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Abstract

In this paper, a spoke-type flux-modulated permanent magnet in-wheel (SFM-PMIW) mo-
tor is taken as the research object. A design and optimization method for field-modulated
motors guided by multi-air-gap harmonics is proposed. In the research, the requirements
for high torque and low torque ripple are integrated into the motor design, leading to the
implementation of rotor slotting. Subsequently, the influence of rotor slotting on rotor
permanent magnet magnetomotive force and rotor permeance is analyzed. Then, by design-
ing the unique modulation behavior after rotor slotting, the air-gap harmonics are altered
to improve motor performance, including cogging torque. Guided by this concept, the
air-gap harmonics related to cogging torque are analyzed, and these harmonics are used
as a design link for motor parameter optimization, resulting in the final motor structure.
Finally, a comparative analysis of the no-load and load performance before and after har-
monic design is conducted, demonstrating the effectiveness of the proposed design and
optimization approach.

Keywords: flux-modulated; permanent magnet motor; high torque; low torque ripple;
harmonic

1. Introduction

Utilizing in-wheel motors as the power source for distributed drive electric vehicles
offers advantages such as compact structure, diverse driving modes, and high transmission
efficiency [1-4]. Faced with complex operating conditions like frequent start-stop, hill
climbing, and high-speed cruising, the drive motor must meet performance requirements
including high torque density, high reliability, and high efficiency [5,6]. Permanent magnet
synchronous motors (PMSMs) possess merits like high efficiency, the ability to deliver
full-load torque even at low speeds, a wide speed regulation range, low output torque
ripple, and reduced vibration and noise [7,8]. These characteristics allow PMSMs to meet
the various drive demands of distributed drive electric vehicles, making them the primary
type currently adopted for in-wheel motors. Delving deeper into the potential of PMSMs
regarding comprehensive performance, as represented by torque performance, is a key
focus in current drive motor research.

Centering on the three core elements of motors—the PM excitation source, the mod-
ulator, and the armature winding—research has been conducted on the design of field-
modulated motors [9]. Efficient design of the PM source, including the arrangement,
material, and dimensions of the PMs, is a crucial pathway to achieving high torque per-
formance in field-modulated motors [10]. Regarding PM arrangements, a spoke-type PM
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arrangement is proposed, which exhibits a stronger flux-focusing effect, effectively enhanc-
ing the torque density [11]. In [12], focusing on an irregular PM field-modulated motor
directly established connections between air-gap harmonics and PM parameters as well
as torque performance. This optimization scheme successfully increases the motor output
torque while suppressing torque ripple. In [13], the permanent magnets are designed in an
alternate-pole structure. Research indicates that this design allows the back electromotive
force and torque density to remain comparable to those of conventional structures while
using 40% less PM material.

The modulator plays a role in field modulation within the operational mechanism
of field-modulated motors and is key to generating rich air-gap harmonics [14]. Reason-
able design of the modulator will directly improve the distribution of air-gap flux density
harmonics, thereby enhancing motor performance. In [15,16], several split-tooth schemes
for the stator structure are proposed, and various arrangements between stator teeth and
fault-tolerant teeth are investigated. The results show that fault-tolerant teeth not only
provide fault protection but also exert a positive field modulation effect on the air-gap
magnetic field.

Thus, it is evident that whether it is the permanent magnet source, the modulator,
or the armature winding, they are all closely linked to the generation mechanism of rich
flux density harmonics in the air-gap [17]. Simultaneously, air-gap harmonics are directly
related to the performance characteristics, with different harmonics playing distinct roles
in motor performance [18]. Starting from the perspective of the air-gap magnetic field in
field-modulated motors, analyzing and studying the relationship between multiple air-gap
harmonics and motor performance provides a highly beneficial perspective for motor design
and optimization [19].

Based on the field modulation mechanism, this paper proposes a design and optimiza-
tion method for field-modulated motors centered on multiple air-gap harmonics, designing
a high-torque-density, high-efficiency spoke-type field-modulated permanent magnet in-
wheel motor. The specific chapter contents are as follows. Section 2 primarily elucidates the
structure of the SEM-PMIW motor. In Section 3, the operational principle of the SFM-PMIW
motor is analyzed from the perspective of air-gap harmonics. Starting with a traditional
spoke-type field-modulated motor, it analyzes the characteristics of air-gap harmonics
generated by the permanent magnet magnetomotive force, and those generated by the
armature winding after slotting are introduced in the rotor of the SEM-PMIW motor. Based
on this, the intrinsic relationships between the air-gap harmonics of the SFM-PMIW motor
and its output torque and torque ripple are derived. In Section 4, building upon the initial
topological design of the motor, we conduct motor optimization through sensitivity analysis
and response surface methodology, focusing on optimizing air-gap harmonics to improve
the torque performance.

