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Abstract. According to the development of the electric vehicle motor drives, a magnetic gear compound motor
with small size, lightweight, non-contact, and high-power has a good development prospect in the new energy
electric vehicle industry. A new dual-modulation magnetic gear compound motor (DMFMCM) with high
torque, low torque ripple, and high mechanical strength is proposed in the paper. The topology and driving
principle of DMFMCM are analyzed in this paper, and the finite elements analysis (FEA) is used to compare and
analyze the DMFMCM and the conventional magnetic gear compound motor (CMGCM). Furthermore, the
mathematical model of DMFMCM is established to achieve the decoupling of the three-phase voltage or current,
and the mathematical model and FEA co-simulation is established to ensure the accuracy of the mathematical
model. Finally, according to the principle of SVPWM controlled by i;=0, the paper simulates a PI-adjusted
three-phase DMFMCM control system model. The result shows that the DMFMCM controlled by SVPWM has
high stability, strong anti-interference ability and good speed regulation performance, thus meeting the

development of electric vehicles.
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1 Introduction

In order to respond to the sustainable social development
trend, electric vehicles have gradually replaced traditional
fuel vehicles in the automotive industry. Electric vehicles
convert electrical energy into mechanical energy by driving
motors, which are environmentally friendly, stable, effi-
cient and more convenient to operate than traditional fuel
vehicles [1-3]. In order to respond to the trend of
sustainable social development, the drive motor should
have the characteristics such as low speed, high torque,
high stability, and good safety and comfort [4-5].

The power system of electric vehicles is generally
composed of a drive motor and a gear transmission system.
The driving motors of electric vehicles mainly include DC
motors, induction motors, switched reluctance motors, and
permanent magnet motors [6]. The principle of the DC
motor is simple, and the torque control is simple. However,
its volume is usually large, the energy density and power
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density are low, and the commutation device has a life
limit. Therefore, there are certain restrictions on the use of
electric vehicles [7]. The induction motor has a simple
structure and high reliability. However, with its electrically
exciting system, the copper and eddy current losses can
lead to lower efficiency and higher control costs. [8].
Switched reluctance motors have the characteristics of a
simple rotor structure, high mechanical strength and
reliability. However, the switched reluctance motor has
high torque fluctuations at low speeds, which will seriously
affect the comfort of electric vehicles during starting,
braking and low-speed driving [9]. In contrast, permanent
magnet synchronous motors use permanent magnets
instead of excitation winding. Permanent magnet synchro-
nous motors reduce the copper and eddy current losses
caused by the field current, so the motor efficiency is higher
[10]. The permanent magnet motor is combined with the
magnetic gear to form a compound motor with integrated
drive and transmission. The transmission system of the
magnetic gear compound motor has a transmission ratio,
which can realize variable speed transmission. In addition,
the magnetic gear compound motor has the advantages of
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small size, lightweight, low friction loss, convenient
control, and high efficiency, which can meet the driving
performance requirements of electric vehicles.

The magnetic gear compound motor, a new direct-
drive motor with low speed and high torque character-
istics, was proposed by Professor K.T. Chau of the
University of Hong Kong in 2009. This compound motor
makes the magnetic gear and the permanent magnet
motor share a rotor to form a compound structure, which
improves the efficiency and power density of the device
[11]. However, the compound motor has three air gaps,
which are not conducive to control, and the rotor surface
attaches to three layers of permanent magnets, which will
fall off when the motor rotates at high speed. In 2014, Fan
Ying from Southeast University in China proposed a
unipolar permanent magnet arrangement magnetic gear
compound motor with a self-deceleration function [12].
This structure adds a modulation ring between the rotor
and the stator to achieve variable-speed transmission. In
addition, the two-layer air gap reduces the magnetic
leakage phenomenon, which improves motor torque. In
2017, K. Atallah from the University of Sheffield in the
UK proposed a pseudo-direct drive magnetic gear
compound motor [13]. The motor adopts an outer stator
structure and has permanent magnets attached to the
stator teeth, so there is one less air gap than the
traditional magnetic gear compound motor. According
to the analysis and experiment, the feasibility of the
variable winding structure is verified, and the magnetic
leakage phenomenon is reduced. In the same year, S.X.
Niu from the Hong Kong Polytechnic University proposed
a double-pole magnetic gear compound motor [14]. The
outer rotor and the modulation ring have equal permanent
magnets, so the two layers of permanent magnets are
combined with iron sheets to form a modulation ring with
modulation. Compared with the single-pole magnetic gear
compound motor, this structure has a higher torque
density and is more suitable for direct-drive systems with
low speed and high torque. In addition, Hang Zhao from
the City University of Hong Kong proposed a dual-
modulator magnetic gear reduction motor in 2020 [15].
The motor structure adds a modulator outside the spoke-
type permanent magnet motor, which makes it have a
magnetic flux focusing effect and increases the flux density
on the air gap to increase the torque. In summary, it can
be found that the magnetic gear compound motor will
strive to simplify the mechanical structure of the
compound motor, reduce the number of air gap layers,
and increase the torque density and reduce torque ripple.

In order to improve the performance of the drive motor,
it is not only necessary to optimize the electromagnetic
structure of the motor but also to realize the control
algorithm. The controller is an important part of the
electric vehicle, and the control algorithm is its core
elements. In recent years, motor control technology is
keeping maturing, providing reliable technical support for
magnetic gear compound motors. The magnetic gear
compound motor is a multi-variable and strongly coupled
control object. Therefore, decoupling its control parame-
ters is the most effective way to improve the accuracy of the

