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ABSTRACT Axial field flux-switching magnetic gear composite motor (AFFSMGCM) combines the
advantages of axial field flux-switching permanent magnet machine (AFFSPMM) and magnetic gear (MG).
In order to reduce the time and cost of design and optimization due to the complicated structure of
AFFSMGCM, the nonlinear varying-network magnetic circuit (VNMC) is researched and developed for the
machine. First, the topology of AFFSMGCM is introduced in details. Then, the accurate VNMC model is
established with consideration of magnetic saturation and leakage flux. Finally, multi-objective optimization
of AFFSMGCM based on VNMC is carried out to obtain large torque and low torque ripple. Meanwhile, the
finite element analysis (FEA) method is used to validate the VNMC model. It is shown that the calculation
results based on VNMC model are similar to those of FEA. The proposed VNMC improves the efficiency
and accuracy of the design and optimization of the machine.

INDEX TERMS Axial field flux-switching magnetic gear composite machine (AFFSMGCM), varying-
network magnetic circuit (VNMC), sensitivity analysis, multi-objective optimization, finite element analysis

(FEA) method.

NOMENCLATURE Ry, Ry reluctance of stator side tooth and middle
Ig axial length of stator tooth
Lst, Ly axial length of stator teeth and yoke Rinry reluctance of RMMR yoke
Lt bry axial length of RMMR teeth and yoke Ryt reluctance of RMMR tooth
Ly Lypm axial length of PM rotor yoke and rotor PM Ry, Ry reluctance of flux leakage between stator teeth
" width of E-typed stator core and reluctance of flux leakage in stator slots
Wir, Wems  Width of stator side tooth and middle tooth Ry, Ry reluctance of the internal and external
Wanrys Wrt width of RMMR yoke and tooth magnetic leakage at the end of the stator PM
Wl width of stator slot
Wspm»> Wrpm  Width of stator PM and rotor PM I. INTRODUCTION ) ) )
gl length of inner air gap In recent years, the environmental pollution and energy cri-
o length of outer air gap sis have become increasingly serious, and the concept of
Ry reluctance of stator yoke green travel has been deeply rooted in the hearts of the

people. Electric vehicles and electric bicycles are becoming

more and more popular. Therefore, the research and devel-

opment of high efficiency and lightweight motors has impor-
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Axial field flux-switching magnetic gear composite motor
(AFFSMGCM) combines the advantages of axial field flux-
switching permanent magnet machine (AFFSPMM) and
magnetic gear (MG). It can not only provide low speed and
large torque in limited space, but also avoid the problems of
noise, vibration, lubrication and cooling caused by mechan-
ical gear reducer, thus deducing the maintenance costs and
enhance the system reliability. Therefore, it has great appli-
cation prospects in wind power, electric vehicles, ships and
other fields [4], [5].

In the process of motor design and optimization, the
finite element analysis (FEA) method has become the most
common method of motor magnetic field analysis with the
advantages of convenient use, high accuracy and strong ver-
satility [6], [7], [8]. However, due to the complex struc-
ture and various parameters of AFFSMGCM, it is necessary
to frequently adjust the parameters and establish a three-
dimensional FEA model to calculate electromagnetic field
at the early stage of the design, which increases time con-
sumption and leads to low design efficiency. The analytical
method can effectively analyze the influence of parameter
changes on the electromagnetic performance, but it cannot be
applied to complex boundary conditions, which may result
in lower calculation accuracy than FEA method [9]. The
lumped-parameter magnetic equivalent circuit method can
improve the calculation accuracy and speed of motors, but it
is not suitable for complex motor structures and is often used
to establish the equivalent thermal network of motors [10].

The nonlinear VNMC method has the advantages of sim-
ple, fast calculation speed and high accuracy, and is often
used in the initial design, performance analysis and parameter
optimization of various types of motors [11], [12], [13],
[14], [15]. Reference [12] used this method to analyze the
driving characteristics of flux-switching permanent-magnet
machines, and effectively considered the influence of end
flux leakage. Reference [13] improved the magnetic network
on the basis of the conventional VNMC model by introduc-
ing saturation coefficients, which effectively corrected and
improved the calculation accuracy of the motor characteristic
parameters.