2. Theoretical Analysis and Motor Structure
2.1. Discussion of Pole-Slot Combinations of the PMVW Motor

This paper presents a spoke-type flux-modulated permanent magnet in-wheel (SFM-
PMIW) motor with high torque performance characteristics. The motor topology is divided
into an outer rotor and a stator. On the outer rotor, PMs are embedded, and the pole pairs
are P,; the stator teeth act as modulation operators, not only modulating the permanent
magnetic source on the outer rotor, but also modulating the armature magnetic source. The
number of such stator teeth is N,. In order to achieve a higher transmission ratio, under
the condition of limited rotor space, the number of pole pairs of the armature winding
should be as small as possible. The combination of P, and N; will jointly affect the winding
coefficient and the cogging torque of the motor. Specifically, the larger the least common
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multiple of P, and Nj, the smaller the cogging effect of the motor will be. For other sizes,
considering the space limitations and manufacturing feasibility, and considering that the
difference between the number of PM pole pairs and the number of stator slots cannot be
too large, certain constraints need to be imposed on the combination of P, and N;.

For three-phase motors, if the number of stator slots is odd, it may cause significant
unbalanced magnetic forces during operation, which could lead to some potential mechani-
cal problems after long-term operation. Therefore, the number of slots of the motor is set to
be a multiple of six. The following are various mathematical constraint expressions for the
pole-slot combinations of the motor:

N, =6r(r=1,23...)

[P,,N;] > 100

T<2 (1)
K,; > 0.866

P, < N, < 2P,

where 7 is the span of the winding. The larger the value of 7, the greater the number of
stator teeth that each phase and each winding spans. As a result, the end of each phase
winding will be larger. This not only leads to a larger winding copper loss, reducing the
efficiency of the motor, but also results in a larger inductive reactance, causing a decrease in
the motor’s power factor. When 7 = 1, it indicates that the winding method of the motor is
of the centralized type at this time, the terminals of the motor winding are low, the size is
small, and the cost is relatively low. When 7 > 1, it indicates that the winding arrangement
of the motor is distributed; the terminals of the distributed winding are higher and the size
is larger; under the same number of turns, it will have a higher volume and greater mass
compared to the centralized winding; and the efficiency is lower. Therefore, the span of the
armature winding should not be too large; K, is the distribution factor of the winding, which
will affect the size of the winding factor. In general, motors require a larger winding factor.

In order to make full use of the internal space of the rotor, the number of rotor poles
should be as many as possible; however, considering the mechanical strength of the rotor,
the number of rotor poles cannot be too high. Taking all the above factors into consideration
and in accordance with the constraints of Equation (1), the number of rotor poles is selected
as seven. For a three-phase motor, the pole-slot ratio satisfies the following formula:

Z

[GCD(Z,2p)] 3C (2)

where Z is the number of stator slots, p is the number of stator pole pairs, C is a positive
integer, and GCD is the greatest common divisor.

2.2. Motor Structure

According to Equation (2), it can be determined that when the number of rotor poles
is selected as 14, the corresponding selectable stator slot numbers are 3, 6, 9, 12, 15, 18, 21,
24, etc. In order to achieve a higher winding factor, the difference between the number of
slots and the number of poles of the motor should be as small as possible; moreover, when
the number of stator slots is odd, an unbalanced magnetic force will be generated. Taking
all the above factors into consideration, the final decision is to set the number of stator slots
at 12. The SFM-PMIW motor shown in Figure 1 is taken as the research object, with the
dimensional variables marked in structural schematic diagram. The characteristics of the
motor, the mathematical modeling of multi-harmonic analysis method, and the driving
operation of the motor are discussed.
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Figure 1. Initial topology diagram of the SFM-PMIW motor.

As shown in Figure 1, the rotor of the SFM-PMIW motor is placed on the outside, and
the most obvious feature of the SEM-PMIW motor is the groove design on the rotor surface,
which is different from the smooth surface of traditional motors, effectively improving the
harmonic distribution of the air-gap magnetic field, enhancing output torque of the motor,
and reducing torque ripple. In order to further achieve the design of high torque perfor-
mance for the motor, next, based on the magnetic modulation mechanism, the harmonic
analysis of the motor air-gap magnetic field will be conducted, and the correlation between
the harmonic and the torque performance will be analyzed.

3. Analysis of Modulating Principle and Torque Generating Principle
3.1. The Generating Principle of Air-Gap Flux Density in the PM Field

For the permanent magnetic field in the SFM-PMIW motor, the rotor side where
the PMs are located is the permanent magnetic source side, while the stator acts as the
modulator. Based on the three elements of the magnetic field modulation motor, the
generation mechanism of the PM magnetomotive force (MMF) is crucial for an in-depth
analysis of the magnetic field modulation principle.

