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ABSTRACT This article proposes a torque optimization method that introduces the rotor magnetomotive
force (MMF) harmonics, aiming to increase the average torque without increasing the cogging torque
and torque ripple. A spoke type permanent magnet direct drive motor with fractional slot concentrated
winding (FSCW) is designed. The FSCW can improve the utilization rate of the winding, but at the same
time, it brings a wealth of MMF harmonics. First, the electromagnetic torque expression is derived using
the principles of magnetic energy and virtual power. It means that the constant electromagnetic torque is
generated when the stator and rotor MMF harmonics with the same space and time order are the same as the
main wave speed. The analytical method is then used to analyze the influence of the stator and rotor MMF
harmonics on the electromagnetic torque of the three-phase FSCW permanent magnet motor. On this basis,
a rotor shape that introduces the third rotor MMF harmonics is proposed. Finally, the finite element software
is used to compare and analyze the torque performance of motor before and after optimization. The finite
element simulation and experiment results prove the correctness and effectiveness of the method.

INDEX TERMS Spoke type permanent magnet direct drive motor, fractional slot concentrated winding,

MMF harmonics, torque optimization.

I. INTRODUCTION
The fractional slot concentrated winding (FSCW) permanent
magnet motors have become a hot spot in domestic and for-
eign research due to their high torque density, simple winding
structure, small cogging torque, and high efficiency. They are
widely used in direct drive systems such as CNC machine tool
turntables, aerospace, mining machinery, and robot elbow
joints [1]—[3]. The spoke type permanent magnet (PM) motor
has a significant magnetizing effect compared with the radial
structure, so it is widely used in occasions requiring high
torque density; at the same time, compared with the radial
structure, the spoke type structure could place more perma-
nent magnets in the circumferential direction, so the number
of poles of the spoke type motor could be designed more.
The motor can be designed for lower speed [4]. Optimizing
rotor pole shape can effectively reduce partial demagnetiza-
tion effect and cogging torque in spoke type brushless PM
motor [5].

Mining belt conveyor drive motor adopts FSCW spoke
type permanent magnet direct drive motor, which can realize
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low-speed and high-torque operation, directly drive the load,
minimize the transmission link, and improve the reliability
and efficiency of the drive system. However, the direct-drive
system of the belt conveyor cancels the mechanical transmis-
sion structure, such as the reducer, which requires the motor
to have the characteristics of high torque density and low
speed. In addition, FSCW can improve winding utilization
and reduce the copper volume and copper loss at the end of the
stator winding. At the same time, it will also bring rich MMF
harmonics [6]-[8], which will affect the torque performance
of the motor. Therefore, it is necessary to study the magnetic
harmonic content and distribution characteristics in detail.
A closed-form analytical model is proposed in [9], which can
analyze surface PM machines designed with FSCW. Special
features of the FSCWs are taken into account, including stator
slot effects.

The direct-drive, low-speed operation, high torque density,
and low torque ripple is urgently needed for the belt conveyor
drive system. Although employing high-grade rare earth PM
materials is one way to improve the torque density of per-
manent magnet synchronous motors (PMSMs), other design
methodologies can further improve the torque performance.
For surface permanent magnet motor (SPM), the air-gap
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permeance is almost constant due to the relative permeability
of PMs almost equal to unity and hence the sinusoidal air-
gap flux density can be achieved by shaping PMs to achieve
low torque ripple [10]-[12], but the torque density is usually
considerably compromised. In [13], a novel shaped-magnet
surface permanent magnet machine design concept featuring
magnets shaped is proposed according to a sinusoid plus a
third harmonic along the axial direction for high-performance
motor applications that require high torque density and min-
imal torque ripple. However, the shape of the permanent
magnet is more complex. It is worth noting that the optimal
cogging torque is not necessarily the optimal design of the
minimum torque ripple [14], [15]. In [14], a simple solution
for minimizing the cogging torque and suppressing operation
torque ripple simultaneously is presented. The principle of
that simple solution is illustrated, where a magnet with dif-
ferent width is used so that the flux density distribution in
the machine is substantially changed. In [15], taking the slot
opening design as an example, the design tradeoff between
the open-circuit cogging torque and the on-load torque ripple
is investigated. In [16], [17], a low-speed and high-torque per-
manent magnet motor with a dual-stator structure is proposed
to increase the torque density of the motor. However, the dis-
advantage is that the structure is complex, and the process
requirements are high. Of course, many current references
were also forced on improving the torque performance by
multi-objective optimization strategy, not only in the field
of a structure optimization but also in the control strategy.
Reference [18] proposed a regenerative braking control strat-
egy based on multi-objective optimization of switched reluc-
tance generator (SRG) drive system, which increases the
vehicle braking comfort and improves battery lifetime with-
out decreasing recovery energy. Three optimization indexes
were considered in the paper: power generation, torque ripple,
and current fluctuation. Reference [19] developed a geomet-
rical multi-objective optimization strategy to improve the
static torque performance of the SRM with two-phase mode.
Therefore, the multi-objective optimization strategy can be
targeted and better to improve the performance of the motor.
The primary purpose of this article is to study the influence of
rotor MMF and harmonics on the torque performance of the
motor. Therefore, only the rotor shape factor that introduces
the rotor MMF harmonics is considered, and the optimiza-
tion design of other geometric structure parameters is not
considered. For the low-speed high-torque spoke type PM
motor proposed in this article, the torque performance of the
motor is optimized by optimizing the shape of the rotor sheet.
The cogging torque and torque ripple are reduced without
changing the shape of the PM. Besides, compared with the
anisotropic PM, the rectangular PM is easy to process and
reduces the cost.