However, due to the complex structure of AFFSMGCM
and the existence of two groups of rotating parts, it is a chal-
lenging to the above mentioned VNMC models to provide the
fast calculation and the precise design for the machine.

In the process of motor design and optimization, due to
the conflicts between design parameters on different per-
formance indicators, single-objective optimization methods
can not meet the practical optimization needs, so schol-
ars have developed and applied different optimization algo-
rithms to multi-parameter and multi-objective optimization
of motors [16], [17], [18], [19], [20], [21]. References [16]
and [17] used a sequential Taguchi method to optimize a
permanent magnet synchronous motor (PMSM). Although
the method largely improved the efficiency of optimiza-
tion, the design accuracy is sacrificed. In [18], a continuous
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ant colony algorithm was adopted to a high-speed surface-
mounted PMSM to obtain the maximum output torque, but
the parameter setting of the algorithm was determined by
experimental method, leading to the empirical error. Ref-
erence [19] proposed a multi-objective large-scale design
optimization method based on the FEA method and com-
bined multi-objective optimization with the differential evo-
lution (CMODE) algorithm for the parameter search process
of optimization. Although using the FEA model for multi-
objective optimization of motors can improve accuracy, the
calculation of complex FEA models consumes a lot of time.
Xiaoyong et al. combined the design of experience (DOE)
with the response surface (RS) method to optimize a linear
motor in order to increase the torque, improve the demag-
netization ability, and reduce the torque ripple, which effec-
tively improved the optimal accuracy. Although this method
may lead to the extreme phenomenon of colony loss and
reduce the efficiency of optimization, the authors adopted
a simple magnetic equivalent circuit (MEC) model to cal-
culate the torque, thereby reducing the overall optimization
time [20]. In [21], a fast multi-objective analytical design for
a spoke-type PM motor with Auxiliary Notches structure was
proposed based on lumped-parameter MEC and a hybrid
multi-objective optimizer. It was found that the results of opti-
mal designs calculated by MEC model match well with the
FEA model and prototype experimental results. The VNMC
method is developed from the MEC method and can also
be used for motor optimization. Reference [15] adopted the
VNMC model for multi-objective optimization of a PM flux-
switching motor, ensuring calculation accuracy while also
reducing the optimization time. AFFSMGCM has the cou-
pling problem between AFFSPMM and MG optimization.
The complex influence between different design parame-
ters need to be considered. Therefore, how to use VNMC
method to accurately and efficiently optimize AFFSMGCM
with multi-parameter and multi-objective is an important but
challenging problem.

In this paper, the nonlinear VNMC model of AFFSMGCM
is proposed for fast calculation and accurate analysis of the
electromagnetic performance in the early design stage of the
motor. In addition, the BP neural network algorithm and
cuckoo algorithm are combined for multi-objective optimiza-
tion of the motor based on the proposed VNMC model to
obtain the large torque and low torque ripple. The AFFS-
MGCM topology is studied in section II. The accurate VNMC
model is established in section III to calculate the electro-
magnetic characteristics. After sensitivity analysis of AFFS-
MGCM’s structural parameters based on VNMC method, the
high-level sensitivity parameters are multi-optimized by BP
algorithm and Cuckoo algorithm in section IV. Finally, the
conclusions are given in Section V.

Il. TOPOLOGY OF AFFSMGCM

Figure 1 shows the three-dimensional topology of an AFFS-
MGCM. The main design parameters of the motor are shown
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FIGURE 1. 3-Dimensional topology of AFFSMGCM. 1-PM rotor 1, 2-RM
MR 1, 3-stator, 4-RMMR 2, 5-PM rotor 2, 6-PM rotor yoke, 7-rotor PM,
8-RMMR yoke, 9-RMMR tooth, 10-armature winding, 11-stator core,
12-stator PM, 13-stator slot, 14-stator side tooth, 15-stator middle tooth,
16-outer air gap 1, 17-inner air gap 1, 18-inner air gap 2, 19-outer

air gap 2.

TABLE 1. Initial parameters of affsmgcm.