Firstly, the rotor with slotless design structure has a PM MMF waveform as shown in
Figure 2a. Here, Fp);q is the MMF amplitude of the spoke-type motor under the slotless
rotor structure, P, is the number of pole pairs of the PM, and 6, is the width of the rotor core.
As shown in Figure 2, Fourier decomposition is performed on the radial MMF components
Fppor(9) and tangential MMF components Fpy o, (6) of the PM magnetomotive force (MMF)
in the slotless motor, obtaining the following expressions for the PM MMF:

Fomor(8,5) = > F,cos(iP, Ot + iP,8 + 6,0)

i:l,oSo,S,... (3)
Fpmor(6,6) = Y. Fysin(iP, Ot + iP,0 + 6,)

i=1,3,5,...

where (2, is the mechanical angular velocity of the rotor, while F,; and F;; are the i-th
harmonic amplitudes of the radial and tangential PM MMEF of the motor, respectively, and
0, and 0, are the i-th harmonic initial phases of the radial and tangential PM MMEF of the
motor; 6 is the rotation angle of the air-gap.
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Figure 2. MMF of the SFM-PMIW motors. (a) Rotor-PM MME. (b) MMF generated by the introduction
of a rotor dummy slot.

The PM MMEF waveform of the rotor slotted structure is shown in Figure 2b, Fp,;; is
the amplitude of the PM MMF introduced by the rotor slotted structure, and 6,, is the rotor
slot opening width. Subsequently, by performing Fourier decomposition on the PM MMF
Fpyr1 function of the slotted motor, the expression for the PM MMEF of the slotted motor can
be derived as follows:

Foan (6,8) = ) Fpp cos P, (Q,t + 6 + 6;) (4)

n=1
According to the design concept of the SFM-PMIW motor, the PM MMEF of the SFM-
PMIW motor is obtained by combining the PM MMF of the initial spoke-type motor and
the MMF changes caused by rotor slotting. The final expression is as follows:
Fprir(6,8) = Fpppor (0, 8) + Fppg, (60, 1) = i Fpptricos(iP,Qt +iP,60 + 6,;)
35,...

121605 (5)
Fppmi(8,8) = Fppor (6, £) + Fppg1,(0,1) = Ry Fppyi sin(iP, Q) t + iP,0 + 6;;)
i=1,3,5,...

where Fpyy,; and Fpyy; are the amplitudes of the i-th harmonic of Fpy,, and Fpyy;, respectively.

Similarly, for the SEFM-PMIW motor, the rotor side is a permanent magnetic source,
while the stator teeth on the stator side exhibit an asynchronous modulation effect, which
is expressed by the permeance of the stator core, and the stator magnetic conductance is
shown in Figure 3.

} 450
1
Os
/Ps 0| w/Ps 0

Figure 3. Permeance function of the stators in the SFM-PMIW motor.

The asynchronous permeance modulation function of the stator tooth to the rotor
permanent magnetic field can be Fourier decomposed as follows:

A (0) = Ao + Z Asrj COS(jNSG)
- i=12,... (6)
Ay (0) = 1% Agjsin(jN,0)
j=12,...
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where Nj is the number of modulation teeth on the stator of the motor, A, and A,,; are
the amplitudes of the 0-th and j-th harmonics of the stator radial permeance function,
Ag;
positive integer.

Combining Equations (5) and (6), the radial and tangential flux generated by PM

is the amplitude of the j-th harmonic of the tangential permeance function, and j is a

excitation source can be calculated, and the expressions for the corresponding radial air-
gap flux density Bpy,, (6, t) and tangential air-gap flux density Bp,, (6, t) are obtained as
follows [20,21]:

BPMT‘(G/ t) = FPMT(H’t)ASr(G) +FPMt(9/ t)ASt(Q)
= Z ASTOFPMH' COS(iPrQrt + lPre + 9,,0)
3,5,

[y

i=

Y Foaiftay{cos[iP, Ot + (P, + N8 + 6,,] + cos[iP,Q,t + (iP, — N6 + 6,,]}

(7)
BPMt(9/ t) = FPMt(G/ t)Asr(g) - FPMr(QI t)Ast(e)

= ) 1§‘5 ASI’OFPMH Sln(lPrQrt + lPrG + gto)
i=1,3,5,...

1 o0 o0
+35 1;5 ' 122 Fpauisyi{(sin[iP, Ot + (iP, + jN)0 + 0,;] + sin[iP, Ot + (iP, — jN,)0 + 0]}
i=1,35,...j=1,2,...
1 o0 o0
s 1§5 ' 122 FpayiAsi{sin[iP, 0t + (iP, + jNo)O + 0,;] + sin[iP ()t + (iP, — jN,)0 + 0,;]}
i=1,3,5,... j=1,2,...

From Equation (7), it can be seen that in the PM field, in addition to the fundamental
wave provided by the PM excitation source, there are also a large number of harmonics of
[iP, £ jN,| generated through asynchronous modulation by the stator modulators. Moreover,
the amplitude of the motor air-gap harmonics is closely related to the geometric structure
parameters of the motor.

Figure 4 shows the PM air-gap flux density and its Fourier decomposition diagram. It
can be found that when the motor is under no-load condition, the seventh harmonic has the
highest amplitude in the air-gap flux density generated by the permanent magnetic source,
which is consistent with the number of PM pole pairs. In addition, except for the seventh
harmonic amplitude, the amplitudes of the fifth and 19th harmonics are also very high.
According to the |iP, + jN,/ order modulation behavior shown in Equation 6, the amplitudes
of the modulated fifth and 19th harmonics are also very high, which is consistent with
the above analysis results of the air-gap harmonic generation principle of the motor under
no-load conditions, proving the reliability of the principle analysis.