This article proposes a torque optimization method for the
shape of the rotor that introduces the third harmonic of the
rotor magnetomotive force (MMF) and designs a spoke type
permanent magnet motor, which aims to improve the average
torque without increasing cogging torque and torque ripple.
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This article will be organized as follows. Section II uses
the MMF method and the principle of virtual power to ana-
lyze the principle of electromagnetic torque generation of
the motor and gives the conditions for generating constant
electromagnetic torque and pulsating electromagnetic torque.
Section III uses the analytical method and the finite element
method to analyze the armature MMF of the FSCW motor.
In Section IV, the stator and rotor MMF harmonics of a
three-phase FSCW permanent magnet motor and their influ-
ence on torque performance are studied. In Section V, based
on the above analysis, a prototype was designed using the
torque optimization method proposed. The electromagnetic
field finite element analysis (FEA) of the motor before and
after optimization is carried out, and the average torque, cog-
ging torque, and torque ripple are compared. The simulation
results are consistent with the theoretical analysis and finally
verified by experiments.

Il. THE RELATIONSHIP BETWEEN ELECTROMAGNETIC
TORQUE AND MMF

Assuming that the magnetic permeability of the motor core
is infinite, that is, all the magnetic field energy is stored in
the air-gap, and the stator MMF is ahead of the rotor MMF
Svn (electrical angle), considering time harmonics and space
harmonics, the expression of the magnetic field generated by
the stator and rotor magnetomotive force in the air-gap can be
written as follows:

Ho

By = _g ZM Zv Fsuvcos(uawt — vby) @))
Mo

B, = ? E . E nF,m,, cos(mwt — nby — 8vn)  (2)

where (o is the vacuum permeability, w is the stator angular
frequency, u and v is the stator MMF time harmonic order and
space harmonic order respectively, m and # is the rotor MMF
time harmonic order and space harmonic order respectively,
s is the angle between the rotor pole axis and phase A
winding axis along the air-gap circumference, Fy, and Fnp
is the stator and rotor MMF amplitude respectively; g is the
equivalent air-gap length.

Eq. (1) and (2) include all the time and space harmonics of
stator and rotor.

The magnetic field energy stored in the air-gap is:

B2 gl D 2pm
Wpn=[ —dV = ——
v 210 4po p Jo

where [/ is the length of the stator core, p is the pole pairs,
D is the average diameter of the air-gap, V is the unit air-gap
volume.

Incorporating Eq. (1) and (2) into Eq. (3), and then using
the orthogonality of the trigonometric function, the simplified
formula can be obtained as follows:

IntD
Wi = “047; D, 2 Fowt 2, 2 Famt D0

+2 Zv:nzuzm FsyvFrmn cos(puwt —mwt +8yy,)]
“4)

(Bs +B.)*dos  (3)
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The electromagnetic torque under the action of the sta-
tor and rotor magnetic field can be obtained by calculat-
ing the partial derivative of the rotor position in the above
Equation while keeping the amplitude of MMF unchanged.
Assuming the differential virtual displacement of the rotor
Ady,, the electromagnetic torque can be obtained from
Eq. (4):

oW, wolmr D
T = = 0 j—
P Zv%n 2g
: Z Z Z Fspv Frmn cos(uot —mw t + §yp)
v=n u m
)

From Eq. (5), the following conclusions can be obtained:

(1) The stator MMF and the rotor MMF harmonics have
the same space order (v = n), they interact to produce
electromagnetic torque. If the space order is different (v # n),
the interaction between them does not produce electromag-
netic torque. If the stator MMF and the rotor MMF harmonics
have the same space order (v = n) and different time order
(u # m), then the interaction between them only produces
pulsating electromagnetic torque.