control algorithm, and vector control and direct torque
control are the most common decoupling control strategies
[16-18]. Although direct torque control has a low degree of
model dependence, it has a longer control cycle and a
smaller motor inductance. During startup and load
changes, the torque ripple of the motor is relatively large.
In addition, it is difficult to accurately observe the flux
linkage and torque when the motor is at low speeds, and it is
also hard to achieve high-performance control of the motor
torque and flux linkage [19]. Vector control is also called
field-oriented control, and the control effect is based on the
accurate mathematical model of the controlled object. By
decoupling the stator current, the vector control decom-
poses the current into electromagnetic torque current and
excitation current, and then the two currents are
independently controlled. The vector control system can
ensure the torque of the actual load object, produce stable
electromagnetic torque, and have a wide range of speed
regulation. During the starting and braking, the armature
current of the motor generates electromagnetic torque,
which can make full of the overload capacity of the motor
and improve the starting and braking performance [20,21].
Therefore, although the vector control relies on the
accuracy of the mathematical model, the drive motor
using the control method has better system stability and
faster response speed. Commonly used vector control
methods include i;= 0 control, cos ¢ = 1 control, maximum
torque/current ratio control, field weakening control, and
maximum efficiency control. Among them, the effect of
ig=0 control is comparable to that of DC motors,
especially in the low-speed control range, the control effect
is more prominent [22-24]. Therefore, the i;=0 control is
the most used in the vector control method.

According to the development trend of the magnetic
gear compound motor, a new dual-modulation magnetic
gear compound motor (DMFMCM) applied to electric
vehicles is proposed. The DMFMC is to improve the
torque density of the magnetic gear compound motor,
suppress the torque ripple, enhance the mechanical
structure, and improve the reliability and stability of
the motor during operation. The magnetic gear compound
motor proposed in this paper combines the modulation
pieces with the stator teeth to reduce an air gap, which is
convenient for the assembly of the motor. Furthermore, it
can realize the secondary speed modulation and increase
the gear ratio. Then, the space vector pulse width
modulation (SVPWM) method with i,=0 is used to
control the speed of the DMFMCM so that the conversion
of the motor speed is more stable. Based on the research of
motor performance, this paper establishes mathematical
model and finite elements analysis (FEA) co-simulation of
DMFMCM to verify the accuracy of the mathematical
model. In addition, a Simulink simulation model based on
the mathematical model was established to verify the
motor parameters during motor control. After ensuring
the accuracy of the mathematical model, the SVPWM
with i;=0 is adopted for DMFMCM, which makes the
motor have better performance to meet the needs of the
electric vehicles, and build the SVPWM control module
simulation model.
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2 Analysis and research of DMFMCM

The magnetic gear compound motor is a structure that can
realize low-speed and high-torque transmission, which has
a good application prospect in the field of new energy such
as wind power generation and electric vehicles. Figure 1
shows the topology of DMFMCM. The outer rotor of
DMFMCM adopts a salient pole structure. When the
convex pole coefficient §.=0, it is a uniform permanent
magnet; when the convex pole coefficient 8, > 0, the
permanent magnet is convex; when §, < 0, the permanent
magnet is concave. The DMFMCM uses a convex pole
factor of 0.5, i.e. the ratio of the protrusion of the
permanent magnet to the width of the air gap is 0.5. The
permanent magnets of the inner rotor have a tangential
magnetized spoke-type structure with pole shoes embed-
ded between the permanent magnets, which can form a
flux-magnetic structure. In addition, the magnetic gear
compound motor combines the modulated pieces and
stator teethes, which makes the stator have the effect of
magnetic field modulation. Therefore, the magneto-gear
compound motor reduces an air gap and achieves a twice
modulating effect of the stator teeth and the modulation
ring. Furthermore, this salient pole of the permanent
magnets and the flux-magnetic structure effectively
enhance the torque density, increase the utilization of
the permanent magnets and reduce the magnetic leakage.
Therefore, the DMFMCM can effectively increase torque
and suppress torque ripple [25,26].
The parameters of DMFMCM are shown in Table 1.

2.1 Topology of DMFMCM drive system

The driving system of DMFMCM studied in this paper is a
three-phase 18-slot/28-pole field modulation permanent
magnet motor (FMPMM). The three-phase alternating
current is applied to the winding coil of DMFMCM, which
makes the energized winding generate a rotating magnetic
field to couple with the FMPMM motor rotor and generate
torque. The torque generated by the rotor of FMPMM is
coupled with the outer permanent magnet rotor through the
outer modulation ring so that the outer rotor generates torque
to work.

The topological structure of the drive system FMPMM
is shown in Figure 2. The rotor of FMPMM adopts a
tangentially magnetized spoke structure, and the pole
shoes are embedded between the permanent magnets to
increase the torque. The stator adopts a slotted structure,
and the stator teeth and the modulation pieces are
combined to form a permanent magnet motor with field
modulation. Due to the combination of the modulated
block with the stator teeth, the two air gaps that would
have been required with the addition of the modulating
ring become one air gap. Therefore, the motor reduces the
air gap and suppresses the magnetic leakage.

2.2 The principle of torque generated by DMFMCM
2.2.1 The working principle of the magnetic gear

With the introduction of the modulation ring, the air gap
space in the magnetic gear section is divided into two layers

Inner rotor
permanent
magnet

ring
Pole-shoes

Winding

Fig. 1. Topology of DMFMCM.

Table 1. Parameters of DMFMCM.

Parameter Values
Axial length of DMFMCM 65 mm
Number of stator slots 18

Pole pairs number of armature winding 4

Pole pairs number of inner rotor 14
permanent magnets

Pole pairs number of outer rotor 49
permanent magnets

The number of modulation ring poles 63

Gear ratio 2:7
Rotating speed 214 r/min
Material of stator and rotor core DW360-50
Inner diameter of the inner rotor 154 mm
Outer diameter of the outer rotor 184 mm
Thickness of the modulation pieces 5 mm
Radial length of permanent magnet 30 mm
Width of permanent magnet 15 mm
Maximum thickness of the air gap 1 mm
Remanence 1.21T
Relative permeability 1.07
Radius of air gap 153 mm
Permanent magnet material NdFeB
Width of air gap 1 mm
Number of air gaps 3

of the air gap. Due to the magnetic permeability of the
modulation pieces is much greater than the air permeability,
the magnetic path in the radial direction of the air gap is
uneven, resulting in a change in the magnetic flux density
in the air gap. The magnetic field modulation of
modulation ring can be expressed by the air gap
permeability function
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Rotor permangnt magnet

Fig. 2. Topology of FMPMM.
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where jrepresents the harmonics number, w, represents the
modulation ring speed, ¢g, and ¢,, respectively represent
the initial radial and tangential angles of modulation ring,
)»gp, )‘pr )»J and )J represent Fourier coefficients.

