energies MoPY

Article
Analysis and Design of a Compound-Structure
Permanent-Magnet Motor for Hybrid Electric Vehicles

Qiwei Xu 1'*, Jing Sun 1, Dewen Tian 2, Wenjuan Wang !, Jianshu Huang ! and Shumei Cui 3

1 State Key Laboratory of Power Transmission Equipment & System Security and New Technology,

Chonggqing University, Chongqing 400044, China; sunjingzzx@cqu.edu.cn (J.S.);
irenewangwj@gmail.com (W.W.); Huangjs@cqu.edu.cn (J.H.)
2 China North Vehicle Research Institute, Beijing 100072, China; tdwhit@163.com
Department of Electrical Engineering, Harbin Institute of Technology, Harbin 150080, China;
cuism@hit.edu.cn
*  Correspondence: xuqw@cqu.edu.cn; Tel./Fax: +86-23-6510-2434

check for
Received: 19 July 2018; Accepted: 9 August 2018; Published: 17 August 2018 updates

Abstract: On the basis of the excellent driving force demand of hybrid electric vehicles (HEVs),
this paper studies the torque property of the compound-structure permanent-magnet motor (CSPM
motor) used for HEVs, which is influenced by magnetic field oversaturation and variable nonlinear
parameters. Firstly, the system configuration of HEVs based on CSPM motor and its working mode
are introduced. Next, the state equation of CSPM motor in three-phase stationary coordinate system
is proposed in order to investigate its torque performance; then, the factors affecting the output
torque are gained. Finite element method (FEM)-based electromagnetic parameters analysis and
design is carried out, to raise the output torque and reduce the torque ripple of CSPM motor. Besides,
optimized design parameters are used to establish the FEM model, and the simulation results of
electromagnetic performances for the CSPM motor before and after optimization are given to verify
the rationality of optimization.

Keywords: hybrid electric vehicles; compound-structure permanent-magnet motor; torque property;
working mode; state equation; parameters analysis and design

1. Introduction

At present, in the face of the global energy crisis and environmental pollution problems,
hybrid electric vehicles (HEVs), as an environmentally friendly choice, have been developed rapidly.
The HEVs use a dual-rotor motor as a power distribution device, together with an advanced control
system, to make the two power units, i.e., the internal combustion engine (ICE) and battery cooperate
to achieve low energy consumption and low pollution [1]. Nowadays, power distribution devices
mainly contain electric variable transmission (EVT), a compound-structure permanent-magnet motor
(CSPM motor), a switched reluctance motor (SRM), magnetic-geared EVT, and the radial magnetic-field
modulated brushless double-rotor machine (RMFM-BDRM), whose performances directly affect the
quality of HEVs [2-6].

The CSPM motor as an electromechanical energy conversion device with a dual-rotor structure
has been widely utilized in industry, for instance in HEVs, due to the high torque density, wide speed
range, and long working life. The CSPM motor can achieve different energy flows in HEVs and
transmit torque to drive the vehicle. However, it also has the problem of electromagnetic coupling,
which affects the driving force and running stability. To achieve electromagnetic decoupling in the
CSPM motor, the following research has been carried out by national and international scholars and
researchers [7-12]: (1) studying the working principle of the CSPM motor under compound excitation
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source using the magnetic circuit mathematical model and analyzing its inductance parameters based
on the finite element method (FEM); (2) studying the influence of structural parameters on the coupling
degree to optimize the electromagnetic structure of the CSPM motor. Different electromagnetic
structure schemes are designed and compared, such as the different permanent magnet sizes, outer
rotor yoke thicknesses, stator winding armature reaction, and material utilization ratios; (3) studying
the different topology schemes of the CSPM motor, then the electromagnetic coupling degree, torque
density and heat dissipation are compared to meet the different requirements in the hybrid power
system; (4) establishing the magnetic network calculation model, together with the Matlab software to
analyze the parameters of CSPM motor. The influence of structural parameters on the electromagnetic
coupling degree is explored in order to optimize the structural parameters; (5) studying the torque
control strategy of the CSPM motor based on the mathematical model and load characteristics, to realize
independent control of the output speed and torque.