Parameters(unit) Values
Rated power (W) 800
Rated speed (rpm) 975
Pole pairs of stator PM 3
Pole pairs of rotor PM 10
Pole number of the RMMR 13
Transmission ratio 1.3
Axial length of stator (mm) 40
Stator PM inner arc width (°) 10
Stator tooth inner arc width (°) 10
Stator slot inner arc width (°) 10
Axial length of RMMR (mm) 20
RMMR tooth inner arc width (°) 10.5
Rotor PM inner arc width (°) 8
Axial length of PM rotor (mm) 10
Axial length of inner and outer air gap (mm) 1
Inner diameter of stator/rotor (mm) 132
Outer diameter of stator/rotor (mm) 240

in Table 1. As shown in Figure 1, the AFFSMGCM is
composed of the AFFSPMM and the MG, including one
stator, two rotary magnetic modulation rings (RMMRs), and
two PM rotors. It contains two groups of air gaps, the air
gap between the stator and the RMMR is defined as the
inner air gap, and the air gap between the RMMR and the
PM rotor is defined as the outer air gap. The stator consists
of 6 double E-typed stator cores, 6 PMs and 12 armature
winding coils. The double E-typed stator cores and PMs are
alternately placed to form a stator disc, PMs are alternately
magnetized along the circumferential direction. The armature
winding coils are wound around the two adjacent stator side
teeth.

A single RMMR has 13 teeth evenly distributed on the
yoke. The rotor PMs adopt Halbach array to enhance the
magnetic density of outer air gap and reduce the harmonic of
the magnetic flux density. Based on the magnetic regulation
mechanism, the magnetic field of the stator and the rotor are
coupled through RMMR, which can reduce the torque ripple
and widen the speed regulation range while achieving the
torque transmission.
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FIGURE 2. 2-Dimensional equivalent expansion view of AFFSMGCM.

Ill. ESTABLISH AND VALIDATION OF VNMC

A. MAGNETIC FIELD DISTRIBUTION OF AFFSMGCM

As Figure 1 shown, the AFFSMGCM can be equivalent to
the parallel connection of two sub-motors composed of 1/2
stator, a RMMR and a PM rotor. The main parameters of the
AFFSMGCM are shown in Figure 2. It can be seen from
Figure 3 that the magnetic field distribution of the two sub-
motors are the same. Therefore, a half of AFFSMGCM is
used to build VNMC model for easy calculation.
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FIGURE 3. Magnetic field distribution in expansion view of AFFSMGCM.

B. EQUIVALENT MAGNETIC CIRCUIT MODEL

OF AFFSPMM

Since the stator of the motor is composed of 6 modular
stator cores and 6 PMs, 1/6 equivalent magnetic circuit of
AFFSPMM is acted as an example to introduced in Figure 4
and Figure 5. The PM magnetic field of stator and rotor and
exist in the RMMR yoke at the same time, in order to improve
the calculation accuracy, the magnetic circuit of the yoke
is divided into two layers according to the axial direction,
as shown in Figure 5.

RH
|
stator e —> ]
psml 2 ps/ 2S pm F . R.s/ 2 smi 2
— - | 3 —

R\\ R,sy Rv) Rvy

L

R ! R/

FIGURE 4. Equivalent magnetic circuit of the stator.

Considering the influence of magnetic saturation, Ryy, Ry,
Rt Ryry, and Ry, adopt nonlinear reluctance. Ry, R, Ry
and R, are represented by linear reluctance respectively.
The PMs are equivalent to the magnetomotive force source

53751



IEEE Access

X. Xu et al.: Design and Optimization of AFFSMGCM Based on VNMC

R R R R

m

- - : C—
C——
MR Rmry Rmnr Rmry Rmnr
rt rt rt

FIGURE 5. Equivalent magnetic circuit of RMMR.

Fpm and the internal magnetic reluctance Ry, and the calcu-
lation formula of F),,, and R, are as follows:

B.h
Fpm == (D
KoMy
i
R,y = ——— 2)
o mottrlmle

where, B, is the remanence of PMs, h,, and [, are the
thickness in magnetization direction and height of the PMs,
o, Uy respectively are vacuum permeability and relative
permeability of PMs, [, is the radial effective length, [, =
(Dgo — Dysi)/2, Dyo, Dy; are the inner and outer diameter of
the stator.

It can be found in Figure 3 that there is a coupling magnetic
field at the yoke of RMMR, so it is divided into two layers
in the axial direction to improve calculation accuracy as the
Figure5 shown.