The permanent magnets of the inner rotor are
embedded in pole-shoes and distributed along the
circumference. Therefore, the pole-shoes and the modula-
tion ring have a similar modulation effect. The specific
expression is as follows

+Zx

r)sinfjn, (0 — wpt) + jny@e,) (2)

Ars(7) r)cos[kns(0 — ws) + kns@,s] (3)

+o00
+ Zkzs (r)sin[kng (0 — ws) + knspp,]  (4)
f=1

hos (1) = gy (7)

where krepresents the harmonics number, n,represents the
pole-shoes number, w, is the pole-shoes speed, ¢g, and ¢,
respectively represent the initial radial and tangential
angles of the pole-shoes, Ags, kgs, kzs and )»fs represent
Fourier coefficients.

According to the modulating effect of the modulating
commutation and pole shoe, The radial flux density
distribution produced by the permanent magnet rotor is
expressed as follows.

+oo +

8

+ oo
B,(r) = b?k :
7=0,+1,+2k=0,+1,+2a=1,3,5
X cos[(pa + jn, + kns)
" (9 _ paw; + j@pwp + kn,w, t)
pa + jn, + kn,
+pa(pr + jnp(prp + knswrs] (5)

where b, represents Fourier coefficients.
The tangential magnetic flux distribution produced by
any rotor is calculated as follows.

“+o0 + 00
Bg('r') =
7=0,+1,+2k=0,+1, +2a=
x sin[(pa + jn, + kny)
o (g _Par + jr%pa)p + kmsa)st
pa + jn, + kng
+pagy + jnp@e, + knsy| (6)

+ 00
E ,k,a
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5

where bg"*“ represents Fourier coefficients.

The spatial harmonic pole logarithm contained in the
air gap magnetic field of the magnetic gear proposed in this
paper is expressed as follows.

Py = [0+ jry + kn|
where a=1, 3,5, ...,
+1,+2, £3, ...

00,j=0,£1,+2 £3, ..., £00 k=0,
, £ 0. (7)

According to the operation principle of CMG in [8], the
modulated pole-pieces number and PM pole-pairs should
be satisfied as (8),

Np = P; + Po- (8)

From the above equation, the pole-shoes and outer rotor
will generate p; + n, pole-pairs harmonics. Similarly, the
modulated ring and outer rotor will produce p, + n, pole-
pairs harmonics
Di +Ms = Do+ Nyp. 9)
The Fourier expansion of the magnetic induction
intensity at a certain position is

By = Zng cos(ka — agr)
%

10
B, = E B, cos(ka — ayp,) (10)
&

where B, represents the radial magnetic field component,
By represents the tangential magnetic field component. B,;,
and By, respectively represent the kth Fourier coefficients
of the radial and tangential component. «,;, and g, are the
kth phase angles at that position. The harmonic torque of
the ky order is obtained according to Maxwell tensor
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method as

T, — m’ZIef

B, Bay cos(ari, — otgy;)

(11)

o

where r represents the air-gap radius, u, represents the
vacuum permeability, and [.; represents the axis length.

2.2.2 The working principle of FMPMM

The electromechanical energy conversion of the magnetic
gear compound motor is carried out by the magnetic field
generated by the rotor and the armature winding. Based on
the equivalent magnetic circuit method, the magnetic
circuit can be analogous to an electric circuit to simplify the
calculation and analysis process of the motor. It can be
regarded as a loop composed of permanent magnets,
magneto-motive force source and air gap. In order to
simplify the electromagnetic torque derivation process of
FMPMM, it is assumed that the magnetic field changes
only in the cross-section, and the local magnetic saturation
and flux leakage of the iron core are ignored. In the process
of analyzing the change of air gap permeability, the
equivalent air gap length 8, is as follows.

8y = kcdy (12)
where §, is the length of the air gap, k. is the Carter
coefficient.

Due to the permanent magnet rotor using high-
performance NdFeB, the demagnetization curve changes
linearly, and the characteristics of the second quadrant can
be approximated as a straight line [27]. Therefore, the
permanent magnet can be equivalent to a magnetomotive
force source with constant outer reluctance. The magnetic
circuit analysis model of FMPMM and various parameters
are shown in Figure 3a. Where 0,, is the thickness of the
permanent magnet, r,is the air gap radius, I,, is the radial
length of the permanent magnet, and 6, is the thickness of
the rotor core. According to the known parameters, the
permanent magnet magnetomotive force F,, can be
calculated as follows.

— BT‘
Molrm

F (13)

OmTy
where B, is the remanence, g is the vacuum permeability,

and W,,, is the relative permeability. The outer magnetic
resistance R,, of the permanent magnet is calculated as (3).

Oty

Ry =—"9
" /*LOI‘LmlmLa

(14)

where L, is the axial length of FMPMM, and the equivalent

air gap magnetoresistance R, can be expressed as (14).
25y

R,=—>— 15
g woBprgLa (15)

¢m
En____ Rg !
Rg g
(b)

Fig. 3. (a) Magnetic circuit analysis model of FMPMM;
(b) equivalent magnetic circuit of FMPMM.

m—————{>

9, 9,
2 2

Fig. 4. Equivalent air gap magnetomotive force waveform of
FMPMM.

According to the magnetic flux low, it can be found that the
magnetic flux of the rotor is calculated as follows.

Fm BremrglmLa
" Ry + 2Ry 00,12 + 48, kb

(16)

The amplitude of air gap magnetomotive force can be
expressed as follows.

