque 
contribution as presented in the per-unit form. Concurrently, 
phase modification in the 5th harmonic transforms its negative 
torque contribution into a positive one, as shown in Fig. 8(c), 
synergistically augmenting overall torque capacity. 
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Fig. 8. Airgap permeance analysis of stator modulators with different 
structures. (a) Waveform. (b) Amplitude. (c) Phase cosine value. (d) Torque. 

IV. OPTIMIZATION AND EVALUATION OF FIELD-MODULATED 

FMPMH MOTOR 

This section investigates high-torque density and 
lightweight design optimization centered on these torque-
critical flux density harmonics. 

Building upon the permeance harmonic analysis of torque 
generation mechanisms in preceding sections, the 0th rotor 
and stator permeance harmonics emerge as dominant 
contributors to torque output, followed by 1st stator harmonic. 
The airgap harmonics associated with zero-order rotor 
permeance Λr0, zero-order stator permeance Λs0, and 1st-order 
stator permeance Λs1 are shown in Fig. 9(a), that is, 7th and 
19th airgap flux density harmonics. This means that the 7th 
and 19th airgap harmonics demonstrate strong torque 
correlations, which is further verified in Fig. 9(b). 
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Fig. 9. (a) The modulation process of the PM field and the corresponding 
airgap flux density harmonics. (b) The torque generated by different airgap 
flux density harmonics of the proposed FMPMH motor. 

A. High-density Optimization 
In the application of EVs, the design requirements for the 

motor are not only reflected in the high torque density, but 
also in the mass. Therefore, the light-weighting factor Mξ  is 
defined in the form of the variation ratio of motor mass during 
the design process: 

o
M

p

M
M

ξ =  (14) 

where Mp denotes the mass of the motor during the design 
process, and Mo represents the initial mass. Accounting for 
both torque density and mass imperatives, the motor 
optimization model is formulated with the constraint 
conditions specified in (15) 

( ) 7 19
agg 1 2 3 Mmax

7 19

7 19 MConst 0.35Traint , 0s : .19T, 1

B BF y
B B

B B

τ τ τ ξ

ξ

′ ′ = + +

 ≥ ≥ >

 (15) 

where τ1, τ2, and τ3 denote the weighting coefficients for the 
7th airgap harmonic, 19th airgap harmonic, and light-
weighting factor, respectively. Prioritizing high-torque 
performance with consideration of the superior torque 
contribution of the 7th harmonic. Correspondingly, B′

7 and 
B′

19 represent the variational terms. 

hrs

hsy

βpm

 
Fig. 10. Parametric model of the FMPMH motor. 

TABLE Ⅲ 
SENSITIVITY VALUES OF DESIGN PARAMETERS ON OBJECTIVE PERFORMANCE 

Parameter 
variables 

Optimization objective 
7th harmonic 19th harmonic Mξ  

hsy 0.057701 0.090686 0.015537 
βst 0.353343 0.479658 0.100192 
βrsi 0.084345 0.104241 0.344492 
hrs 0.33486 0.453654 0.857843 
βrso 0.169533 0.134727 0.380273 
βso 0.483545 −0.13629 0.281296 
Rpa −0.14066 0.013547 0.011359 
α 0.102681 0.166459 0.014864 
βpm 0.013248 0.181798 0.188596 

 
Fig. 10 presents the parametric motor model. Sensitivity 

analysis identifies design variables exhibiting significant 
influence on torque-related airgap flux density harmonics and 
the light-weighting factor, thereby streamlining the 
optimization workflow and enhancing computational 
efficiency. 
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Fig. 11. The response surface analysis results of parameters βrso and βso on 
target performance. (a) 7th harmonic. (b) 19th harmonic. (c) ζM. 

Through the sensitivity analysis results in Table Ⅲ, four 
design variables governing multi-objective optimization are 
selected for comprehensive response surface analysis. They 
are stator tooth angle βst, rotor slot height hrs, outer rotor slot 
width βrso, and stator pole arc width βso. Constraint-defined 
feasible subspaces within the response surface further narrow 
the design space, as shown in Figs. 11 and 12. Guided by 
hierarchical objectives prioritizing high torque density 
followed by mass reduction, parameter ranges optimizing both 
criteria are identified as detailed in Table Ⅳ. 

 
Fig. 12. The response surface analysis results of parameters βst and hrs on 
target performance. (a) 7th harmonic. (b) 19th harmonic. (c) Mξ . 