To meet the demands of the large traction and smooth operation of HEVs, the aim of this paper is to
increase the output torque and reduce the torque ripple of the CSPM motor. The system configuration
of HEVs based on the CSPM motor and its working mode are presented in Section 2. The mathematical
model of the CSPM motor is derived in Section 3 to analyze the factors affecting torque performance.
In Section 4, the electromagnetic parameters analysis and the optimization of the CSPM motor are
carried out, adopting 2D FEM to estimate the effects of different structure sizes on torque properties.
Appropriate design parameters are used to establish the FEM model, and the performance of the
CSPM motor before and after optimization is compared in Section 5. The simulation results prove the
reasonableness and validity of electromagnetic parameters optimization.

2. System Configuration and Working Mode

2.1. System Configuration

Figure 1 is the diagram of HEVs based on CSPM motor. The CSPM motor is located between the
ICE and HEVs, which consist of a stator with three phase winding, an inner rotor with three phase
winding, and an outer rotor with two layers of permanent magnets. The inner rotor connects with
ICE, and the outer rotor links with the HEVs. The permanent magnet inside and outside the outer
rotor is embedded and surface-mounted, separately. The three-phase windings of inner rotor connect
with the three collector rings on the rotating shaft, and the electric energy is derived by the electric
brush. The stator and outer rotors with their outside permanent magnets constitute the stator machine
(SM). The inner rotor and the outer rotor with inside permanent magnets comprise the double-rotor
machine (DRM). Both the SM and DRM can be regarded as a permanent magnet synchronous motor.
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Figure 1. Diagram of hybrid electric vehicles (HEVs) based on compound-structure permanent-magnet
motor (CSPM motor).
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SM and DRM are arranged in radial direction, which can regulate the speed and torque of ICE
at the same time to make it run in the high efficiency area furthest. Therefore, the fuel efficiencies
are improved, and exhaust emissions of HEVs are reduced. The maximum output power of this
transmission is the sum power of the ICE and battery. So, under the same maximum output power,
the power level of the ICE and battery is less than the traditional vehicles and battery-based EVs.

2.2. Working Mode

With the suitable control strategies, the working mode of HEVs based on CSPM motor can
be switched in different road conditions to realize the function of idle stop, power compensation,
and braking energy feedback, etc. The working mode of the CSPM motor drive system can be divided
into pure electric mode, hybrid mode, braking mode, and over-speed mode.

2.2.1. Pure Electric Mode

The HEVs require low power at the start stage, and the efficiency of ICE is low when running
at low speed or low-power output. Therefore, to reduce fuel consumptions and exhaust emissions,
the CSPM motor works in the pure electric mode, which is only driven by SM; the power flow process
is shown in Figure 2a. When SM does not meet the driving force requirement, the DRM also runs in
the electric state. At this time, Picg =0, Ppy # 0, and Py # 0.

2.2.2. Hybrid Mode
(1) CVT mode

This is the main working mode of HEVs based on CSPM motor. The input mechanical energy
of ICE is equal to the output mechanical energy of CSPM motor. As the speed or the demand power
of HEVs increase to the point where the battery is unable to supply, the ICE starts, as shown in
Figure 2b. When the speed of ICE is less than that of HEVs, the DRM is in electric state, and the SM is
in generation state to compensate for the required power. When the speed of ICE is larger than that of
HEVs, the DRM is in generation state. The output mechanical energy of ICE is converted into electric
energy via DRM and transferred to the stator by the air-gap magnetic field to drive the vehicle directly.
The DRM transfers the ICE’s torque to the outer rotor and compensates the speed difference between
the ICE and load. The SM compensates the ICE’s torque according to the road load.

(2) Auxiliary Power Mode

In CVT mode, only the ICE provides power to drive the vehicle. If the speed increases further,
the output power of CSPM motor will be greater than the input power of ICE. At this time, the battery,
which is charged by the output power of DRM, will provide the electrical energy to SM to improve
its output power, which is given in Figure 2¢c. The control system should offer energy management
strategy to control the energy storage device.