According to the magnetic field distribution of
AFFSPMM’s iron cores in Figure 3, the magnetic field is
mainly divided into circumferential magnetic field in yoke
and axial magnetic field in teeth. The equivalent flux tubes in
iron core of AFFSPMM are indicated in Figure 6. According
to Figure 6, the reluctance of the stator yokes and the RMMR
yokes adopt circumferential equivalent flux tube R, the stator
teeth and RMMR teeth adopt axial equivalent flux tube R,,.
The R, and R, can be calculated by (3)-(4).

0
e = —— 3)
ul ln(g)
[
R, = 4)
uwl,

where, u is the core permeability, 0 is radian; / and w are the
dimensions shown in Figure 6(b).

Magnetic leakage flux can be divided into two types as
shown in Figure 7 according to the shape, and the corre-
sponding calculation formula is expressed in (5) and (6),
respectively.

1
©0.26p0l,
T

Rip = X421
nole ln( IXI )

where, X1 and ¢ are the dimensions shown in Figure 7(b).

Riq &)

Q)

C. EQUIVALENT MAGNETIC CIRCUIT MODEL OF
PERMANENT MAGNET ROTOR

Since the rotor PMs adopt Halbach array, the magnetic
circuits of circumferentially and axially magnetized PMs
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FIGURE 6. Equivalent flux tube in iron core of AFFSPMM.
(a) circumferential magnetic field. (b) axial magnetic field.
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FIGURE 7. Type of leakage flux path. (a) leakage flux of type 1.
(b) leakage flux of type.
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FIGURE 8. Magnetic circuit of PM rotor.

are described separately. The circumferentially magnetized
rotor PMs are modeled in the same way as the mag-
netic path of stator PMs. The axially magnetized PMs are
divided into three sub PMs, with the two side sub PMs
in series with the circumferentially magnetized PMs, the
middle sub PMs in series with the rotor yoke [22]. The
magnetic circuit of the PM rotor is established as shown in
Figure 8.

(lry + lrpm)2 - hyz

Wp]] - Wp12 - 2 (lry + lrpm)
N Lpm)” — Iy @)
'p13 = Wrpm (lry T lrpm)

Wpl = Wipm

where, wp1, Wp11, Wp12, wp13 are the dimensions shown in
Figure 8.
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Based on (7), the width of the rotor PM can be calculated,
and then it is substituted to (1) and (2) to get magnetomotive
force source and the internal magnetic reluctance of rotor PM,
and the equivalent magnetic circuit of the PM rotor can be
established.

D. VNMC OF AFFSMGCM

In this paper, the segmentation method is used to model air
gap reluctance [12]. In order to simplify the computational
difficulties of the VNMC model, the following assumptions
are made:

1) The magnetic potential of the surface of stator/rotor pole
is equal everywhere.

2) The magnetic flux lines enter or exit perpendicularly to
the surface of the iron core.

3) The magnetic field is distributed uniformly along the
radial direction and the electromagnetic characteristics are
simplified to be calculated at the average radius.

According to the position of the rotor during rotation,
the rotor position is divided into several sections (set the
position angle of the RMMR tooth as 6;, and the corre-
sponding position angle of the PM rotor as f;), as shown in
Figure 9.

EmlE

FIGURE 9. Rotor position interval division.

By connecting the air gap reluctance with the reluctance
of AFFSPMM and PM rotor, the initial position magnetic
network of the motor can be established. Then, the cor-
responding VNMC model can be established according to
different rotor position angles. Figure 10 shows 1/6 part
of the VNMC model of half AFFSMGCM at the initial
position.

The MMF generated by the armature winding at stator yoke
can be calculated by

F,i = N,I; (8)

where, N,, and [; are the number of turns and phase current,
respectively.

In this paper, the initial position of the VNMC model is
designed at the position as shown in Figure 10(b).
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FIGURE 10. 1/6 VNMC model of half AFFSMGCM (a) VNMC model.
(b) Initial position.