(2) Only when the stator and rotor MMF harmonics with
the same time order (v = n) and space order (u = m)
interact, it is possible to produce a constant electromagnetic
torque. When the maximum constant electromagnetic torque
is generated, the time and space MMF harmonics are defined
as the main wave, and the speed is w, then the MMF har-
monics with the same speed as the main wave can produce
constant electromagnetic torque, while the MMF harmonics
inconsistent with the main wave speed can only produce
pulsating torque.

Ill. ANALYSIS OF ARMATURE MMF OF FSCW

A. FRACTIONAL SLOT CONCENTRATED WINDING MOTOR
For FSCWs, the number of slots per pole per phase g can be
expressed as follows:

Z N
— (©6)

1= 2m1p o d
where N /d is the irreducible true fraction, m; is the number
of phases, Z is the number of stator slots, and p is the pole
pairs. When d is an even number, the main wave is d/2; when
d is an odd number, the main wave is d. If each harmonic
is divided by order of the main wave, the order of the main
wave will become 1, which is the fundamental wave. The
other harmonics are the fractional harmonic and higher-order
harmonic in fractional slot winding motor [20].

In general, there is a greatest common divisor ¢ between
the slots Z and pole pairs p of FSCW motor, that is:

V4
t=—=gcdZ,p) )
p
If Zo = Z/t, po = plt, then g can be rewritten as follows:
Zy
=5 ®)
mipo
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Therefore, the motor with slots Zy and pole pairs pg is
called a unit motor, and the original motor consists of ¢ unit
motors.

B. HARMONIC ANALYSIS OF STATOR MMF OF 10-POLE
12-SLOT MOTOR

The prototype designed in this article is a three-phase 40-pole
48-slot permanent magnet direct-drive motor. The winding
form is a double layer Y-type connection and a spoke type
structure. As shown in Fig. 1, the shaft and the magnetic
insulation are connected by a support plate, which can reduce
the amount of rotor lamination and reduce the cost, and the
rotor and the magnetic insulation are fixed by bolts. The
original motor consists of four 10-pole 12-slot unit motors.
Therefore, this section takes a 10-pole 12-slot unit motor as
an example for analysis.

Stator
Winding
Rotor

Magnetic insulation

Support plate

FIGURE 1. The structure model of the proposed motor.

To facilitate the analysis, make the following assumptions:

(1) The magnetic circuit of the motor is not saturated;

(2) The stator and rotor permeance of the motor is infinite;

(3) Ignore the cogging effect.

For a unit motor with a stator slot number Z, rotor pole
pairs number pg, and coil turns number Ny, when the maxi-
mum instantaneous value / of sinusoidal alternating current
flows through the coil, the MMF waveform generated by the
coil is a rectangular wave with different positive and negative
amplitudes but equal positive and negative areas. Take the
MMF waveform generated by a coil with a span of y = 1
as an example, as shown in Fig. 2.

where:
S1=8+S8; 9
S =83 (10)
Fi = INo(Zp — 1)/ Zo (11)
F_ = INy/Zy (12)

To obtain the MMF waveform of each phase winding,
the connection mode of stator winding should be determined
firstly, and then the three-phase MMF waveform can be
obtained by superposition of MMF of each phase winding.
Fig. 3 shows the expansion diagram of the stator winding con-
nection of the 10-pole 12-slot unit motor. Assuming that the
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FIGURE 2. MMF waveform generated by one coil.

instantaneous maximum value of phase current is i, = I, then
the current of phase B and phase C is i, = i, = —I/2. The
MMF waveform at this moment is shown in Fig. 4. Among
them, Fig. 4 (a) is the MMF waveform comparison between
the analytical method and the finite element method (FEM),
and Fig. 4 (b) is the FFT analysis of the MMF waveform
obtained by FEM. It can be seen that the results obtained by
the two methods are basically consistent, but the MMF wave-
form obtained by the FEM has troughs in the rotor position
mechanical angle of 105 deg and 285 deg. This is because
the cogging effect is not ignored in the FEM calculation. The
paper takes 10-pole 12-slots as an example, the winding span
is 1, and the tooth pitch is 30 deg (mech.deg). Therefore,
the stator MMF waveform will have a trough in a tooth
pitch. The three-phase composite stator MMF has the same
phase in the range of 75 deg - 135 deg and 255 deg - 315 deg,
while the phase of stator MMF in other adjacent tooth regions
is opposite. Therefore, the stator MMF waveform obtained
by the FEM has wave troughs at 105 deg and 285 deg. The
MMF harmonics generated by the FSCW are very rich, but
only the 5th harmonic interacts with the permanent magnet
magnetic field to produce a constant electromagnetic torque,
and there is no third stator MMF. The potential harmonics
will be analyzed in detail later.