(3) Driving and Parking Generation Mode

When the SOC of battery is lower than the minimum threshold, it is necessary to increase or
decrease the output power of ICE and convert the excess energy into electrical energy to charge the
battery. The HEVs have driving or parking power generation mode. In the driving generation mode,
the ICE provides mechanical energy for DRM to generate electricity. A part of the electric energy is
transmitted to SM through the voltage source inverter to finish CVT mode, and the rest is charging
the battery, as shown in Figure 2d. In the parking power generation mode, only the DRM operates in
power generation mode to charge the battery, as shown in Figure 2e.
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2.2.3. Braking Mode
(1) Electric Braking Mode

When the HEVs need to decelerate or break, and the SOC of battery does not exceed the maximum
threshold, energy recovery can be achieved by SM braking to generate electricity to improve the
utilization rate of energy. The SM and DRM are in the power generation state to charge the battery,
which is given in Figure 2f. The battery energy management strategy should be combined to prevent
the excessive charging current. The required braking torque is determined according to the brake
pedal depth. When the maximum braking torque provided by SM meets the demand braking torque,
the reference instruction is equal to the required braking torque; when not satisfied, part of braking
torque is provided by SM; the rest is provided by the mechanical brake torque of the driver stepping
on the brake pedal.

(2) Regenerative Braking Mode

The load torque is positive, and the SM is in the generation state, as shown in Figure 2g. When they
need the larger braking torque, the two motors are broken at the same time, and the DRM is also in the
generation state, as shown in Figure 2h.

2.2.4. Over-Speed Mode

Both SM and DRM are in the electric state, and the output power of battery is large, as shown
in Figure 2i. The corresponding energy management strategy must be applied to charge the battery
when the SOC is lower than the minimum threshold.
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Figure 2. Power flow process of HEVs based on CSPM motor in different working mode: (a) pure
electric mode; (b) CVT mode; (c) auxiliary power mode; (d) driving and parking generation mode;
(e) driving and parking generation mode; (f) electric braking mode; (g-h) regenerative braking mode;
(i) over-speed mode.

It can be seen in Figure 2 that the HEVs based on CSPM motor have various changeable energy
flows between SM and DRM, due to the coupling effect between them. This can choose a proper
working mode during operation, which is regarded as an advantage of HEVs. However, when the
magnetic field is supersaturated, it will change the inductance parameters and increase iron losses, lead
to the back EMF or current waveform distortion, which produces torque ripple and weakens output
torque [13]. Therefore, the electromagnetic structure of CSPM motor needs to be optimized using
mathematical model and electromagnetic analysis method in the next part, to realize the magnetic
field decoupling of DRM and SM. Then, the suitable dynamic allocation strategy for each mode will be
easier to make to improve the switching operability between different working modes.

3. State Equation in Three-Phase Stationary Coordinate System

To study the state equation of CSPM motor in three-phase stationary coordinate system,
the equivalent circuit diagram of CSPM motor is shown in Figure 3. Here, Ua, U, Uc, Uy, Uy,
Uw is the voltage of three-phase stator winding and inner rotor winding; i, ip, ic, iy, iy, iw is the
current of three-phase stator winding and inner rotor winding, and Ra, Rg, Rc, Ry, Ry, Rw is the
resistance of them; Lxx is the self-inductance of each phase winding; Mxy is the mutual inductance
between different phase windings; and Ea, Eg, Ec, Ey, Ev, Ew is the back EMF produced by the
outside and the inside permanent magnet cutting the stator and inner rotor windings.

From Figure 3, it can be seen that the magnetic circuit parameters of CSPM motor contain
resistance, self-inductance, and mutual inductance, which are related to the position and speed of inner
rotor and outer rotor, etc. Therefore, the CSPM motor is a nonlinear system with multiple variables,
strong coupling, and uncertain parameters. For simplicity, the variables of CSPM motor need to be
simplified as follows:

(1) Neglecting magnetic circuit saturation; (2) neglecting eddy current loss and hysteresis effect;
(3) The resistance of three phase winding is equal; (4) The back EMF and flux linkage of the stator
winding and inner rotor winding, and the flux linkage of permanent magnet, are the sinusoidal
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waveforms; (5) The distribution of inner and outer air-gap is uniform, and the reluctances of them

are constant.
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Figure 3. Equivalent circuit diagram of CSPM motor.

Then, the relationship between the voltage (U) and the resistance (R), the current (I), and the flux
linkage (¥) of CSPM motor in the three-phase stationary coordinate system is expressed in Equation (1).