E. ELECTROMAGNETIC CHARACTERISTIC

CALCULATION AND ANALYSIS

When the rotor position changes, although the number of
reluctance is various, the total number of nodes in the
VNMC model remains constant. Therefore, the solution of
the VNMC model can be realized by the node potential
equation:

G(1,1)G((,2)...G(1,n) Fp(1) (1)
G2,1)G2,2)...G(2,n) Fin(2) _ D(2)
GO G2 ... Gom | | Futn) | | &0

&)

where, G (i, j) is the reluctance branch between the ith node
and the jth node, F,(7) is the MMF of the ith node, and ®(i) is
the magnetic flux of the ith node. The variables i and j are the
number of node, taking an integer value of 1-220.

The permeability p, of the nonlinear reluctance of
silicon steel sheet can be calculated by interpolation
method. Assuming the calculated flux density B, is located
between two discrete points P (Hcyrve (1) , Beyrve (1))
and P> (Heypve (n+ 1), Beyrve (n+ 1)) of the BH curve as
shown in Figure 11, and the calculated permeability is .
by (10). If ,ung) and ugk) meet the error requirement in
(11), use the /,L(ek+ to calculate the electromagnetic perfor-
mances and proceed to the next position calculation. Oth-
erwise, [new Will be updated and p, will be iteratively
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Initialize the
parameters of motor
Rotor position =0

Establish VNMC
model

Calculate the Calculate the
magnetomotive reluctance of the
stator and rotor magnetomotive force force of armature air gap by (5)

by (3),(4)and (7)| | of PM by (1) and (2) winding by (8) and (6)
{ l T l l
Establish the calculation

equations of VNMC
model by (9)

Solve equations H B-H curve

Does the permeability meet
the error requirements (11)2.

Calculate the
reluctance and

Calculate the
reluctance of the

Calculate the
electromagnetic
performance

FIGURE 11. Calculation flow chart of VYNMC model.

calculated again.

Heurve D—Heurve Be—Bcurve
He = chrve (n) + ( (nBtur)ve (n+1)£rg()‘lfrve(n) =

MHe = g_i
(10)
where, H is the coercivity.
max pdD — P < g, (11

where, k is the number of iteration steps, and ¢, is the
minimum error.

To validate the effectiveness and accuracy of the proposed
VNMC model, the calculation results were compared with
the FEA results. The VNMC model is solved according to the
flow chart in Figurel1, and the calculation results compared
with the FEA results are shown in Figure 12.

It can be seen from Figure 12 that the calculation results
of VNMC method and FEA method are in good agreements,
which verifies the correctness of the calculation of VNMC
model.

Compare the calculation time of the VNMC model and the
FEA model in the case of one electrical cycle in 60 steps,
the result shows the FEA model takes 42 minutes, while the
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TABLE 2. Parameter Sensitivity analysis of affspmm by vamc method.

Symbol Quantity S, S, S,
k, Split ratio -2 191 172
Wopm Stator PM inner width -0.65 -1.02 0.84

lmr.v Axial length of RMMR yoke 024  -1.04 0.64

w, RMMR tooth inner width -0.08 0.17 0.13
g, Axial length of inner gap 0.2 -0.80  0.50
wy Stator slot inner width 059 -039 0.49
wy, Stator tooth inner width -0.58 057 0.58

TABLE 3. Parameter Sensitivity analysis of affspmm by fea method.

Symbol Quantity S. T STW S .
kio Split ratio -1.79 2,01 1.90
w, Stator PM inner width -0.54 -093 0.74

spm

l,m. Axial length of RMMR yoke 021  -1.22  0.71

w, RMMR tooth inner width -0.07 021 0.14
g, Axial length of inner gap 025 -0.67 0.46
wy Stator slot inner width 049 -035 042
W, Stator tooth inner width -0.73  0.52  0.63

VNMC model only takes 2 minutes, which indicates that
the proposed VNMC model can greatly reduce the time of
calculation.

IV. MULTI-OBJECTIVE OPTIMIZATION OF AFFSMGCM

BASED ON VYNMC METHOD

A. SENSITIVITY ANALYSIS OF VARIOUS STRUCTURAL

PARAMETERS OF AFFSPMM

In order to improve the efficiency of optimization, assuming

that the size of the PM rotor is unchanged at first, then the sen-

sitivity of structural parameters of AFFSPMM is analyzed.

The sensitivity S(x) is expressed in (12).

F(xoiAXi)—F(Xo))
F(xo)

+Ax;
X0

S(x) = Avg[S(x;)] = Avg ( (12)

where, x is the design parameter; xq is the initial value of
design parameters; x; is the change value of parameter; F (x)
is the target value.