IV. INFLUENCE OF STATOR AND ROTOR MMF
HARMONICS ON TORQUE OF THREE-PHASE

FSCW MOTOR

A. THREE-PHASE WINDING COMPOSITE MMF
INCLUDING SPACE-TIME HARMONICS

Assume that the stator current contains harmonics of 1, 3, 5,
7,9, 11, 13, etc., the expression of stator current is as follows:

e ¢]

FOEEY

u=1,3,5,-
o0

=)

n=1,35,-
o0

Z Iy, cos p(wt — 240°)
n=1,3,5,-

Iy, coOs powt

I,y cos pu(wt — 120°) (13)

ic(t) =

where I, is the amplitude of harmonic current.

196126

s[o 7 8] s o]
M =T T 1T T
v W X \

FIGURE 3. Winding development of 10-pole 12-slot unit motor.
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FIGURE 4. The MMF distribution of 12-slot 10-pole unit motor. (a) MMF
waveform comparison between analytical method and FEM (b) Harmonic
analysis of MMF obtained by FEM.

With the axis of phase A winding as the spatial reference
axis, it is assumed that at a certain time, at a distance O
from the axis of phase A winding, the MMF of each phase
winding is:

o0 oo

Ja(®) = Z Z Fyvlpy cos v8; cos ot

n=1,3,5---v=1,3,5--

fy=">" Y Fylyyucos v —120°)

n=1,3,5--v=1,3,5- (14)
x cos (wt — 120°)

o0 o
= >3 Fylyy cos v — 240°)
p=1,35-v=1,35...
x cos pu(wt — 240°)
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Adding the three-phase pulsating MMF in Eq. (14), the
composite stator MMF of different time and space times can
be obtained:

fs = fa@®) + (1) + fc(2)

3 o0
= 7 Z Fyvlyy cos(vly — pwt)
u=v=1,5,7-
3 o0
+ 3 Z Fyyly cos(vly £ pwt)
n=v==6k,
UFE3LV£3]
3 o0 o0
+ 5 Z Z Foulyy [cos(vOs+ pwt)+cos(vhs — pwt)]
n=3i v=3j
(k5iaj=17253"') (15)

The following conclusions can be obtained from Eq. (15):

() Whenu =v =1,5,7,11,13,17-- -, the composite
MMEF is positive rotation and the rotational speed is w;

(2) When u — v = +£6k, u # 3i,v # 3j,(,j,k =
1,2,3---), when v takes a positive value, the compos-
ite MMF rotates forward. When v takes a negative value,
the resultant MMF rotates in the reverse direction, and the
speed is uw / v. If it is inconsistent with the main wave speed,
ripple torque will be generated, that is the ripple torque of 6th,
12th, 18th, etc. in the three-phase motor;

(3) When u = 3iand v = 3j(i,j = 1,3,5,7---), the
composite MMF is pulsating;

(4) For the sum of other groups of i and v, the composite
MMF is zero.

In this article, the space-time MMF harmonics are
expressed as (u, v), if the order of the main wave is (1, 1),
then when the time harmonic u = 1, the rotational speed
of the (1, 5) MMF harmonic is 1/5 of the main wave, and the
rotation of them is opposite, resulting in the 6th ripple torque;
while the rotation speed of the (1, 7) MMF harmonic is 1/7 of
the main wave, but the rotation of them is the same, so they
also produce the 6th ripple torque; similarly, the (5, 1) and
(5, 11) MMF harmonics produce the 6th ripple torque. The
speed and direction of (5, 5) MMF harmonics are the same as
that of the main wave, resulting in constant electromagnetic
torque. The analysis of the influence of other harmonics on
the torque is the same.