2. 0.7 -
PR — Radial S0 I Radial
=) — Tangential; | ~"°[ ;
5 14 g %‘0.5 . I Tangential
5 5
3 < 0.4
= 0.0 X
é i0.3 I
g 1.0 $0-2|
& E0.1
<
<_20 | | | | | 0 0 ' ll . |ll lhll ul “ hbauil oLl ala wl
0 60 120 180 240 300 360 0 20 40 60 80 100
Rotor position(mech.deg.) Harmonic order
(a) (b)

Figure 4. PM flux density and Fourier decomposition. (a) Waveforms. (b) FFT spectrum.
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3.2. The Generating Principle of Air-Gap Flux Density of Armature Magnetic Field

Next, the harmonic characteristics of the armature magnetic field are analyzed, and
the expression of the MMF corresponding to the three-phase windings is as follows:

fa(6,t) = Fcoswtcoskd
k

f5(0,t) =Y Fcos(wt —120°) cos k(6 — 1207) (8)
k

f5(0,t) = ¥ Frcos(wt +120°) cos k(0 + 120°)
k

where w = ,P,; F, is the amplitude of the k-th armature MMF harmonic; and the combined
radial and tangential MMF of the armature magnetic field can be expressed as follows:

Fa (0,8) = Y Fppp cos(wt + sgn(m) - mo)
Fa(0,1) = fFAtm sin(wt 4 sgn(m) - mo)
sgn(m) = {ml,m =6k+1

—-1,m=6k-1

where F,,, and F 4, are the amplitudes of the mth radial and tangential MMF harmonic of

9)

the armature magnetic field, respectively.
The asynchronous permeance distribution resulting from the slotted structure on the
rotor side, which modulates the armature magnetic field, is shown in Figure 5.

4 A4(6)
1

07"0
>

\/

-/Pr O nw/Pr 0

Figure 5. Rotor slotted permeance function of SFM-PMIW motor.

Performing Fourier decomposition on it can obtain the expression of the permeance
modulation function caused by the slotted rotor:

A0, =A+ Y A, cos(IN, (0 + Q1))
- 1=1,2,... (10)
A0, 1) = l > A,ysin(IN,(0 + Q1))
=12,..

where N, is the number of modulation teeth on the rotor of the motor, A,,; and A, are
the amplitude of the 0-th and /-th harmonic of the rotor radial permeance function, A,;
is the amplitude of the I-th harmonic of the tangential permeance function, and [ is a
positive integer.
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Ba,(0,t) = Fa (0, 0)A,,(0,1) + Fu(0,H)A,4(6,1)
=Y AoF A cOs(wt + sgn(m) - mO)
1l = cos[(1 + 2l wt + (sgn(m) - m + IN,)0]
= F
+ZZZ‘ ;‘ Arm "l{ + cos[ (1 — 2l)wt + (sgn(m) - m —IN,)6]
1o cos[(1 + 2wt + (sgn(m) - m + IN,)0]
+2ZZ‘ ;‘FA”” ”l{ —cos[(1 = 2l)wt + (sgn(m) - m — IN,)6] (1)
Bai(0,t) = Fap(0,H)A,,(6,8) — Fa,(8,HA,,(6,1)

I
Ms
>

0F apm sin(wt + sgn(m) - mo)
sin[ (1 + 2wt + (sgn(m) - m + IN,)0]
+sin[ (1 — 2l)wt + (sgn(m) - m — IN,) 6]
sin[ (1 + 2wt + (sgn(m) - m + IN,)0]
+sin[ (1 — 2l)wt + (sgn(m) - m — IN,) 0]

o
2
3
3

32 38

FArmArrl{

As shown in Figure 6, the armature winding serves as the excitation source. According
to Equation (10), the armature winding flows into the three-phase current varying both
in time and space, which will generate an armature winding MMF varying in time and
space on the iron core. Then, due to the permeance modulation effect of the stator tooth-slot
structure and slotted rotor of the motor, an armature winding air-gap flux density varying
in time and space is generated in the motor air-gap. As shown in Figure 6, the armature
flux density is dominated by the fifth harmonic. According to the field-modulated motor
design standard, the armature winding pole pair number P, = 5 = |[P,—N|, verifying that
the armature winding modulation behavior meets the design requirements. When the
motor is under load and the armature winding serves as the excitation source, in the air-gap,
apart from the fifth harmonic having the highest content, the 9th and 19th harmonics,
generated by modulating the fifth armature harmonic with the cogging structure N, =
14 asynchronous permeance harmonic resulting from the slotted rotor, also account for a
significant proportion of the air-gap harmonics.

1.5 ' 0.35 _
6 Lol — Radial . 60‘307 I Radial
= — Tangentigl| > I Tangential
Z 05 % 0.25¢
SIS =
5 3 0.20
5 0.0 ;
g £0.10
2-1.00 o
< o 111 P AT

-1.5 L 1 1 1 1 000 | II L1 Lll b l L Il 1L w T

0 60 120 180 240 300 360 0 20 40 60 80 100
Rotor position(mech.deg.) Harmonic order
(a) (b)

Figure 6. Armature magnetic density and Fourier decomposition. (a) Waveforms. (b) FFT spectrum.