St and S7,,, is the sensitivity of average output torque and
torque ripple, respectively. The comprehensive sensitivity S,
is introduced in (13), and the weight coefficient A1, A; are set
to 0.5:

Se = M IST| + A2 |ST,

(13)

The sensitivity values and comprehensive sensitivity values
of each design parameter are calculated based on VNMC and
FEA method, and the results are shown in TABLE 2 and
TABLE 3.
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FIGURE 12. Comparison of calculation results by VYNMC method and FEA method. (a) A-phase no-load flux linkage of

AFFSMGCM at 975rpm. (b) A-phase no-load EMF of AFFSMGCM at 975rpm. (c) Output torque of AFFSMGCM at 975rpm.

(d) Inner air gap flux density of AFFSMGCM under the rated condition. (e) Outer air gap flux density of AFFSMGCM

under the rated condition.

N B FEA S VNMC
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\
Vfl §
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FIGURE 13. Comparison of analysis results between VNMC method and
FEA method.

Figure13 shows the comparison of analysis results between
VNMC method and FEA method.

It shows that although there are errors in the sensitivity
calculation values of the parameters obtained by the two

VOLUME 11, 2023

methods to the optimization target, the strength is basically
the same.

B. MULTI-OBJECTIVE OPTIMIZATION OF AFFSPMM

The optimization variables are divided into three layers
according to (14).

Low: S, <04

Middling:0.4 < S, < 0.7 (14)
High : S, > 0.7

It can be seen from TABLE 2 and TABLE 3 that the ko, wypm
and [,y have a high impact on the optimization objectives,
so those are selected as the optimization variables, and keep
other parameters unchanged.

The BP neural network algorithm is used to fit the fitting
function of highly sensitive variables with respect to the
optimization objective by (15).

yi=f(x1,x,x3)i=1,2 (15)

Ranges =
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16
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Sample
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FIGURE 14. Fitting results by BP neural network. (a) Fitting results of
output torque. (b) Fitting results of torque ripple.

TABLE 4. Fitting effect of torque and torque ripple.

Output torque  Torque ripple
R-Squared 0.953 0.942

where, y; is the fitting value of output torque and torque
ripple, and x1, x2, x3 is the independent variable k;,, wp;,, and
Imry, respectively.

In this paper, the number of neural networks in the input
layer, hidden layer, and output layer of the BP neural network
is set to 3,7,2, respectively. The fitting results are shown in
Figure 14.

The determination coefficient R-square is introduced to
determine the quality of the fitting effect, and the results are
shown in TABLE 4.

It can be seen from TABLE 4 that the R-Squared values
of both output torque and torque ripple are greater than 0.9,
indicating that the fitting model has better fitting accuracy.

Using the fitting results as input of the cuckoo algorithm,
the optimization variables are globally optimized based on
the cuckoo algorithm to obtain the Pareto optimal solution set,
and then the optimal solution is determined. The optimization
design flow chart is shown in Figure 15.

Taking large output torque and low torque ripple as opti-
mization objectives, the optimal solution of Pareto solution
set is selected according to (16).

F iy = Ay L0, Lrip. Lrip (16)
Xi — _
#/min ! T Trlp()
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Select large output torque and
low torque ripple as
optimization objectives

Select optimization variables
of AFFSMGCM by (12), (13)
and (14)

Calculate electromagnetic
performance based on (9), (10)
and (11)

Fit objective function (15) by
BP neural network algorithm

Initialize multiple nests as nest
roups

N Is the number of’
iterations satisfied?
Update the position of nests by

Levy flight and elimination Y
probability Get the Pareto optimal
solution set

Select the optimal solution
from the Pareto optimal
solution set by (16)

Do the updated
nests dominate the nests in the
nest groups?

Replace initial
nests

Keep initial
nests

Form a new nest
grou

FIGURE 15. The optimization design flow chart.

Vi
| ‘

Optimization model flx)

FIGURE 16. Pareto optimal solution set.