TABLE IV 
THE INITIAL VALUE AND THE RANGE OF THE SELECTED PARAMETERS BASED 

ON RESPONSE SURFACE ANALYSIS 
Parameter variables Initial value Parameter range after constraints 

βrso/° 12 10.6–14 
βso/° 12 11–14.5 
βst/° 17.6 16.8–18.5 

hrs/mm 5 4.5–5.2 
 
The distribution of solutions obtained through multi-

objective optimization is shown in Fig. 13. Fig. 13 illustrates 

the trade-off relationship between the 7th and 19th flux 
density harmonics and the lightweight coefficient. To better 
represent the differences among the design schemes, they are 
divided into three categories. Among them, the red and green 
feasible points achieve an excellent lightweight performance, 
but their weakened harmonic amplitudes affect the torque 
capacity. In contrast, the blue points are feasible design points 
that meet the optimization objective function (15). 
Subsequently, within the optimization framework, the final 
motor scheme is determined by balancing the torque density 
and reduction requirements. 
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Fig. 13. The result of motor multi-objective optimization. 

B. Performance Evaluation 
Electromagnetic performances of three topologies are 

comparatively analyzed, namely the motor before the 
modulator design, that after the modulator design, and that 
after optimization. The motor before permeance design is 
named Motor A, the motor that has not been optimized after 
permeance design is named Motor B, and the motor after 
optimization is named Motor C. 
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Fig. 14. Comprehensive evaluation of airgap permeance harmonics and 
lightweight characteristics. (a) Rotor side. (b) Stator side. 
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1) Airgap permeance harmonics and light-weighting 
characteristics 

Fig. 14(a) reveals enhanced amplitude in the positive-
torque-contributing 0th harmonic for the modulated design, 
improving torque capability. Crucially, harmonics previously 
generating negative torque components, namely 2nd, 3rd, and 
4th rotor permeance harmonics, are transitioned to positive 
contributions, further augmenting torque output. The rotor 
light-weighting factor increases due to permeance 
modifications, satisfying mass reduction objectives. After 
optimization, this factor exhibited further improvement 
alongside amplified amplitudes of positive-torque harmonics. 
Analogous result in stator side is shown in Fig. 14(b), the 
light-weighting factor increased from 1 to 1.08. The 
amplitudes of 0th, 1st, and 2nd harmonics generating positive 
torque are enhanced, while formerly negative-contributing 
harmonics convert to positive torque generation. These results 
confirm partial achievement of the light-weighting design 
targets. 
2) Airgap flux density harmonics and high-torque-density 
characteristics 

Fig. 15 demonstrates the significant contribution of flux 
density harmonics to torque density enhancement. Increments 
of the 7th and 19th torque-related harmonics elevate their 
respective average torque density contributions. After 
permeance design and optimization, the torque density of the 
7th harmonic increases by 24.6% and 37.2%, while the 19th 
harmonic contribution rises by 64.6% and 23.6%. These 
improvements validate both the optimization efficacy and the 
pivotal role of these harmonics in torque generation. Notably, 
torque density enhancement stems from both elevated torque 
output and reduced rotor volume, collectively confirming 
achievement of high-torque-density and lightweight design 
objectives. 
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Fig. 15. Characteristic analysis of permeance-harmonic-oriented design and 
flux-density-harmonic-oriented optimization effect. (a) Airgap harmonics. (b) 
Torque density. 

Fig. 16(a) presents the comparison results of torque 
performance. After the permeance harmonic design, the 
output torque of Motor B is 18.3 N·m, with a torque ripple of 
16.5%. After optimization, compared with Motor A, the 
average torque of Motor C has increased by 6.2 N·m, and the 
torque ripple has decreased by approximately 47%. The 
torque performance of the motor has been effectively 
improved, which can prove the effectiveness of the design and 
optimization. Meanwhile, due to the improvement of the 
output power, the efficiency of the FMPMH motor is 
increased, as shown in Fig. 16(b). The efficiency of Motor C 
is 79.8%, which is higher than that of Motor A and Motor B. 
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Fig. 16. Performance comparison of the three motors. (a) Torque. (b) 
Efficiency. 