ZBT'erLrglmBg’

Fm = B .
oOmOpr + 4o lhrmSgln

= q)mR

g/

(17)

Based on the calculation and analysis, the air gap
magnetomotive force waveform of FMPMM can be
equivalent to a square wave is shown in Figure 4.
Considering the rotation of the rotor, and according to



6 J.-G. Wang et al.: Mechanics & Industry 24, 18 (2023)

A —

0

I

|

I

I

I

I

I

]
z
N,

I e
=

| |
0, 0,
2 2

Fig. 5. The simplified air gap permeance waveform.

the Fourier transform, the calculation formula for the
change of the air gap magnetomotive force F,, with the
circumferential position 6 can be obtained as follows.

+o00
F(o,t) = Z F; cos[jp,(0 — w,t)]
=135

(18)

where p,. is the pole pairs number of the rotor, and the jth
component amplitude F,g; is calculated as (18).

v

Fy =20 {Pro F(0)cos(jp,0)do
- . (19)

Dbr
4Fy, . (jm JPrOm
= ——sin( = |cos
JI 2 2

The above is a simplified analysis of the change in
permeability caused by the change in the stator tooth slot
with the aid of an equivalent air gap. In the following, the
effect of the stator tooth slot change on the air gap
permeability is considered, and the air gap permeability is
calculated. Figure 5 shows the simplified air gap perme-
ability waveform considering the stator tooth slot
alternation. The permeability A, and A, at the correspond-
ing air gap of the stator tooth slot can be expressed as
follows.

0y Ly,
Ay = HToze (20)
8
4oL 05
hg = HoZag (1 4 70 (21)
b4 44,

where 0, is the width of the stator teeth, and 6, represents
the width of the slots.

According to the permeance waveform and using
Fourier transform, it can be seen that the calculation for
the change of the air gap permeance with the position angle
6 is as follows.

+00
A(0) = o + Z Ai cos(iN 40)
=123

(22)

where Aq is the DC component, N, is the number of stator
teeth, and the expression is as (22).

Nst

o =
T

(20 + As0y) (23)

The harmonic component A; is calculated as follows.

T
N, ,
r=— stg'r 2(0)cos(iN 0)do
- (24)

Nst
2()‘5 - )Lf) . <@Nst05)
= - sin
i 2

In summary, it can be found that the air gap flux
density of the DMFMCM is calculated as follows

B(0,t) = AgF1cos[p, (0 — w,t)] + A1 F1cos(Ng6)
x cos[p, (6 — w,t)] + By,

= Mo Ficos[p, (0 — wt)] +

'Y
x cos|(Ng —p)| 0+ —=———w,t
|:( ' p)( NSt—pr >:|

rMF [ ( P
+ cos|(Ng+p,)| 0 — —
( ! ) Nstfpr

A FL

wtﬂ B,
(25)

where By, is the high-order magnetic density harmonic
component, which occupies a small proportion and it can be
ignored. The formula shows that the fundamental compo-
nent with the same number of rotor pole pairs, there are
also Ng_,,and Ny, pairs of harmonic magnetic fields. In
a three-phase permanent magnet motor, the formula of the
phase flux linkage is as follows.
¥, (t) = kaN, Lot |37 B(6,1)d6 (26)
where k,; is the fundamental distribution coefficient of
the winding, N, is the number of turns in series, and o is the
coil span. Furthermore, the stator slot pitch 8, can be
expressed as (26).

21

0, =6;+6, =
o Nst

(27)

The expression of the phase flux linkage of the
DMFMCM can be obtained as shown in (27) by combining
(24) and (25).

WoF) . 1
t) = kyN, L, Sr0TL 1——
VUi (t) = kalNpLary ¥ {(2q_1)s1n{< 2q>an}
1
X COS [(1 - Z]) o — (2g — 1)psa)rt] +

X si 1 1 +(2¢ — 1)p,ort
sin( —om |cos|—om wy

S

(28)

where ¢ is the number of stator slots per pole.
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The induced electromotive force of FMPMM is as
follows.

Eph(t) = depLargwr

2X0F1sin (GT %) X sin (Grpswrt -G, %)

X
+G, A Fisin (%) X sin (Grpsa)rt + %)

(29)

The FMPMM is an 18-slot/28-pole permanent magnet
synchronous machine. The winding pole pair p, is 4, the
gear ratio G, between the inner rotor and the winding is 3.5,
the number of stator slots per pole is 2.25, and the coil span
o is 2. Substituting the parameters into equation (18)
above gives the phase induction potential amplitude of the
FMPMM as follows.

Euh = kaNpLorgw, (1.9TA0Fy — 3.450, F4). (30)

In order to analyze the electromagnetic torque of
FMPMM, using the brushless AC control method with
ty=0, the electromagnetic torque 7T, of the permanent
magnet motor is expressed as follows.

_ mI’"L

T.
2

kaN,Lary(1.9ThoFy — 3.454, Fy). (31)

In order to verify the accuracy of the above theory, an
FEA analysis was performed on the FMPMM. The 2D
model of FMPMM can be constructed using AutoCAD
software and then imported into Maxwell FEA simulation
software, or it can be created directly in Maxwell software.
By feeding three-phase currents into the windings and
simulating the model, the FMPMM air-gap flux density
distribution and harmonic analysis are obtained in Figure 6.
It can be found from the figure that the stator teeth will
cause the air-gap flux density to generate some spatial
harmonics. In addition to the fundamental components
with the same number of rotor pole pairs, Ny, and Ny,
pairs harmonic component with larger amplitudes are
generated. Therefore, it can be seen that the FEA analysis
is consistent with the theoretically derived flux density
expression (24). According to the equivalent -circuit
method of FMPMM and FEA, the working principle of
the torque generated by the drive system of DMFMCM is
determined to drive the entire compound motor to operate.