U = [Ua Up Uc Uy Uy Uw]" = RI+ % =

Ra O 0 0 0 0
0 Rg 0 0 0 O
0 0 Re 0 0 O
0 0 0 Ry 0 O
0 0 0 0 Ry O
0 0 0 0 0 Rwl/l|

[ A
¥B
YPc
Yu
Py

L Yw

)

in which Y5, ¥5, Yc, Yu, ¥Yv, Yw is the flux linkage of three-phase stator winding and inner rotor
winding, which is related to the outer rotor’s position (1), inner rotor’s position (6;), current, and the
flux linkage of permanent magnet, as shown in Equation (2).

Pa
¥B
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L
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ip Pm1 cos (6 —
ic . Pm1 cos (61 +
iy Pma cos (6 —
iy Pma cos (6 —
iw | PYmo cos(6y —

370)

37)

@

in which ¥y, is the flux linkage produced by the outside permanent magnet and ¥, is the flux
linkage produced by the inside permanent magnet. The relationship between Lxx and Mxy can be

written as
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Laa(61) = Lot + Ly — L(61) cos20;
Lpg(61) = Lot + Ly — L(671) cos(26; + 2F)
Lec(f1) = Lot + Ly — L(61) cos(260; — 4F)

Mpg(61) = —% — L(61) cos(26; — %)

Mpc(61) = —5 — L(61) cos26;

Mac(61) = —% — L(91) cos(201 + %)

Myy(2—61) = -5 — L(6, - 67)
cos(292 — 26, — 21

Myw (02 —61) = —% —L(62 —01)
cosZ(Gz —61)

Muw (0 = 61) = =% — L(62—61)
cos(26, — 26, + &)

7 of 19
Lyuy(62 —61) = Loa+ Ly — L(62 — 61) cos2(62 — 61)
Lyy(62 — 61) = Loa + Ly — L(62 — 61) cos(26, — 261 + &)
LWW(02761) = L0-2+LV7L(92791) COS(2927261 — ZTT[)
MAv(ez) =Lg L‘ + L(Qz) COS(292 +3 7'[) (91)C0$291
May(62) = Lo — —V + L(6,) cos 26, — L(6,) cos 26;
Mpy(6) = Lo — L‘ + L(6,) cos 26, — L(67) cos(26; + 2F) 3)
Mpw(62) = Lo L*V+L(92)C0 (2 2**)*L(91)COS(291+2")
Mcy(62) = Lo + L(62) cos(26 + %) — L(61) cos(26; — )
MAw(Qz) =Ly — ” + L GZ)CO 0, — 7) L(G )C05291
MCU(QQ) =Ly (92) c0s 20, — (91) COS(291 )
Mgy (62) = + L(62) cos (26, + Z*) — L(6;) cos(261 + %)
Mcw(62) = Lo 7 + L(6;) cos(26, — T) L(67) cos(26; — 27")

In Equation (3), L1 and L is the leakage inductance of outer rotor and inner rotor, respectively;
L is the difference between L1 and L»; Ly is the average inductance; and L(61), L(62), L(6; — 01) is
the position inductance that is influenced by the position of outer rotor and inner rotor.

Substituting Equation (2) for Equation (1), the new voltage expression of CSPM motor is in
Equation (4). The resistance matrix (R), mutual inductance matrix (L), and the derivative of Ly, (L)

are shown in Equation (5).