Furthermore, when the motor is under load, the composition of the magnetic field
modulation motor excitation source is divided into two parts. One is generated by the PMs,
and the other is generated by the armature windings. Similarly, the modulation operator,
which is one of the three elements, is also divided into two parts. They are the stator cogging
and the cogging structure brought about by the slotted rotor, respectively. As shown in
Figure 7, among the air-gap magnetic densities of the load motor, the fifth harmonic has the
highest content. According to the design standards of the magnetic field modulation motor,
the number of pole pairs of the armature winding is P, = 5 = [P, — N,|, which indicates that
the modulation behavior of the armature winding conforms to the design standards.
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Figure 7. Air-gap flux density under the load condition and Fourier decomposition. (a) Waveforms.
(b) FFT spectrum.

3.3. Analysis of Harmonic and Torque Performance

The above analysis completed the derivation process of the relationship between
the air-gap flux density and harmonic components of the SEM-PMIW motor. However,
different orders of harmonics have different functions in the process of energy transmission
and utilization of the magnetic field. Some harmonics are closely related to the torque
performance of the motor, such as output torque and torque ripple, etc. In order to study
the relationship between multiple harmonics and the torque performance, the relationship
between a single harmonic and the torque performance is analyzed, including the output
torque and torque pulsation. The electromagnetic torque of the motor is calculated using
the Maxwell stress tensor method. The calculation formula is as follows:

T(t Ry " B B.do T 12
()— Ofo rt S_Z‘i ( )

I3
where R, is the radius of the air-gap circumference; /,, is the axial length; 1 is the vacuum
permeability; and T, is the torque component contributed by the i-th air-gap harmonic. By
substituting the Fourier expansions of B, and B, into Equation (12), the calculation equation
for the torque generated by each harmonic can be obtained:

7TR21 © o o©
T = o of Z Z Z B, jon Bt jon, cos{(n; £ n,)wt + O, T 9T,k,n,} (13)
k nr nt

According to this equation, it can be seen that when v, is the same as v,, if n, is
equal to n;, the torque expression becomes a constant; if #, is not equal to #,, the torque
expression becomes a cosine function. Therefore, based on whether the air-gap harmonics
can contribute to the electromagnetic torque and whether they can contribute to a stable
output torque, the radial and tangential components of the air-gap harmonics are classified
into three types of relationships: (1) The first type: The space orders v of the radial and
tangential components of the air-gap harmonics are the same, and the time order 7 is also
equal. Together, they can contribute a stable torque. (2) The second type: The space orders
v of the radial and tangential components of the air-gap harmonics are the same, but the
time order n is not equal. Together, they will generate torque ripple. (3) The third type: If
the space orders v of the radial and tangential components of the air-gap harmonics are not
the same, then the interaction between them has no effect on the electromagnetic torque.

Based on the above analysis, it can be concluded that the radial and tangential com-
ponents of the harmonics have an impact on the torque performance, and the necessary
condition is that their space orders are the same. That is, when n, = n,, the interaction
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between By and By generates the DC component in the torque waveform. However, when
n, is not equal to 7, the interaction between By and By forms torque ripple.

The torque of a PM motor is generally divided into three parts. The first is the cogging
torque, which is directly related to the structural parameters of the motor. The second is
the PM torque, which changes with the operating speed of the motor and the operating
conditions. The third is the reluctance torque generated by the quadrature-axis and direct-
axis inductances. The quadrature-axis and direct-axis inductances in the magnetic field
modulation-type motor are close to each other, so the reluctance torque can usually be
ignored. This means that the torque ripple of this type of motor basically only comes from
the cogging torque when the motor is unloaded. Therefore, it is necessary to analyze the
cogging torque of this motor and the harmonics associated with it.

According to Figure 8, it can be observed that the peak-to-peak value of the cogging
torque of the motor is relatively high. By performing Fourier decomposition on the waveform
of the cogging torque, it can be seen that the 12th harmonic is the dominant harmonic of the
cogging torque. According to Equation (13), it can be inferred that the formation of the 12th
harmonic component of the cogging torque mainly includes the following situations: n, = 1,
n=1n,=1,n=13;n, =3,n,=9; orn, =3, n, = 15, etc. Based on this, combined with the
analysis of the time and space orders of the air-gap harmonics, the main air-gap harmonics
that generate the cogging torque of the motor can be identified, thereby providing guidance
for the suppression of the 12th cogging torque harmonic.

4

7 Ty =4T2N'm

g
é _4 ] ] ] ] 1
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Figure 8. Cogging torque waveform and its Fourier decomposition of the initial SFM-PMIW motor.