2.3 Comparison and analysis of DMFMCM and the
conventional magnetic gear compound motor
(CMGCM)

DMFMCM generates a rotating magnetic field by passing
an alternating current, which couples with the permanent
magnets on the spoke rotor through the stator teeth and
drives the rotor to rotate. Then the rotating magnetic field
is coupled with the outer rotor through the modulation ring
to make the outer rotor rotate and work. In order to verify
the superiority of DMFMCM, an FEA simulation model of
the traditional 18-slot magnetic gear compound motor

157
4
e
2
o5
c
[}
]
X
=
=
]
=
3
07-05 n!
=
(5
=
M
sl . I . I . . il
0 40 80 120 160 200 240 280 320 360
Circular angle (°)
(a)
0.25
pr
02183F ——————————
02
= o015 Natp:
(o
=t
2
a
g o1f
<
Nau-p,
0.0568F — — j\/\\
0.05
o . |

20 polezl;)airs 35 40 45 50
(b)

Fig. 6. (a) Flux density waveform of FMPMM, (b) flux density

harmonic of FMPMM.

(CMGCM) was established for comparison and analysis
with DMFMCM. The FEA simulation results of the outer
rotor torque of the two structures are compared to analyze
their performance differences.

Based on the principle of quantitative comparison, the
number of permanent magnets used to the two motors is
the same, and the size of the motor are the same. The FEA
is used to obtain the magnetic field distribution of two
compound motors as shown in Figure 7.

As shown in Figure 8, the torque of DMFMCM is
significantly higher than that of CMGCM, and the torque
ripple of DMFMCM is significantly lower than that of
CMGCM. According to (31), the torque ripple can be
obtained in Table 2. It can be found that the static torque of
DMFMCM is 321.02Nm, and it is 1.4 times that of
CMGCM. Furthermore, the torque ripple of DMFMCM is
0.19%, which is 29.3% of CMGCM.

Tmax - Tmin

——F  x 100
T(Z’Ug x %

Trz'pple = (32)

where Ty, is the torque ripple, T, is the maximum
torque, Ty, is the minimum torque, and T, is the average
electromagnetic torque.
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Table 2. Average electromagnetic torque and torque
ripple.

Ty pe Tavg Tripple
DMFMCM 321.02 Nm 0.19%
CMGCM 224.05 Nm 0.65%

Fig. 9. The abc coordinate system and d-q coordinate system.

3 Mathematical model of DMFMCM

The mathematical model of the drive motor is the basis of
the simulation modelling and the analysis and design of the
control system. Therefore, according to the electromagnetic
characteristics of DMFMCM, a mathematical model under
the two-phase rotating coordinate system is established. The
FEA method is used to verify the results of the mathematical
model to ensure its accuracy. In addition, a simulation model
of DMFMCM is built by Simulink components to verify the
motor parameters of the control system.

The mathematical model of the three-phase static
coordinate system (abc coordinate system) based on the
stator armature windings of the motor is shown in Figure 9.
There are three-phase symmetrical windings A, B, and C
on the stator, which differ by 120° in electrical angle. d axis
is on the direction of the permanent magnet pole axis of the
rotor, and ¢ is advanced by 90° in the counterclockwise
direction of the rotor. Take a reference axis, the electrical
angle between the d and the reference axis is 8. Based on the
analysis method of the mathematical model, the flux
linkage equation, voltage equation and torque equation of
DMFMCM are established in abc coordinate system and
the two-phase rotating coordinate system (d-q coordinate
system).

3.1 Mathematical model in abc coordinate system

The total flux linkage of each winding of DMFMCM includes
permanent magnet flux linkage and armature reaction flux
linkage. Therefore, the flux equation expression of
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DMFMCM is as follows.

1/fa Laa Mab Mac ia

Vo | = | Mpa Lip Mo | |0

WC Mca Mcb Lcc ic
Y, cosf

+ | ¥, cos(6 — 120°)
Y, cos(0 + 120°)

(33)

where ¥, %, and ¥, are the total flux linkages of the three-
phase windings; 4, %, i. are the phase currents of the three-
phase windings; L., Ly, L. are the self-inductances of the
phase windings; My, M., Myo, Myo, M .., M, are the mutual
inductances of the phase windings; v, is the amplitude of
the phase permanent magnet flux of the winding turn
chain; 0 is the electrical angle of the rotor.

When the brushless AC control mode with ;=0 is
adopted, the three-phase current of the motor is expressed
as follows.

iq = I, sin(6)
iy = I, sin(6 — 120°)
i = Iy sin(6 + 120°)

(34)

where I,,, is the amplitude of the phase current.

The current flow direction is selected as the positive
direction of the current, and the positive direction of
the winding flux-linkage and winding current conforms to
the right-handed spiral rule. The three-phase voltage
balance equation of DMFMCM is as follows.

Ug R, 0 0 i

Up =10 Rb 0 ib

U 0 0 R.||¢1e
Y, cost

+— | ¥, cos( — 120°)

(35)
Aty cos(6 + 120°)

The resistance value of each phase is equal, R,= R, =
Rc — Ro.
The electromagnetic torque formula under the electro-
magnetic equation is as follows.
dLy, dL
.92 ) cc
“ap T g >

1 dL
Te _ 22 aa
(za a0 +
. d“/fma . dwmb . dWmc
+<Z“ @b "d s )

(36)

The general formula of the mechanical motion equation
of the motor is as follows.
dw
Te=Tn+Jg (37)
where T'm is the total load torque of the system, J is the
moment of inertia, and w is the air gap speed.

The load torque is the torque of the entire transmission
system, which can be interpreted as the mechanical torque
obtained after the torque added to the outer rotor passes
through the transmission system. Therefore, equation (36)
is the mechanical equation for calculating the electromag-
netic torque, which is the dynamics of a structure.
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Fig. 10. Phase A inductance calculated by FEA.

According to the mathematical model of DMFMCM in the
abc coordinate system, the mathematical model in the d-q
coordinate system can be established, which lays the
foundation for the simulation model of DMFMCM and the
research of control strategy. In addition, based on the
established mathematical model, a simulation model of the
DMFEFMCM motor is built using Simulink simulation software.

3.2 Flux linkage equation in d-q coordinate system

The inductance matrix of DMFMCM in the d-g coordinate
system is as follows.

Ld qu LdO Laa Mab Mac
Ly Ly Lo | = Psgjor | Mo Ly Mie | Py,
LOd LOq LO Mca Mcb Lcc
(38)
where
cos®  cos(6—120°)  cos(6 + 120°)
_ 2| —sinf —sin(f—120°) —sin(6+ 120°)
P3s/2r - g 1 1 l
2 2 2

Ld, qu, Ld(), qu, Lq, Lq(), L()d, qu and L() are the
inductance component in the d-q coordinate system.