i r in! b $2(1A+IB+Zc)+lU+lv+lw i r 1Yy SN 61 _
B ip’ i +ip+ic) +iy +iv +iw w1 Pmy sin(8; — 2F)
U— R Z:C L ic/ el w—z(lA+lB+lc) +iy +iv+iw | wrgm sin(6; +2T") )
iy iy’ ia +ip +ic + 2 iy +iv + iw) (w2 — w1) Pma sin(6r — 01)
v ' ia i +ic + Ag iy +iv + iw) (wp = 1) Yo sin (0 — 01 — %)
| W Liw | | iatiptic + 25 iy +iv+iw) | L (w2 — w1)-Pmasin(6y — 0, + ) |
Ra 0 0 0 0 Laa(61) Mag(61) Mac(6r) Mau(62) May (62) Maw(62)
0 Rg O 0 0 Mag(61)  Les(61) Mpc(61) Mgy (62) Mgy (62) Mpw(62)
o 0 0 Rce 0 0 0 L Mac(61) Mspc(61)  Lee(61) Mcu(62) Mcy(62) Mcw (62)
00 0 Rg 0 O T | Mau(62) Mpu(B2) Mcu(f2)  Luu(6a—61)  Muyv(6—61) Muyw(62—6y)
0 0 0 0 Ry O Mav(02) Mgpy(02) Mcv(62) Muyv(02—61) Lyv(62—61) Mvw(92 61)
0 0 0 0 0 Rw Maw(62) Mpw(62) Mcw(62) Muw(02 —61) Myw(62—61) Lww(62—61)
M, M, Ly L, L3 Ly Ls Le Ly L7 Ly Liz L
L' = [M3 MJ M= |Ly Lo Lg| My=|L; Lg Ly| Mz = |Ls Lg Lyy| Mi = |Lis Lus ]
Ly Ly Ly Lo Ln L L¢ Ly Ly Li7 Lig 5)
Ly = Lig = 2L(6;)sin 26
Ll _ L:j: 2L(€(1;)sin(2911— z) Lo = 2L(64) sin(26; + %) — 2L(6) sin(20, — &)
Ly = Lo = 2L(6;)sin(26; + 2) Lig = 2L(6,) sin(261 — 3 L) —2L(6,) sin 26,
Ly = —2L(61)sin20; — 2L(6,) sin 26, Luy = 2L(81) sin(26; — 5F) — 2L(6y) sin(262 + )

Ls = 2L (1) sin20 — 2L(6) sin (26, + ZF)

Le = 2L(6) sin20 — 2L(6,) sin(26, — &)

Ly = 2L(61)sin(26; + &) —2L(6,)sin26,

Lg = 2L(61)sin(26; + ) — 2L(6,) sin(26, + &)

Lyp = 2L(6;) sin(26; — &) — 2L(6,) sin(26, — &F)
Li3 = L1g = 2L(6, — 61) sin2(6, — 6;)

Lig = Lyy = 2L(6; — 6;) sin(26, — 26, + 2“)

Lis = Lyg = 2L(6; — 01) sin(26, — 26; — 2%)

in which wq, w; is the electric angular velocity of the outer rotor and inner rotor, and ix” is the derivative

of ix.

The electromagnetic torque is the partial derivative of magnetic co-energy to the rotor mechanical
angle; then, the torque representation of outer rotor (T,r) and inner rotor (Tj,) can be obtained in
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Equation (6) based on the virtual displacement method. Here, P, is the pole-pair number of CSPM
motor, T1 and T3 is the electromagnetic torque produced by stator on the outer rotor and inner rotor,
respectively. The electromagnetic torque generated by the outer rotor on the outer rotor or produced
by the outer rotor on the inner rotor is identical, which is expressed by T5.

IW oW
Too=Th -T2 = Pn(Wll - m)

= pn(ls-My-IsT = Li-My- ") — po-ma [sin 6y sin(61 — &) sin(6; + %) ] LT
+Pn Pm2 [sin(91 — 92) Sil’l(91 — 0, — ZTT[) sin(01 — 6, + 2?71) ]IirT 6)
Ty = T3+ T2 = pa(%52 + 550 25) = Pulls-Ms Iy + Li- My ")

—Pn Pm2 [sin(@l — 92) Sil"l(91 — 0y — %T) sin(91 — 6, + 2771) ]IirT

in which
Is = [ia ip ic] Ly = [iy iy iw] (7)

From Equation (6), it can be seen that the torque of outer rotor is related to the current, inductance,
and mutual inductance in stator winding and inner rotor winding, flux linkage of permanent magnet,
while the torque of inner rotor is involved in the inner rotor current, mutual inductance between
the two sets of windings, mutual inductance between stator winding, and inner rotor winding, flux
linkage of permanent magnet. The inductance and mutual inductance in stator winding and inner
rotor winding are changed with two rotor’s position, and will also be changed when the magnetic field
is saturated, which causes the torque ripples of the two rotors [14,15]. The current of stator winding
and inner rotor winding can also affect the torque ripple. This is because the three-phase current in
the two sets windings will produce a rotating magnetic field with three speeds in the outer and inner
air-gap, since the magnetic circuit of outer rotor is asymmetrical. If the frequency of stator current is f5,
it will generate a magnetic field with the speeds 11, (1 — s1) n7, and (1 — 2s1) ny; 51 is the transfer rate in
SM, while in DRM, the frequency of inner rotor current is f;,, which also produces three magnetic fields
in the inner air-gap, i.e., 113, (1 — sp) 112, and (1 — 2sp) 1; s is the transfer rate in DRM. The magnetic
field with different speed interactions with each other will result in the torque ripple. These aspects
are analyzed in the next part to add the output torque and decrease the torque ripple of CSPM motor.