B. THE MMF OF ROTOR

The rotor MMF of the spoke type permanent magnet
motor is provided by permanent magnets. The PM provides
the cross-sectional area of the magnetic flux per pole is
Am = 2by,l,,, which is twice that of the radial magnetic pole
structure. b,, and [, are the width and axial length of the PM
respectively. Besides, the d-axis and g-axis are also different
from the radial structure. For the spoke type pole structure,
the d-axis is located at the centerline of the rotor sheet, and
the g-axis is located at the centerline of the PM, as shown
in Fig. 5.
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FIGURE 5. Spoke type rotor structure.
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FIGURE 6. Magnetic field distribution of rotor MMF.

The radial air-gap flux density waveform generated by the
rotor excitation magnetic field in the air-gap is related to the
size of the PM, the magnetization method, and the external
magnetic circuit. The influence of slotting and magnetic leak-
age is ignored. Taking the PM motor with a uniform air-gap
and parallel magnetization as an example for analysis, it can
be considered that the magnetic field generated in the air-gap
is a trapezoidal wave, as shown in Fig. 6, where b,, is the
width of the PM, t is the pole pitch, A, is is the thickness
of the PM in the magnetizing direction and Fi,x is the rotor
MMF amplitude. Assuming that the rotor speed is the same
as the main wave speed, the Fourier series expression of the
rotor MMF is:

oo
an
fr = E Fmax COS(7Q)Z‘ — nes) (16)
n=1,3,5--

The harmonic amplitude of rotor MMF is:

8
Fmax = Bmax@i— )
Hno

where Bpax is the amplitude of the flux density produced
by the PM in the air-gap, and «; is the polar arc coefficient,
a; ~ ap/t. Assuming that the magnetic permeability of the
PM is the same as that of air, ignoring the effect of satura-
tion, magnetic leakage and cogging, then Bpn,x = 2h,B,/
(g+2h,,), where hy, is the thickness of the permanent magnet,
B, is the residual magnetic induction strength of the PM,
and g is the effective air-gap length.
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When the MMF of the rotor rotates synchronously with the
main wave MMF (a, b) of the stator, the Fourier series whose
MMF harmonics are decomposed into odd-numbered terms
can be expressed as [21]:

g  2hy . sin(kwoy) an
fx =2Braj— Z ———— cos(—wt — nfy)
o 2hm +g | 15 kmai/2 b
n=kpo

(18)

If the main wave of stator MMF © = a = 1,v = n =
po = 5, according to (18), the rotor MMF has only odd
harmonics of (1, 5), (3, 15), (5, 25), etc. In other words,
the number of space-time harmonics of rotor MMF is (k, kpo).

C. INFLUENCE OF THE STATOR AND ROTOR MMF ON
ELECTROMAGNETIC TORQUE

Taking a 12-slot 10-pole unit motor as an example, the influ-
ence of stator and rotor MMF harmonics on electromag-
netic torque of three-phase PMSM with FSCW is analyzed.
According to the above research, it can be known that the
three-phase composite stator MMF harmonics generated by
the fundamental current component of three-phase current
ig, ip, i. are (1, 1), (1, 5), (1, 7), etc. The third harmonic
current component in i, ip, i does not produce three-phase
composite stator MMF harmonics; the fifth harmonic cur-
rent component in i,, ip, i, produces three-phase composite
stator MMF harmonics, which are (5, 1), (5, 5), (5, 7), etc.
The harmonic analysis of three-phase composite stator MMF
generated by other harmonic components of current is the
same, not listed one by one. The harmonic of rotor MMF
include (1, 5), (3, 15), (5, 25), (7, 35), etc. If the stator current
is sinusoidal, that is, the current has only the fundamental
current component, and the rotor magnetic field is also sinu-
soidal distribution, that is, the rotor MMF is only (1, 5), then
the interaction between the two will only produce constant
torque, and will not produce 6th, 12th, etc. ripple torque; if
the stator current is sinusoidal, but the rotor magnetic field
contains odd harmonics, ripple torque will be generated; if
the rotor magnetic field is sinusoidal, but the stator current
contains odd harmonics, ripple torque will also be generated.
For this example, the stator MMF which affects the average
torque of the motor is Sth (main wave), and the stator MMF
that can produce ripple torque are harmonics of multiple
times of 5, such as 25, 35, 55, etc.