Using the FEA method to calculate inductance can be
divided into two steps. Firstly, the phase flux linkage ,,, of
the armature winding without current should be calculated;
Secondly, the direct current I is applied to one phase of the
armature winding, and the total flux linkage ¥ of the phase
winding is obtained. The total flux linkage is mainly
composed of permanent magnet flux linkage and armature
flux linkage, which can be expressed as follows.

Y=, + LI

The phase winding inductance can be calculated as
follows.

(39)

L)

- (40)

The calculated inductance is self-inductance when
the measured phase and the energized phase are the same
phases, and the calculated inductance is mutual inductance
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when the measured phase and the energized phase are not
the same phases. According to the method, the self-
inductance and mutual inductance waveforms of phase A
are shown in Figure 10.

The phase winding inductance of DMFMCM will
periodically change with the change of the rotor position.
According to the phase inductance calculated by the FEA
method shown in Figure 10, when the rotor d-axis
advances the A-phase winding axis 6 electrical angle,
the three-phase winding inductance can be expressed as
follows.

Lo, = Lp + Ls cos(20)

Ly, = Lp + L cos[2(6 — 120°)]

L.. = Lp + L cos[2(6 + 120°)]

Mab = Mac = Mba = Mbc = Mca = Mcb = MD

(41)

where Lp is the average self-inductance of the phase, Lgis
the amplitude of the phase self-inductance fundamental
component, and Mp is the average of mutual inductance.

The calculation of inductance component is as follows.

L, 0
Ld:LD—MD—L(?))

L, cos(36
L= Lp— M+ 220069

L sin(30
qu = qu = #

Ly=Lp+2Mp

According to (41), it can be seen that there is a small
cosine component in L, and L,. Because DMFMCM adopts
a spoke-type inner rotor and a surface-mount outer rotor, it
has a “salient pole effect”. Furthermore, due to the non-
uniform circumferential reluctance caused by the alternat-
ing stator slots and the salient pole rotor, a part of the flux
linkages on the d-axis and the g-axis turns to each other.
Therefore, the mutual inductance L4, between the d and ¢
axes is not 0 but a sine value.

Figure 11 shows the phase self-inductance and mutual
inductance of DMFMCM in the abc coordinate system
obtained by FEA. The inductance components Lg, Ly, Ly
and Ly, calculated by FEA can be obtained according to
(37). And the inductance component L,’, L,’, Ly and Ly,
in the d-q coordinate system derived by the mathematical
model can also be calculated according to (37)—(39). The
inductance waveforms calculated by FEA and the
mathematical model are shown in Figure 12, and the
average inductance is shown in Table 3. As shown in this
table, the FEA shows that the average values of L, and L,
are approximately equal, but the waveforms are different.
It can be found that the DMFMCM has a salient pole effect.
A comparison of the inductance waveforms in the d-g
coordinate system shows that the two waveforms are
similar and have small errors, indicating that the
inductance results derived from the mathematical model
are accurate and valid.

According to the calculation of FEA and mathematical
model, the results of the motor inductance in the d-g
coordinate system can be obtained as shown in the
following Table 3.

Self-inductance (mH)

—e—Laa—Lbb—Lcc

40 80 120 160 200 240

Rotor position (°)

(a)

Mutual inductance (mH)

wwwww

(b)

Fig. 11. (a) phase self-inductance and (b) phase mutual
inductance in abc coordinate system.

It can be seen from (41) that the inductance
components Ly and L, of DMFMCM on the d-g axis are
not constant values, and the mutual inductances L4, and
L, are not zero. Therefore, the flux linkage in the d-q
coordinate system can be obtained as follows.

wd Lq Ldl] Ldo Z.d wmd
wq = qu Lq LqO Z'q + qu (43)
Yo Loa Log Lo | |0 Yo

Substituting (40) into (42), the flux linkage in the d-¢
coordinate system can be calculated as follows.

Yy = Vs + Lgiq + Lqgiq

Lm 0 . Lm i 9 .
:wm_|_ (LD—MD—COS(?))>Z(1+ <SIH(3)>Z(J

2 2
(44)

lﬂq = Lyiqg + Lyqiq

L, 30)\ . L,,sin(36)\ .
_ (LD_MD_%H)W (%)M

(45)
where v, is the fundamental wave amplitude of the phase

permanent magnet chain under no-load in the abc
coordinate system, where ¥,,4, V¥, Yo is calculated as
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Inductance (mH)

10 50 20 160 200 210 20 320 360
Rotor position (°)

(a)

W 50 120 160 200 20 20 320
Rotor position (°)

(b)

Fig. 12. (a) Self-inductance on d-q axis, (b) mutual inductance
on d-q axis.

follows.
wmd 1//5 COS(Q) ws
w'mq = P3s/2r Ips COS(Q - 1200) - 0 (46)
Yimo ¥, cos(6 + 120°) 0

Figure 13 shows the no-load permanent magnet flux
waveform of DMEFMCM. The values of ¥/,,4, ¥yq and ¥,,0
can be calculated, and the flux linkages in the d-q
coordinate system can also be calculated by substituting
into (43) and (44).

In order to verify the accuracy of the flux linkages of the
DMFMCM motor in the d-q coordinate system, the paper
adopts the id=0 control method. The flux linkage
waveforms on the d-axis and g-axis are calculated by
FEA and mathematical model, as shown in Figure 14. The
figure shows that the waveforms calculated by FEA v, and
¥, are similar to the waveforms obtained by mathematical
model ¥, and ¥,’, and the average flux linkage is almost
equal. Therefore, it can be found that the flux linkage of
DMFMCM calculated by the mathematical model can be
verified, and the accuracy of the mathematical model can
be ensured.

Table 3. Average inductance in coordinate system.