In the proposed SEM-PMIW motor, the spectrum analysis of the air-gap harmonics
related to the 12th cogging torque harmonics is shown in Table 1. It can be seen that
the harmonics with k = 35, 77, and 91 are the main harmonics that generate the cogging
torque. Additionally, during the formation of the average torque, only the harmonics
with n, = n, = 1 participates. Therefore, the air-gap harmonics with k = 35, 77, and 91 are
determined as the design targets for weakening the cogging torque in the following. This
helps to suppress the cogging torque while maintaining a relatively high average torque of
the motor.
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Table 1. Analysis of cogging torque and air-gap harmonics of the SFM-PMIW motor.
Order k n, n; Contribution Degree/%
1 5 11 1 1.75
2 29 1 11 1.64
3 35 5 7 4.6
4 43 1 13 231
5 53 1 11 3.28
6 65 1 11 244
7 77 1 11 30.4
8 77 11 1 20.4
9 91 1 13 5.36
10 91 13 1 241
11 103 1 13 2.89
12 103 13 1 1.05

4. Harmonic Optimization Design and Performance Evaluation
4.1. Harmonic Optimization Design

Based on the foregoing analysis, the air-gap harmonics with k = 35, 77, and 91 are
determined as the design targets for weakening the cogging torque. Meanwhile, the seventh
harmonic as the fundamental harmonic is also selected for ensuring the electromagnetic
output torque. In this section, parameter design is carried out for this motor based on finite
element analysis. The parametric model is shown in Figure 9a. Meanwhile, the composition
of the selected air-gap flux density harmonics is analyzed in Figure 9b.

82 - 17th Under PM field
£ 02} 35th 77th 91t
z 0060~—=20—20 60 80 100
= 0.3F Under armature
< 0.2} 7th magnetic ﬁeL{d
5 8-(1)- 35th 91st
= 99 20 40 60 80 100
<
& 0.6r 7th Under load condition

2 05l 35th
0.2} t 77th 9lst
0.0 i -

0 20 40 60 80 100

Harmonic order

(b)

Figure 9. Main parameters and characteristic harmonic analysis of the SFM-PMIW motor.
(a) Parameters. (b) The composition of the selected air-gap flux density harmonics.

The optimization process of the SFM-PMIW motor is shown in Figure 10. The pa-
rameters that need to be optimized for the motor include the top and bottom arc length
of the rotor slots, the height of the rotor slots, the rotor slot offset angle, and the width of
the stator teeth. The constraints for these key parameters are shown in Table 2. The main
performances considered for the optimization of the motor are that of the average torque
and torque ripple.
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Figure 10. The flowchart of the optimization design method for the SFM-PMIW motor.

Table 2. The value range of the optimization variable of the SFM-PMIW motor.

Design Variable Symbol Value Unit

Rotor slot bottom arc length 0,1 10-12 deg
Rotor slot top arc length 0, 11-13 deg
Rotor slot height h,. 4-5 mm
Rotor slot offset angle 0, -3-3 deg
Stator tooth width 0,1 9-15 deg
Stator tooth tip width o, 11-15 deg

When calculating the sensitivity of a single parameter and a single optimization objec-
tive using sensitivity analysis, the expression is as follows:

(P(zoiAZ,)F(ZO) )

F(Zy)

tA(z)
ZO

where z is the parameter to be optimized, and z; is the parameters listed in Table 2, namely
0,01, 0,0, By, 8,, 851 and thet,; Z, is the initial setting value of Z; Az is the variation in the
parameter variable z; F is the optimization objective of the sensitivity analysis; F(z) is

S(z) = Avg[S(Z;)] = Avg (14)

the target value when the parameter variable is z; and Avg[S(Z;)] is the arithmetic mean
of S(Z;).
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According to Equation (14), the sensitivity values of the parameters to be optimized
for the target harmonic were obtained. The analysis result of parameter sensitivity is shown
in Figure 11.

1.5
@2 BB Bo
L.OF |8 B B B

Sensitivity

-~ & o o

=) (o)) (e W
T T T

— l . 1 1 1 1 1 1
> h re 17 re 9rc1 er es esl

Figure 11. Analysis of parameter sensitivity.

By comparing the average sensitivity levels of the 7th, 35th, 77th and 91st harmonics
for each parameter, the parameters with the higher total sensitivity are selected for further
optimization. These parameters are 0,1, §; and 6, respectively. Since the fundamental
wave is the main harmonic order that generates torque, in the optimization design, its
value should remain unchanged or increase. The 77th harmonic, which generates the
main cogging torque, is given a higher weight due to its extremely significant degree of
contribution to the cogging torque. As for the 35th and 91st harmonics, their importance
is appropriately reduced because they have a relatively smaller impact on the cogging
torque. However, they still need to be considered. This can make the optimization design
results more convincing. Considering that the influence of each harmonic on the cogging
torque varies, based on the contribution degree of the above main harmonics to the cogging
torque, the values of the above highly sensitive parameters during the re-optimization
will be combined with the contribution degree of the harmonics to the cogging torque for
optimization design. On this basis, the optimal factor is defined:

1
Br7

0
Br7

0
B 135
1
B r35

0
B r77

1
B 177

0
Br91

o (15)
Bor

+ ki35 + kpr77 + kpro1

Ytotal = kBr7
where k;, is the contribution degree of the seventh harmonic to the cogging torque, k35 is
the contribution degree of the 35th harmonic to the cogging torque, k;,,; is the contribution
degree of the 77th harmonic to the cogging torque, and k;,q; is the contribution degree of
the 91st harmonic to the cogging torque. According to Table 2, based on the contribution
degree of the main harmonics to the cogging torque, k;,7, k35, ky,77 and k9, are respectively
set to 0.37, 0.05, 0.5 and 0.08.