When CSPM motor operates in the load condition, the flux linkage produced by the stator
winding and inner rotor winding current interacts with the flux linkage of inner and outer permanent
magnets, then generates the electromagnetic torque on the outer rotor. The electromagnetic torque
and load demand torque interact with each other to keep the outer rotor running smoothly. Therefore,
the matching between the two currents and permanent magnet size will also affect the output
torque performance.

4. Analysis and Optimization of CSPM Motor Based on FEM

This section studies the torque properties of CSPM motor by optimizing the design of the
electromagnetic parameters. The total output torque of CSPM motor is the sum of output torque of SM
and DRM, so their torque properties are studied separately.

The analyzed variables used to investigate the torque capabilities are as follows:

(1) The variation range of air-gap length is between 0.35 mm and 0.75 mm, and the variable step is
0.05 mm;

(2) The variation range of core length is 85 mm to 120 mm, and the variation step is 5 mm;

(3) The current frequency of two sets winding changes from 112 Hz to 161 Hz, and the variable
step is 5 Hz. The current of stator winding and inner rotor winding is between 150 A and 180 A,
and the change step is 10 A.

(4) The variation of the polar arc coefficient for permanent magnet is 0.5-0.9, and the step length is
0.05. The current change rule of stator winding and inner rotor winding is as (3);
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(5) The thickness of permanent magnet varies in the range of 3.5-5.5 mm, and the step length is
0.25 mm. The current also changes as (3);
(6) The skewing-slot angle changes from 1 degree to 15 degrees, and the variable step is 1 degree.

(7)  The percentage of torque ripple (T}jpp1e) is defined as follows:

ipple

Tmax — T.
Tripple = M-loo% (8)
avg
in which Thax is the maximum of output torque in CSPM motor, and Tavg is the average of
output torque.

The detailed analysis process and results are displayed as follows.

4.1. Air-Gap Length

The air-gap length influences the air-gap harmonic content, and also affects the performance,
reliability, processing difficulty, and cost of CSPM motor [16]. Figure 4 shows the curves of average
torque and torque ripple percentage of SM and DRM. The curve of DRM corresponds to the length of
inner air-gap, and that of SM relates to the length of outer air-gap.
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Figure 4. Average torque and torque ripple curve of stator machine (SM) and double-rotor machine
(DRM) with different air-gap length: (a) Average torque; (b) Torque ripple.

0.5 0.6
Air-gap length(mm)

In Figure 4a, it can be seen that with the increasing of air-gap length, the average torques of
DRM and SM are basically stable. The average torque of DRM is about —26 Nm, and that of SM is
around 175 Nm. Positive and negative sign represents the fact that the SM and DRM are working in
different states, i.e., electric state or power generation state, while in Figure 4b, the torque ripple degree
of the two machines decreases seriously with the increase of air-gap length, then tends to be stable.
The torque ripple of DRM decreases obviously with the increase of air gap length when the inner
air-gap length is 0.35 mm-0.5 mm. When the length exceeds 0.5 mm, the fluctuation range is small.
The reason is that the smaller air-gap length reduces the installation coaxial degree of CSPM motor,
increasing the vibration and noise during operation. For SM, the torque ripple decreases rapidly when
the range of outer air-gap length is 0.35 mm-0.65 mm, then changes steadily. Therefore, the torque
ripple can be significantly reduced via optimizing the air-gap length, and has small impact on the
output torque.

4.2. Core Length

The core length of CSPM motor affects its electromagnetic load. The average torque and torque
ripple percentages of SM and DRM with different core lengths are shown in Figure 5.