Parameters ~ FEA (mH)  Mathematical model (mH)
Ly(Ly") 28.1009 27.9766

L/(L,) 28.1013 27.9808

Lo(Ly") 15.0253 14.7751

Laf(La,") 0.016 0

Table 4 shows the average flux linkage of DMFMCM in
the d-q coordinate system calculated by the two methods.
It can be found that the average flux linkages obtained by
the two methods are almost equal to determining the d-axis
and g¢axis flux linkage components. And through
co-simulation, the calculation results of the mathematical
model can be verified to ensure the accuracy of the
mathematical model.

3.3 Voltage equation in coordinate system

Due to the torque control adopting alternating current, the
current in the d-q coordinate system obtained by Park
transformation in the abc coordinate system is as follows.

iqg = —Ip sin(a)
iq = I, cos(a)
i0=20

(47)

where « is the current factor angle, I,, is the current

amplitude, and when « =0, it is i4=0 AC control.
Combining the flux equation and the current equation,

the voltage equation of DMFMCM can be calculated.

Ud ia d 1//0,
Uug | = P35/2T Ryl | + & Wb (48)
() 'ic WC
d
ug = Roig + % - wwq
dl/,t (49)
u, = Ryig + d—tq + Wiy

where w is the rotational angular velocity of the air-gap
magnetic field.

3.4 Torque equation in d-q coordinate system

According to the voltage and current equations in the d-q
coordinate system, the electromagnetic torque in the d-q
coordinate system can be calculated as follows.

_3p
)
_ 3p,
T2

T, (iqVq — ia¥,)

[meiq + dqiq(La — Lq) + Lag (13 _ 22)} (50)
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Flux linkage (Wb)
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Fig. 13. The no-load flux linkage of DMFMCM.

Flux linkage (Wb)

"o 40 80 120 160 200 240 280 320 360
Rotor position (°)

Fig. 14. The flux linkage of DMFMCM on d-q axis.

Table 4. Average flux linkage in d-¢q coordinate system.

Parameters ~ FEA (Wb)  Mathematical model (Wb)
Va(Va) 0.4877 0.4876
V() 0.2472 0.2483

The torque waveform of the DMFMCM obtained after
using the mathematical model with i;=0 and finite
element analysis described in this paper is shown in
Figure 15. By analyzing and calculating the torque using
FEA and mathematical model co-simulation, the torque
and torque ripple of DMFMCM can be determined more
accurately. As shown in Table 5, the torque waveforms
calculated by the two methods are similar, and the torque
ripple is also low.

According to the torque obtained in the figure,
combined with the (31), the torque ripple calculated by
the two methods can be calculated. The calculation results
are shown in Table 5.

Based on the mathematical model, the stator winding of
the DMFMCM is modelled using Simulink. According to

——T-Math model —~+T-FEA
26
I
[ /V\
\

o W0 50 2 160 200 20 20 20 360
Rotor position (°)

/ N

N

Torque (Nm)

. The torque calculated by FEA and mathematical model.

Table 5. Electromagnetic torque and torque ripple.

Parameters ~ FEA (Nm)  Mathematical model (Nm)
T.(Nm) 26.1187 25.8559
Trippie (%) 4.39 2.79

the needs of SVPWM, the whole model adopts a modular
design. The stator winding of the DMFMCM requires
output current, electromagnetic torque, and rotational
angular velocity. Each module is independent and
communicated through shared variables. The relationship
of the modules can be intuitively seen from the Simulink
simulation model of stator windings for DMFMCM and
determine the relationship between the parameters. The
specific simulation model is shown in Figure 16.

According to the mathematical model, Simulink is used
to model the DMFMCM motor. As shown in Figure 16b,
three-phase alternating current and total load torque 7,
are applied to the motor. After a series of motor coupling
actions, three-phase AC I, electromagnetic torque T,
and mechanical angular velocity w,, can be obtained.
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Fig. 16. (a) The stator winding model of the DMFMCM simulated by Simulink and (b) the module package of DMFMCM.

4 SVPWM control system
4.1 The principle of SVPWM control system

Space vector pulse width modulation (SVPWM) is a new
control strategy for controlling the converter based on the
space voltage vector switching of the converter. The core idea
of the SVPWM algorithm is to use the inverter space voltage
vector switching to obtain a standard circular rotating
magnetic field, which enables the AC motor to better control
performance by the condition of a low switching frequency.
The theoretical basis is the principle of average value
equivalence, which combines the voltage vectors within a
switching period T, to make the average value equal to the
given voltage vector. According to the working principle of
SVPWM, the specific implementation process of the
SVPWM algorithm includes three steps: (1) judgment of
voltage vector, (2) determination of voltage working time
and (3) determination of sector vector switching point.

4.1.1 Judgment of voltage vector

In order to simplify the judgment process, the voltage is
equivalently judged. Where Ug = U,; sin 8, Uy = U ,¢rcos 6
Figure 17.

U, =Up
. _Y3Us _Uj
b= \2[ 2 (51)
 VBU, Ug
Ue = 2 2

Define intermediate variables A, B, and C, with the
following judgments.

—1If U, > 0, then A=1, otherwise A=0.
—1If U, > 0, then B=1, otherwise B=0.
—1If U, > 0, then C=1, otherwise C=0.
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Fig. 17. The relationship between reference vector and space
vector.

Table 6. The relationship between N and sector.

N 3 1 5 4 6 2
Sector 1 2 3 4 5 6

Table 7. The relationship between the action time and N.

N 1 2 3 4 5 6
T Z Y -7z X -X -Y
T, Y -X X A -Y -7
T (T-T)-Ty) /2

The sector calculation formula is as follows.

N =A+2B+4C. (52)

The sector of the reference voltage vector is determined
by N, and the corresponding relationship is shown in Table 6.
4.1.2 Determination of voltage working time

According to the sector where the obtained voltage vector is
located, the action time of the space vector can be calculated.

T
X=v3-—-Ug
Udc

V3T 37T
Y="+"Ug+-——U,. 53

2 U P, (53)

3T 37T
Z:i— g — Uy

2 Uy 2U 4o

The U, is the DC bus voltage, and the assignment
relationship corresponding of T, T, and T3 is obtained as
shown in Table 7.