V. EXPERIMENTAL VERIFICATION 

To verify the foregoing analyses, a prototyped motor after 
permeance-harmonic-oriented design and optimization is 
manufactured and tested. Fig. 17(a) presents the prototype, and 
the basic parameters are listed in Table V. The experimental 
platform is shown in Fig. 17(b), including the tested prototype, 
torque speed sensor, magnetic powder brake, and so on. 

TABLE V 
BASIC PARAMETERS OF THE PROTOTYPE 

Item Value Items Value 
Outer radius of the rotor/mm 87 Rotor slot outer width, βrso/° 12.7 
Outer radius of the stator/mm 69.3 Stator pole arc width, βso/° 13.5 
Inner radius of the stator/ mm 18 Stator tooth angle, βst/° 18 

Airgap length/mm 0.7 Rotor slot height, hrs/mm 4.8 
Stack length/mm 50 Rotor slot inner width, βrsi/° 11.1 

PM pole arc angle, βpm/° 2.2 Slot position angle, a/° 15 
 

Actual manufactured rotor Actual manufactured stator3D explosion motor diagram

(a) (b) (c)

(d)

Motor 
prototype Torque  

speed sensor Magnet ic 
powder brake

 
Fig. 17. Prototype and experimental platform of the investigated FMPMH 
motor. (a) 3D explosion motor diagram. (b) Actual manufactured rotor. (c) 
Actual manufactured stator. (d) Test platform. 
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The steady-state torque of the prototype is experimentally 
determined and analyzed. The motor operates under vector 
control, with a given speed of 300 r/min and a load of 16 
N·m, featuring “high torque at low speed”. The measured 
torque waveform is shown in Fig. 18. As can be seen from 
Fig. 18, the motor can always maintain a stable output torque 
at 300 r/min. 

16N·m 23A
300rpm

Speed(300rpm/div)

Torque(8N·m/div)

Time(1s/div) Phase current(20A/div)  
Fig. 18. Experimental waveform of steady load. 

Fig. 19 shows the experimental results of motor torque 
characteristics under different speeds. Performance tests are 
carried out under conditions of 75, 150, 300, and 600 r/min. 
The prototype motor can operate stably under multiple speeds 
and achieve relatively ideal torque characteristics. 
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20Nm20Nm

(c) (d)

Time(50ms/div)

 
Fig. 19. The waveforms of the torque and current under different speeds.  
(a) 75 r/min. (b) 150 r/min. (c) 300 r/min. (d) 600 r/min. 

In addition to steady-state characteristics, response speed is 
also a key performance of hub motors, which is related to the 
sensitivity of distributed drive EVs when passing through 
obstacle sections or encountering unexpected situations. 
Based on this, the dynamic response speed of the motor is 
also measured as shown in Fig. 20, mainly including the 
constant-speed variable-load response characteristic, and the 
constant-load variable-speed response characteristic. 

Fig. 20(a) presents the response characteristics of the motor 
under constant speed and variable load. The motor starts at a 
constant no-load speed of 300 r/min and is loaded at 8 N·m 
every 4 s. When the motor is loaded, its rotational speed 
remains basically unchanged, while the current amplitude 
increases rapidly. Especially when the motor load increases 
from 8 to 16 N·m, the amplitude of the phase current rapidly 
doubles, while the motor speed remains stable. In addition, 
Fig. 20(b) shows the variable-speed response process of the 
motor from startup to 200 r/min, increasing to 400 r/min, and 

then to 600 r/min. During the acceleration process, both the 
current and torque increase, and the overdrive is relatively 
small. This also indirectly demonstrates the fast response 
speed characteristic of the motor. 
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Fig. 20. Variable load and variable speed response test waveform of FMPMH 
motor. (a) Response characteristics under constant speed and variable load. 
(b) Response characteristics under constant load and variable speed. 

VI. CONCLUSION 

In this paper, a method from the perspective of permeance-
harmonic-oriented design and optimization is proposed and 
investigated, which is applied to FMPMH motors to improve 
torque quality and reduce the motor weight. The conclusions 
obtained during the research process are summarized as 
follows: 

1) The internal relationship between the rotor and stator 
permeance harmonics and motor torque is established, and the 
torque contribution factor of airgap permeance harmonic is 
defined. Based on this, the key permeance harmonics are 
screened. 

2) The selection criteria of the stator and rotor topology are 
established, and the amplitude and phase characteristics of the 
permeance harmonic group are considered in the process, 
which reflects the aggregation of the key permeance 
harmonics. 