TABLE 5. Items before and after optimization by vamc method and fea
method.

ltems  Tnitial values Optimal values by ~ Optimal values by

VNMC FEA
W 10° 9.86° 10°
lm,y 6 mm 7.75 mm 7.6 mm
k, 0.55 0.48 0.5
T 10.53 N'm 15.58 N'm 14.76 N'm
T, 17.53% 16.23% 15.14%

where, Ty, Tyjpo are the initial values of output torque and
torque ripple.

Figure 16 shows the Pareto optimal solution set by FEA
method and VNMC method, and the parameters and perfor-
mance before and after optimization are shown in TABLE 5.
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FIGURE 17. Effect of axial length of rotor PMs on performance of torque
transmission.(a) The results analyzed by FEA method. (b) The results
analyzed by VNMC method.

As the Table 5 shown, by using VNMC method to opti-
mize the motor, the output torque is increased 47.96% from
10.53N-m to 15.58N-m, and the torque ripple is decreased by
7.42% from 17.53% to 16.23%. The parameters optimized
by FEA method and VNMC method are basically in good
agreements.

C. OPTIMIZATION OF PM ROTOR

As the output rotor of the AFFSMGCM, the axial length
of the rotor PMs and the yoke of the PM rotor will affect
the torque transmission performance. Keeping the optimized
parameters of AFFSPMM unchanged and the above variables
are optimized furtherly.

Assuming the other parameters remain unchanged, the
effects of the axial length of the rotor PMs and PM rotor
yoke on the torque transmission performance are studied. The
results are shown in Figure 17 and Figure 18.

In order to improve the performance of torque transmis-
sion, the static torque ratio should be similar to the theoretical
value of the speed ratio 1.3. At the same time, considering the
amount and cost of the PMs, the axial length of the rotor PMs
are selected as § mm as shown in Figure 17.

When the axial length of the rotor yoke is Imm or 0.5mm,
the maximum static torque ratio is closest to 1.3 in Figure 18,
but when the length is 0.5mm, the maximum flux density is
2.15T in Figure 19, which means the yoke is oversaturated,
and the too thin rotor yoke will also affect the stiffness of
PM rotor. Therefore, the thickness of the yoke is determined
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as Imm. The optimization results of the PM rotor are shown
in TABLE 6.

TABLE 6 shows that the maximum static torque is
increased by 13.56% from 24.145N-m to 27.420N-m after
optimization, and the static torque ratio is closer to the theo-
retical value of transfer ratio 1.3 in contrast with initial values.

Comparing the performance of AFFSMGCM before and
after optimization under the rated condition of 4A, the results
are shown in TABLE 7.

It can be seen from TABLE 7 that, the performance of
AFFSMGCM have been improved after optimization. The
output torque is increased by 32.94% from 8.56N-m to
11.38N-m, the torque ripple is decreased by 26.52% from
12.67% to 9.31%, the torque density is increased by 35.71%
from 1.82N-m/L to 2.47N-m/L, the power factor is increased
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TABLE 6. Optimization results of the pm rotor.

Items Initial values ~ Optimal values
R,[,m 7 mm 8 mm
l,.}, 3 mm 1 mm
Maximum static output torque ~ 24.145 N-m 27.420 N-m
Static torque ratio 1.281 1.295

TABLE 7. Performance comparison of AFFSMGCM before and after
optimization.

Performance Before optimization  After optimization
Output torque (N-m) 8. 56 11.38
Torque ripple (%) 12.67 9.31
Torque density (N-m/L) 1.82 2.47
Power factor 0.80 0.87
Efficiency (%) 86.94 87.83

by 8.75%, and the efficiency is increased from 86.94% to
87.83%.

V. CONCLUSION

The nonlinear VNMC model of the AFFSMGCM is devel-
oped in this paper, based on which the multi-parameter and
multi-objective optimization of AFFSMGCM is carried out
and the optimized results are compared with those by FEA
model. It is found that the electromagnetic characteristics
calculated by VNMC method are in good agreements with
those of the FEA method, but the calculation time of VNMC
method only takes up about 5% of the calculation time of
the FEA method. The output torque, torque density and effi-
ciency of AFFSMGCM are increased by 32.94%, 35.71%,
and 1.02%, respectively. The torque ripple is decreased by
26.52% and the power factor increases from 0.8 to 0.87. The
developed VNMC model improves efficiency and accuracy
of design and optimization of AFFSMGCM, laying a good
foundation for the further development and application of
AFFSMGCM.
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