Table 8. Time switching point of each sector.

N 1 2 3 4 5 6

Tem1 Tg Ty Ty Tc Te Ty
Temo Ty Te Ty Ty Ty Tc
Tems Te Ty Te Ty Ty T,

Saturation judgment is performed on the copied T} and
T. If T'+T5 < T, then T; and T, keep unchanged; if
T+ T, > T, the relationship is as follows.

T+ T

T,

T __
! T+ T

T T, T. (54)

4.1.3 Determination of sector vector switching point

According to SVPWM algorithm, it is defined as follows.

T-T,-T

i

TB—71+TA (55)
T

Tc—72+TB

The relationship between the sector vector switching
points Tty Temoy Tems and N can be determined as shown
in Table 8.

4.2 Modeling and simulation of SVPWM

According to the results obtained by the SVPWM algorithm,
the triangular carrier signal is compared with the vector
switching points of each sector to output a PWM pulse signal.
The SVPWM is mainly to control the rotor magnetic field. In
the rotating d-q coordinate system, the magnetic current and
torque current are independently controlled to improve the
control performance of DMFMCM. In addition, the mathe-
matical model of DMFMCM in the d-q coordinate system is
established. When i;=0, the electromagnetic torque of
DMFMCM isonly related to the variable 4, thereby improving
the speed regulation performance of the system. The
functional block diagram of SVPWM is shown in Figure 18.

As shown in Figure 18, the control strategy includes the
current loop, speed loop and SVPWM algorithm, and
the SVPWM control of DMFMCM is mainly the control of
the current component on the d-q coordinate system. The
difference value between the reference speed and the actual
speed after power-on is adjusted by the PI regulator, and
output is the given value of the g-axis current iq/. The three-
phase currents i,, i and i, from DMFMCM are transformed
by Clarkand Parkto obtain the current components 4;and 4,
inthe d-gcoordinate system. In addition, the given value 4, 'is
compared with the actual value ¢, and then the ¢-axis voltage
U," adjusted by the PIregulator can be output. In the same
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Fig. 18. The functional block diagram of the SVPWM system with i,=0.
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Fig. 19. The SVPWM model of DMFMCM based on i;=0.

way, the d-axis goes through the same process, and the d-axis
voltage U, isoutput. U,"and U, are transformed by Parkto
obtain U, and Ug, and then the PWM signal is obtained by
the SVPWM algorithm to control the inverter. The
simulation model of SVPWM established by Simulink is
shown in the Figure 19.

The conditions of the simulation model are set as
follows: reference speed n’= 700 r/min, PWM switching
frequency f=>50Hz, simulation time is 0.75s, variable
step size is ode23tb algorithm, relative error is 1e—4. The
simulation parameters of DMFMCM are shown in
Table 9, the results are shown in Figure 20.

Table 9. Simulation parameters of DMFMCM.

Parameters of DMFMCM Values

DC bus voltage Uje =311V
Stator resistance R, =2717 Q
Flux linkages V¥, = 0.4877 Wb
Pole pairs p,=4

Moment of inertia J = 0.003kg/m”
d-axis inductance L, = 28.1009 mH
d-axis inductance L, =28.1013 mH
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Fig. 20. (a) the simulation curve of motor speed r, (b) the
simulation curve of three-phase stator current I, and (c) the
simulation curve of motor torque T.,.

According to the simulation results shown in Figure 18,
the three-phase DMFMCM starts without load. The speed
adjusted by the PI regulator will rapidly increase from 0
and exceed the reference speed within 0-0.05s and will
quickly stabilize at the reference speed. At the same time,
the torque suddenly increased and stabilized at 16.13 Nm
within 0.05s. At 0.2s, the rotational speed changes
abruptly and immediately stabilize at the reference speed.
And the torque also jumped to 25.34 Nm and stabilized. In
addition, changes in current are also synchronized with
changes in speed and torque. It can be seen that when the
electric vehicle starts and shifts, it can output stable torque
in a short time, and when shifting and adjusting the speed,
the output torque is quickly stable. Therefore, the
simulation results show that the SVPWM control is based
on PI regulation, which makes DMFMCM have the
advantages of start-up and shifting time short, high
stability, strong anti-interference ability, and good speed
regulation performance.

5 Conclusion

The paper analyzes and studies a new DMFMCM used in
electric vehicles. Compared with the conventional magnet-
ic gear compound motor (CMGCM), the DMFMCM has
the advantages of strong mechanical strength, high torque
density, and low torque ripple. The torque of the outer
rotor is 321.02Nm, and the output torque of the outer rotor
is 1.4 times that of CMGCM. Furthermore, the torque
ripple of the outer rotor is 0.19%, which is only 29.3% of
CMGCM. Therefore, the electromagnetic performance of
DMFMCM is much better than CMGCM.

The mathematical model of DMFMCM is established,
and it is also modelled by Simulink software. The flux
linkages equation, electromagnetic torque and voltage
equation obtained based on the mathematical model are
compared with the FEA simulation results of DMFMCM.
According to the FEA and mathematical model co-
simulation, the accuracy of the mathematical model is
verified through the FEA and mathematical model co-
simulation, which lays the foundation for SVPWM control.

This paper establishes a Simulink simulation model of
DMFMCM and outputs the results of speed, current and
electromagnetic torque based on the input parameters of
DMFMCM. It provides a basis for the SVPWM control and
verifies the parameters of DMFMCM. By analyzing the
principle of SVPWM control, the control strategy mainly
includes the speed control loop, current control loop, and
SVPWM algorithm. In addition, the system adopts the AC
control mode with id =0, builds a three-phase DMFMCM
motor control system model based on PI regulation, and
outputs three-phase current, electromagnetic torque and
speed. The simulation results show that the SVPWM
control strategy makes DMFMCM have the advantages of
short start-up shift time, high stability, strong anti-
interference ability, and good speed regulation perfor-
mance, which meets the development needs of electric
vehicle drive motors.
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