V. COMPARISON OF PERFORMANCE BETWEEN SINE
ROTOR MOTOR AND SINE + 3RD ROTOR MOTOR

A. SINE-SHAPED ROTOR AND SINE + 3RD SHAPED
ROTOR

The air-gap magnetic field waveform distortion caused by
the stator slot is distorted will have an adverse effect on the
operation of the motor, such as cogging torque, torque ripple,
etc. Many methods can be used to reduce this effect such
as a skew pole, skew slot [22], unequal pole arc coefficient
of the permanent magnet [23], changing permanent magnet
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shape [24], opening auxiliary slot, and unequal slot width.
For the low-speed high-torque spoke type permanent magnet
motor proposed in this article, the air-gap flux density wave-
form can be close to a sinusoidal by optimizing the shape
of the rotor sheet, and the cogging torque and torque ripple
can be reduced without changing the shape of the permanent
magnet. Besides, rectangular permanent magnets are easy to
process and reduce waste.

The analysis in Section IV shows that no matter whether
the supply current contains odd-numbered harmonics such
as 1, 3, 5, 7, etc., the three-phase symmetrical winding will
not produce the stator MMF that is multiples of 3rd and 3rd,
so the third harmonic of the rotor MMF (for the main wave) is
introduced into the sinusoidally distributed rotor MMF, then
the interaction of the rotor MMF and the stator MMF will
not produce additional ripple torque. Fig. 7 (a) is the shape
of the sine rotor, and Fig. 7 (b) is the shape of the proposed
rotor. It can be seen that whether it is a sine rotor or the
proposed rotor, the air-gap length along the periphery of the
stator non-uniformity. For the sine rotor in Fig. 7 (a), there is
the following relationship:

2%
8(0) = gmax — Acos(—) (19)
Wy
for the sine + 3rd rotor in Fig. 7 (b):

36

4%
2(0) = gmax — | A cos(—) — a cos(
Wy W

)] (20)

where a is the amplitude of the third harmonic introduced.

Stator Stator
& 0)1 gm,,,l Emin 1g(9) /

g’”""I = *’T A g'”“ﬂ Pt

(b)

FIGURE 7. Rotor sheet shape. (a) Sine rotor (b) Sine + 3rd rotor.

If the width b,, and thickness A, of the PM are kept
unchanged, the maximum air-gap (gqyx) and the minimum
air-gap (gmin) are kept unchanged, the equivalent air-gap of
the sine + 3rd rotor motor is smaller than that of the sine
rotor motor, so the fundamental amplitude of rotor MMF
is greater than that of sine rotor motor. Through the finite
element analysis, the rotor MMF and the frequency spec-
trum when the armature current is 0 are obtained, as shown
in Figs. 8 and 9.

Fig. 8 and Fig. 9 show that the main wave MMF (5th order)
of the sine + 3rd rotor is larger than that of the sine rotor and,
at the same time, a higher amplitude 15th MMF harmonic
(relative to the main wave is 3th) is introduced in the air-
gap. Due to the influence of core saturation and tooth tip
leakage, both of them will produce other MMF harmonics
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FIGURE 8. MMF of the rotor. (a) Sine rotor (b) Sine + 3rd rotor.
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FIGURE 9. FFT of rotor MMF of sine rotor and Sine + 3rd rotor.

with lower amplitude. Theoretically, under the condition of
sine wave current excitation and the same stator MME, the
average output torque of the proposed sine + 3rd rotor motor
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is larger than that of the sine rotor motor, the ripple torque
will not increase. It should be noted that the MMF referred
to in the simulation is the MMF generated by the permanent
magnets. It does not fully participate in the torque generation,
and there is a part of the leakage flux, which needs to be
considered in the calculation.

B. FEA AND TORQUE PERFORMANCE COMPARISON

In order to verify the correctness of the optimization method
proposed in this article, a spoke type permanent magnet direct
drive motor for mine belt conveyors, as shown in Fig. 1, was
designed, and electromagnetic field simulation analysis was
performed to compare the electromagnetic performance of
three different rotor shape motors. The main design param-
eters of the motor are shown in Table 1. Only the rotor shape
of the three motors is different, and other parameters are the
same. For the conventional rotor, gmax = gmin = 2mm. The
finite element simulation results are shown in Figs. 10-14.

TABLE 1. Main parameter of the motor.