As shown in Figure 12, as the bottom arc length of the rotor slotted opening increases,
the amplitude of the optimal factor gradually decreases, while the influence of the stator
teeth width on the optimal factor is relatively small. However, as can be seen from Figure 12a,
when the stator teeth width is 6.8 deg, the optimal factor values are generally higher. From
Figure 12b, it can be observed that the influence of the bottom arc length of the rotor slotted
opening on the optimal factor is consistent with the law shown in Figure 12a. Therefore,
the bottom arc length of the rotor slotted opening should be set at 6.49 deg. Furthermore,
as shown in Figure 12b,c, the tip width of the stator teeth is approximately 8.05 deg, and
the overall amplitude of the optimal factor is relatively high. Based on this, the final motor
structure is determined.
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Figure 12. Influence of the main parameters on the Y,,,. (a) The influence of 6,.; and 6, on the
optimal factor. (b) The influence of 6,.; and 6, on the optimal factor. (¢) The influence of 6,; and 6,
on the optimal factor.

4.2. Performance Evaluation

To confirm the effectiveness of the design and optimization, the following will conduct
an in-depth analysis and comparison of the no-load characteristics of the motor before
and after optimization, such as the magnetic field distribution, no-load back electromotive
force (EMF) and cogging torque, as well as the load characteristics, such as the harmonic
distribution of air-gap flux density, output torque, and torque ripple, in order to prove the
effectiveness of the proposed optimization method.

Figure 13 shows the distribution of the no-load magnetic field lines and the no-load
flux density maps of the SFM-PMIW motor before and after optimization. As can be seen
from Figure 13, the distribution of the motor magnetic field before and after parameter
optimization is relatively close overall. The leakage flux phenomenon at the end of the PMs
of the optimized motor has been improved. In the initial motor, more PMs are used, and
although this could to some extent increase the induced electromotive force and electromag-
netic torque, due to the saturation of the magnetic circuit and the increase in leakage flux,
the PM utilization rate is bound to decrease. As can be seen from Figure 13b, although the
total amount of rotor pole PMs has decreased, the magnetic circuit of the motor stator teeth
has increased compared to the initial motor. This indicates that the effective magnetic flux
in the motor remains almost unchanged despite the reduction in the PM usage. This also
means that the PM magnetic source on the rotor side will have more magnetic energy that
can effectively connect with the armature side, which is bound to enable a higher torque
output capability and higher PM utilization rate. It can also be seen from Figure 13 that the
phenomenon of relatively saturated flux density mainly occurs in the tip part of the stator
teeth. After parameter optimization, the flux density on the stator teeth of the motor has
been further enhanced, and the magnetic saturation phenomenon has been suppressed.
This means that after optimization, the magnetic energy in the PM magnetic source of the
rotor forms more effective flux through the armature winding.
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Figure 13. The magnetic field distributions and flux distributions of the SEM-PMIW motor. (a) Initial
motor and (b) optimal motor.

In Figure 14, the no-load flux linkage of the motor before optimization has peak clipping,
meaning that the third harmonic content in the three-phase flux linkage is relatively high.
This would inevitably result in a lower sine degree of the no-load induced electromotive
force. However, after the motor parameters are optimized in the previous section, the flux
linkage wave presents a good sine shape, with a much higher sine degree than the initial
no-load PM flux linkage in the motor. Moreover, its amplitude is higher and the effective
value is larger, indicating that the utilization degree of the magnetic energy of the PM
magnetic source is higher.

0.10 Initial motor
= — — Phase A
% 0.05 | — — Phase B
) :

Sy 5 — — Phase C

w T

E'/ 0.00 Final motor

E—0.0S Phase A

— —Phase B
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Rotor position(elec.deg.)

Figure 14. The flux distributions of the SFM-PMIW motor.

Figure 15 shows the three-phase no-load back electromotive force waveforms of the
motor before and after optimization at the rated speed of 600 rpm. After parameter op-
timization, the content of high-order harmonics in the no-load back-EMF decreases, and
the sine degree of the optimized back-EMF waveform becomes higher. However, after
optimization, the amplitude of the induced electromotive force slightly decreases. The
reason for this is the overall reduction in the PM usage. After optimization, the overall PM
usage decreased by 28.2%, while the amplitude of the induced electromotive force only
decreased by 11%. Therefore, the overall utilization rate of PMs in the motor has increased
by 17.2%, which indicates that the motor will have better electromagnetic performance
after optimization.
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Figure 15. The back-EMF of SFM-PMIW motor before and after optimization.