Figure 5 shows that, the longer the core is, the larger the average torque is, and the greater the
torque ripple is. This is because the raise of core length increases the magnetic flux variation in the
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two windings, which adds the magnetic co-energy and then increases the average torque of the two
machines. The longer core length will also increase the edge flux, which raises the radial magnetic
force and the torque ripple. In actual design, the core can be lengthened properly to increase the output
torque of CSPM motor. Nevertheless, this method also increases the torque ripple seriously, and the
material amount and processing cost will also increase.
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3 14 |
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Core length(mm) Core length(mm)
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Figure 5. Average torque and torque ripple curves of SM and DRM with different core lengths: (a) SM;
(b) DRM.

4.3. Different Winding Current Frequency

Figure 6a shows the average torque of SM at different stator winding current frequencies,
and Figure 6b shows DRM at different inner rotor winding current frequencies. One can find that
the average torque of the two machines increases with the increasing of current frequency when the
current remains constant. This is because the increasing of current frequency reduces the magnetic
flux, which decreases the magnetic coupling degree in SM and DRM. Also, it can be found that, under
the same current frequency, the average torque of them increases with the current. However, when the
current increases to a certain degree, the torque has a declining trend. In Figure 6a, it can be seen that
the average torque of SM when the stator current is 180 A is smaller than the value with the current is
170 A, after the current frequency is more than 140 Hz, while Figure 6b also features a similar situation.
This is because the larger current has increased the magnetic field’s saturation degree. When the
magnetic field is oversaturated, the magnetic flux lines flowing in the SM and DRM interfere with each
other, which weakens the intensity of the air-gap magnetic field, reducing the torque output capacity.
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Figure 6. Variation of average torque curve in SM and DRM with winding current frequency: (a) SM;
(b) DRM.
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The torque ripple produced by SM and DRM at different currents and current frequencies is
given in Figure 7. It can be known that the torque ripple reductions are correlated with the current
frequency adds under the same current. When the current in the two sets of winding is 170 A and 180 A,
respectively, the torque declines slower than the currents 150 A and 160 A. This is because the adding
of the current causes the magnetic field to reach a saturation state more easily; then, the magnetic
circuit parameters will be changed, which impacts the working stability.
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Figure 7. Variation of torque ripple in SM and DRM with winding current frequency: (a) SM; (b) DRM.

4.4. Matching between Permanent Magnet Size and Winding Currents

In order to reduce the magnetic field coupling degree between SM and DRM, as well as the
size of CSPM motor, the magnetization direction of permanent magnets on both sides of the outer
rotor is in the radial direction. The structural dimensions of permanent magnet include axial length,
circumferential width, and magnetizing direction thickness. The axial length of permanent magnet is
usually the same as the length of the core. This section improves the performance of CSPM motor by
optimizing the matching relationship between the two winding currents and the width, the thickness
of the permanent magnets.

The pole arc coefficient of the permanent magnet is the ratio of the width to pole distance,
which affects the magnetic flux per pole, air-gap flux density, the corresponding position between
stator slot and outer permanent magnets, and the corresponding position between inner rotor slot and
inner permanent magnets. The influence of permanent magnet’s width on the torque characteristics
can be studied by changing the pole arc coefficient of it. Figure 8 is the effect of permanent magnet
pole arc coefficient on the average torque. Figure 8a shows the stator winding current, and Figure 8b
shows the inner rotor winding current.
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Figure 8. Variation of average torque in SM and DRM with permanent magnet pole arc coefficient:
(a) SM; (b) DRM.
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As can be seen in Figure 8, the average torque of SM and DRM continually increased with the rise
of permanent magnet pole arc coefficient. The main cause is that the increase of pole arc coefficient
adds the magnetic flux produced by the permanent magnet, so the total magnetic flux flowing in the
SM and DRM also increases. Although the number of stator and inner rotor winding turns is constant,
the flux linkage in the two machines also increases, which results in the output torque increasing.
The average torque of the two machines also increases with the larger current under the same polar
arc coefficient.

The relationship between the torque ripple and the polar arc coefficient is shown in Figure 9.
It can be observed that the pole arc coefficient of permanent magnet has great influence on the torque
ripple. With the increase of pole arc coefficient, the torque ripple of SM and DRM decreases first, then
increases, decreases, and, lastly, increases. The torque ripple of SM obtains the minimum when the
polar arc coefficient is 0.6 and 0.8, while the DRM obtains the minimum at 0.6 and 0.75. Under the
same polar arc coefficient, the torque ripple of SM will increase with the addition of the stator winding
current, and that of the DRM will also increase with the increase of the inner rotor winding current.
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(a) (b)
Figure 9. Variation of torque ripple in SM and DRM with permanent magnet pole arc coefficient:

(a) SM; (b) DRM.