3) Taking the high output torque and lightweight of the 
motor as the design requirements, based on the generation 
mechanism of airgap flux density harmonics, a multi-
objective aggregated optimization strategy is proposed. 
Sensitivity analysis and response surface analysis are used to 
narrow the selection range, reduce the motor optimization 
dimension, and improve the optimization efficiency to a 
certain extent. 

Through design and optimization above, the motor achieves 
high torque density and low-speed high-torque characteristics, 
which have the application potential of a hub motor. Further 
discussions about extending and applying this approach to 
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other performance, such as power factor and efficiency, will 
be future research. 

APPENDIX 

According to the principle of magnetic field modulation, 
the airgap harmonic modulation process in PM magnetic field 
and armature magnetic field can be decoupled. The 
modulation function of rotor and stator can be expressed as 
(A1) and (A2): 

( ) ( )r r 0 r r r r
1

, cos, n
n

t nN nN tΛ θ Λ Λ θ ω
=

= − −∑  (A1) 
 

( ) ( )s s,0 s s
1

cosv v
v

vNΛ θ Λ Λ θ β
=

= − +∑  (A2) 

where Λr0 and Λs0 are the coefficients of the zero-order of 
rotor and stator. And, Λrn and Λsv are those of permeance 
harmonic component. n and v denote positive integers, Nr and 
Ns are the number of rotor and stator modulation teeth. ωr is 
the mechanical angular speed of rotor. 

Due to the modulating action of rotor and stator, the airgap 
flux density of PM and armature magnetic field can be 
calculated respectively as (A3) and (A4): 
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(A4) 

where μ0 is the vacuum permeability, g is the airgap length. 
Besides, Fpm1 and Fa1 are the amplitudes of PM and armature 
MMF, respectively. pr and pa are the pole pairs of PM and 
armature field, separately. 

TABLE AI 
MAIN COMPONENT ANALYSIS OF AIRGAP HARMONIC FROM  

PM AND ARMATURE MAGNETIC FIELD 
Harmonic orders PM field Armature field 

{pr}/{−pa + NS} Fpm1Λs0Λr0 0.5Fa1Λs1Λr0 
{pr − NS}/{pa} 0.5Fpm1Λs1Λr0 Fa1Λs0Λr0 
{pr ± vNS}/{pa − (1±v)NS} 0.5Fpm1ΛsvΛr0 0.5Fa1Λs|1±v|Λr0 
{(1±2n)pr}/{−pa + NS±2npr} 0.5Fpm1Λs0Λrn 0.25Fa1Λs1Λrn 
{(1±2n)pr − NS}/{−pa±2npr} 0.25Fpm1Λs1Λrn 0.5Fa1Λs0Λrn 
{(1±2n)pr±vNS}/{−pa + (1±v)NS ±2npr} 0.25Fpm1ΛsvΛrn  0.25Fa1Λs|1±v|Λrn 

Based on this, the components of airgap harmonics in PM 
and armature magnetic field can be expressed in Table AI 
according to the reduced modulation process. And the airgap 
flux density could be obtained as: 

( ) ( ) ( )g pm_r_s a_r_s, , ,B t B t B tθ θ θ= +  (A5) 
The airgap flux density contains the PM and armature 

magnetic field component. The airgap harmonics of different 
orders are closely related to MMF and different permeance 
harmonics. Then the airgap harmonics associated with zero-
order rotor permeance Λr0, zero-order stator permeance Λs0, 
and 1st-order stator permeance Λs1 are listed in Table AII, that 
is airgap flux density harmonic with Pr and Pr + Ns. 

TABLE AII 
HARMONIC COMPONENT ANALYSIS OF AIRGAP HARMONIC ASSOCIATED 

WITH MAIN PERMEANCE HARMONICS 
Harmonic orders PM field Armature field 

Pr − Ns 
0.5Fpm1Λs1Λr0 Fa1Λs0Λr0 

0.25Fpm1ΛS1ΛR1 0.5Fa1ΛS0Λr1 

Pr 
Fpm1Λs0Λr0 0.5Fa1Λs1Λr0 

0.5Fpm1ΛS0ΛR1 0.25Fa1ΛS1Λr1 

Pr + Ns 
0.5Fpm1Λs1Λr0 0.5Fa1Λs2Λr0 

0.25Fpm1ΛS1ΛR1 0.5Fa1Λs0Λr1 
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