Parameter Value
Rated power/kW 132
Rated phase voltage/V 620
Rated speed/rpm 60
Rated current/A 79
Number of poles/slots 40/48
Air-gap gmax/gmin/mm 4.0/2.0
Stator outer diameter/mm 950
Stator inner diameter/mm 760
Rotor outer diameter/mm 756
Rotor inner diameter/mm 676
Core length/mm 650
Conductors per slot 64
Parallel branches 2
Effective pole-arc coefficient 0.8272
Relative permeability 1.0605
Magnet remanence/T 1.23
Width of PM/mm 35
Thickness of PM/mm 14
Current density/A/mm? 3.05

Fig. 10 shows the distribution of flux density cloud of
sine + 3rd rotor motor, and the main magnetic circuit is not
incredibly saturated. Fig. 11 (a) and (b) show the air-gap
flux density and harmonic content. As shown in Fig. 11 (b),
the fundamental amplitude of the air-gap flux density of the
sine rotor motor is reduced compared with the conventional
rotor motor. However, the sine + 3rd rotor can compensate
for this decrease. Simultaneously, compared with the sine
rotor motor, the air-gap flux density harmonics amplitude
of the sine + 3rd rotor motor has not increased except for
the third harmonic. Fig. 12 shows the no-load phase EMF
waveform and harmonic content of motors with different
rotor shapes. It can be seen that the effective value of back
EMF of conventional rotor structure motor is the highest, and
that of the sine rotor motor is the lowest, which is about 4.15%
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lower. However, by introducing the third harmonic into the
sine-shaped rotor, the back EMF increases by 3.79%.

The cogging torque depends on the least common mul-
tiple between the number of slots and the number of
poles [25]. Although the three motors all use the same stator,
the peak-to-peak value of the cogging torque is different due
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to the influence of the rotor shape, as shown in Fig. 13.
That is because different rotor shapes result in different
air-gap flux density distribution and its harmonic content,
as shown in Fig. 11 (a) and (b). It is also found that the
peak-to-peak cogging torque of the conventional rotor spoke
type motor and the sine-shaped rotor motor is the highest and

VOLUME 8, 2020



J. Zhang et al.: Influence of Introducing the Rotor MMF Harmonic on Torque Performance of Spoke Type PM Motor With FSCW

IEEE Access

22

D
T

3 ]
S

NSNS NI T T

Average torque (kNm)

o

Sine rotor (Tave=19.29kNm Tripple=1.63%)
Sine+3rd rotor (Taveg=20.56kNm Tripple=1.638%)
——Conventional rotor (Tave=20.78kNm Tripple=5.875%)

]8 1 1 1 1
0 10 20 30 40 50

Time (ms)

FIGURE 14. Comparison of average torque performance.

the lowest, respectively. Compared with the sine rotor motor,
the cogging torque of the sine 4 3rd rotor motor is slightly
increased. Fig. 14 shows the rated output torque performance
of motors with different rotor shapes under the sinusoidal
current excitation. The torque ripple is further calculated by
the following formula, which is the ratio of the peak-to-peak
torque to the average torque [24]:

Tripple = Tinax = Tin 100% (21)
avg

The results show that the average torque of conventional
rotor motor is the highest, while that of sine rotor motor is
the smallest. Compared with the sine rotor motor, the average
torque of the sine + 3rd rotor motor is increased by more
than 6.58%, and the simulation results are consistent with the
previous theoretical analysis. That is because of the variation
of the equivalent air-gap length caused by different rotor
sheet shapes, as shown in Fig. 7 (a) and (b). Simultaneously,
the torque ripple of the sine + 3rd rotor and sine rotor motor
is very similar, but they are far lower than the conventional
rotor motor. That is because the low order harmonics in the
back EMF of sine rotor and sine + 3rd rotor motors are
significantly reduced (as shown in Fig. 12(b)), which will
interact with the armature current to produce 6th and 12th
harmonic torques. Theoretically, there is no ripple torque in
the sine rotor motor under the sinusoidal power supply, which
is caused by core saturation and tooth tip flux leakage, mainly
the 6th and 12th ripple torque. After introducing the third
harmonic, the main wave amplitude of rotor MMF will be
increased, and the harmonic amplitude of the rotor MMF will
also be affected, thus affecting the ripple torque and cogging
torque. But most importantly, the proposed rotor structure
improves the average torque based on a small increase in

cogging torque and torque ripple.

C. COMPARISON OF LOSS
The analysis in the previous section shows that for a spoke
type permanent magnet direct drive motor, and the average
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torque can be improved without increasing cogging torque
and torque ripple after introducing the third rotor MMF har-
monic into the sine rotor sheet. However, it should be noted
that while the sine + 3rd rotor increases the fundamental
wave amplitude of the rotor MMF, it also increases the
third harmonic amplitude, as shown in Figs. 8-9. The other
harmonics may cause undesirable effects, such as localized
saturation, additional iron loss, and eddy current loss in the
magnets, etc. [26].