Figure 16 compares the air-gap flux density and harmonic distribution of the motor
before and after optimization. As shown in Figure 16a, the overall trend of the no-load air-
gap flux density waveform remains unchanged after optimization. Although the PM volume
is reduced, the peak values of the air-gap flux density are nearly identical to the original
design, meaning the fundamental component is well preserved. Meanwhile, the optimized
waveform becomes smoother, demonstrating an obvious reduction in harmonic content.
Figure 16b reveals that the seventh harmonic dominates the air-gap spectrum, which
matches the pole-pair number of the PMs. After optimization, the amplitude of the seventh
harmonic increases, whereas the 77th harmonic responsible for major cogging torque drops
substantially. The 35th and 91st harmonics, which also contribute to cogging torque, are
suppressed as well. These results verify the effectiveness of the proposed optimization.
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Figure 16. The airgap flux density of the SFM-PMIW motor. (a) Waveforms. (b) The distribution of
the airgap flux density harmonics.

Figure 17 shows the comparison of cogging torque before and after the motor opti-
mization. As can be seen from the figure, the cogging torque of the motor shows periodic
changes both before and after the optimization, and the periodicity is obvious. This indi-
rectly demonstrates the rationality of the analysis and the suppression of cogging torque
harmonics mentioned in the previous section. Additionally, after the optimization, the
cogging torque of the motor is significantly suppressed. It decreased from the initial peak-
to-peak value of 4.72 Nm to 2.93 Nm, with a reduction of 38%. The 12th cogging torque
decreased from 2.47 Nm to 1.43 Nm, a reduction of 42.1%.
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Figure 17. Comparison of cogging torque before and after optimization. (a) Waveforms. (b) FFT
spectrum of the cogging torque of the final motor.

The comparison results of the torque performance of the motor before and after op-
timization are shown in Figure 18. The output torque has increased by 1.2 Nm, reaching
20.8 Nm. The improvement in output torque is mainly benefited by the increase in the
amplitude of the seventh PM fundamental harmonic. At the same time, compared to the
25.4% torque ripple before optimization, the torque ripple after optimization has decreased
to 14.8%, mainly due to the suppression of the 77th harmonic, as the cogging torque is a
major source of torque ripple. The above analysis results of the torque performance confirm
the analysis and discussion of the air-gap harmonics.

21
E
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ﬁ Torque ripple:25.4% Torque ripple:14.8%
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Rotor position(elec.deg.)
Figure 18. Comparison of torque before and after optimization.

Table 3 summarizes the performance comparison between the initial and optimal
SFM-PMIW motor. After parameter optimization, the PM volume is reduced from 36.3 cm?
to 22.9 cm?, representing a 37% reduction in PM consumption. Meanwhile, the average
torque increases from 19.6 Nm to 20.8 Nm. The cogging torque is significantly decreased
from 4.7 Nm to 2.4 Nm, and the torque ripple drops to 14.8%. Benefiting from the reduced
PM usage and improved output torque, the torque per PM volume rises from 0.54 Nm/cm?
to 0.91 Nm/cm?. In addition, the torque density increases slightly from 16.48 Nm/L to
17.49 Nm/L. The core loss decreases marginally from 19.4 W to 18.5 W. The power factor is
improved from 0.82 to 0.85, and the motor efficiency rises from 81.8% to 82.6%. The results
demonstrate that the proposed optimization method can effectively reduce PM consumption
while maintaining and even improving the overall electromagnetic performance.
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Table 3. The comparison of the performance of the SFM-PMIW motor.
Performance Index Unit Initial Motor Final Motor
PM usage cm? 36.3 22.9
Cogging torque Nm 4.7 24
Torque Nm 19.6 20.8
Torque per PM usage Nm/cm? 0.54 091
Torque density Nm/L 16.48 17.49
Torque ripple - 25.4% 14.8%
Core loss W 19.4 18.5
Power factor - 0.82 0.85
Efficiency - 81.8% 82.6%

References

5. Conclusions

This paper conducts relevant design work on the torque performance of the mo-
tor from the perspective of multiple air-gap harmonics. Guided by the principle of
magnetic field modulation, a rotor-slotted spoke-type outer rotor motor is proposed for
principal verification.

(1) The theoretical relationship between the air-gap harmonics and torque performance
is established, and based on this, the main air-gap harmonics related to the cogging
torque are identified. The 7th, 35th, 77th and 91st harmonics are selected as the
optimization objectives.

(2) Then, a motor design and optimization strategy based on the characteristic harmonic
weighting factor is proposed. Sensitivity analysis is adopted to screen highly influential
structural parameters, and the response surface algorithm is utilized to implement
parameter optimization for determining the final motor geometry.

(3) The simulation results show that each performance of the SEFM-PMIW motor has been
improved after optimization. With a 37% reduction in PM usage, the average torque
increases by 1.2 Nm. Meanwhile, the cogging torque decreases by 50% to 2.4 Nm, and
the torque ripple is reduced to 14.8%. The proposed characteristic harmonic-based
optimization strategy is applicable to motors featuring rich multi-air-gap harmonics.
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