In this section, the stator iron loss and PM eddy current loss
of sine rotor motor and sine + 3rd rotor motor are compared.
The loss under rated load is calculated by FEM, as shown
in Figs. 15-16. It is easy to find that the stator iron loss of the
sine + 3rd rotor motor is slightly greater than that of the sine
rotor motor, and the eddy current loss of the PM is basically
unchanged, which indicates that the introduction of the third
rotor MMF harmonic does not affect the loss of the prototype.
This is because the prototype proposed in this article is a
low-speed high-torque permanent magnet motor with a low
rated frequency of only 20Hz. Therefore, the introduction of
rotor MMF harmonic has little effect on the iron loss of the
motor. Moreover, the permanent magnet is embedded, eddy
current reaction mainly occurs on the surface of the rotor, and

196131



IEEE Access

J. Zhang et al.: Influence of Introducing the Rotor MMF Harmonic on Torque Performance of Spoke Type PM Motor With FSCW

FIGURE 17. Rotor sheet shape. (a) Sine rotor (b) Sine + 3rd rotor (c) Rotor
complete.

FIGURE 18. Prototype experimental platform.

skin effect is not obvious, so there is basically no change in
the eddy current loss of the PM. However, for the high-speed
PM motor with high rated frequency, the proposed torque
optimization method may increase the iron loss and eddy
current loss of the PM, which will lead to severe heating and
low efficiency of the motor, which is worth noting.

D. EXPERIMENT AND PROTOTYPE

To verify the correctness and effectiveness of the optimization
method proposed in this article, we produce two spoke type
permanent magnet direct-drive motors: sine rotor and sine
+ 3rd rotor. Fig. 17. shows the appearance of a single rotor
sheet. Fig. 18 shows the motor loading experiment platform.
A 250kW permanent magnet direct drive motor is used as the
load motor to measure the torque characteristics of the pro-
totype. The torque sensor is equipped with a digital display
and measures the output torque and speed. In the experiment,
the direct torque control mode is used to control the load
motor, and the speed is set to 0 rpm, the load motor is in the
state of power generation; the sensorless vector control mode
is used to control the prototype, and the tested motor is in
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the electric state, and the speed is adjustable. Because of the
limited experimental conditions, no experimental equipment
can measure the torque waveform in real-time. We record
the maximum and minimum torques obtained by the digital
display at a particular current or a certain speed and then
perform data processing to obtain the average torque curve
and torque ripple curve.

Fig. 19 shows the experimental results of full load speed
regulation. Fig. 20 shows the relationship curve between
average torque and current, and Fig. 21 shows the variation
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of torque ripple with load current. The results show that the
proposed motor has good low-speed and high-torque char-
acteristics and can achieve constant torque operation within
the rated speed, which is very suitable for direct-drive appli-
cations such as belt conveyor load. Compared with the sine
rotor motor, the output average torque of the optimized motor
has been increased by about 8.5%, and the variation trend of
torque ripple is the same. The torque ripple is very close to the
same near the rated point of the motor, but it is larger than the
finite element analysis results. The reason is that the power
supply is the PWM wave, and the current contains a harmonic
component. Through experiments, it is also found that when
the armature current / < 1.2IN, the torque and current are
approximately linearly related. With the further increase of
current /, the speed of torque increase begins to decrease.
This is because with the increase of armature current, the
armature reaction of the motor is enhanced, and the saturation
degree of the magnetic circuit of the motor increases. The
relationship between the output torque and the current of the
motor presents a certain nonlinear, and the torque ripple also
begins to increase simultaneously.

VI. CONCLUSION

This article presents a torque optimization method of rotor
shape by introducing the third rotor MMF harmonics, which
can improve the average torque of the motor when the cog-
ging torque and torque ripple increases little. It is suitable for
driving systems such as mine belt conveyors that require high
torque density and low torque ripple of permanent magnet
direct drive motors. Through theoretical analysis, it reveals
that the stator and rotor MMF harmonic interactions with
the same space order and the same time order consistent
with the main wave speed produce a constant electromagnetic
torque; pulsating electromagnetic torque is generated by the
interaction of stator and rotor MMF with the same order and
space order inconsistent with the main wave speed; other-
wise, no torque will be generated. It provides a theoretical
basis for improving torque density and reducing torque ripple.
The influence of stator and rotor MMF harmonics on electro-
magnetic torque of three-phase FSCW spoke type structure
PMSM is analyzed by the analytical method. The torque per-
formance and loss of the motor before and after optimization
are compared and analyzed under the sine wave power supply
using the finite element software. The prototype experiment
is carried out to verify the correctness and effectiveness of the
optimization method proposed in this article.
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