The thickness of the two layers permanent magnet is related to the electrical load, efficiency,
and the back EMF waveform of CSPM motor. Figure 10 gives the average torque of SM and DRM with
different thicknesses of permanent magnets.
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Figure 10. Relationship of average torque between SM, DRM, and permanent magnet thickness: (a) SM;
(b) DRM.

As seen in Figure 10, the average torque also increases with the larger permanent magnet’s
thickness. However, the effect of permanent magnet’s thickness on the torque value is smaller than
that of the width. The increase of the two current excitations also increases the output torque. Figure 11
is the relationship of torque ripple between SM, DRM, and permanent magnet thickness.
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Figure 11. Relationship of torque ripple between SM, DRM, and permanent magnet thickness: (a) SM;
(b) DRM.

From Figure 11, it can be seen that with the increase of the permanent magnet’s thickness,
the torque ripple of SM and DRM shows the similar tendency. The increase of the current will increase
the torque ripple under the same permanent magnet thickness. The torque ripple increases with the
thickness under the same current. This is because the raise of flux produced by the two excitation
sources makes the magnetic circuit easy to saturate, then aggravates the output torque fluctuation.
When the thickness of SM and DRM is less than 5 mm and 4.75 mm, the torque ripple raises slowly
and then increases significantly. The output torque of CSPM motor can be increased by increasing the

thickness of permanent magnet properly, but the stability of the torque output will become worse if
the thickness is too large.

4.5. Skewed Slots

The skewing-slot of stator and inner rotor core can weaken the tooth harmonic potential, optimize
the back EMF waveform, and output torque waveform [17,18]. The average torque and torque ripple
percentages of SM and DRM with different skewing angles are shown in Figure 12. The skewing angle

of stator affects the torque properties of SM, and the skewing angle of inner rotor affects the torque
properties of DRM.
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Figure 12. Average torque and torque ripple curve of DRM and SM with different skewing angles:
(a) Average torque; (b) Torque ripple.

From Figure 12a, it can be seen that the increasing of skewed slot will slightly weaken the output
torque. The torque average in SM drops from 100 Nm to 80 Nm within the range of skewing angle.
The changing trend of torque in DRM is slightly reduced and then increased, and 7 degrees is the
turning point. However, the skewed slot has a good effect on reducing the torque ripple. Figure 12b
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shows that the torque ripple of SM and DRM decreases observably with the increasing skewing angle
in stator and inner rotor, but the specific changes are different. The torque ripple percentage of SM
continuous declines from 37.3% to 8.6% and achieves the minimum when the skewing angles are
15 degrees. The change curve of torque ripple in DRM is “V” type, and reaches its lowest point
when the skewing angles is 7 degrees. The reason is that when the skewing angles of stator and
inner rotor are 15 degrees and 7 degrees, respectively, the first order tooth harmonic magnetic field
in the two machines can be effectively weakened; then, the air-gap harmonic magnetic field also be
decreased. The skewed slot of the stator and inner rotor changes the conductor distribution in the
magnetic field. It causes the induced voltage and radial force of every conductor to have a spatial
phase difference along the axial direction. Thus, the effective part of the magnetic field will be reduced;
then, the coupling action in the SM and DRM will be weakened.

5. Performance Comparison before and after Optimization

According to the above electromagnetic parameters optimization design, the design parameters
of CSPM motor are given in Table 1.

Table 1. Design parameters of CSPM motor.

Design Parameters DRM SM
Rated power (kW) 15 30
Rated speed (rpm) 5000 2200
Number of phase 3 3
Number of slot 24 48
A ) h (mm) before 0.4 before 0.4
ir-gap length (mm
gap eng after 0.5 after 0.65
before 105 before 105
Iron core length (mm)
after 90 after 90
before 200 before 200
Rated current (A)
after 160 after 160
before 120 before 120
Current frequency (Hz)
after 140 after 140
before 0.7 before 0.7
Pole arc coefficient of permanent magnet
after 0.75 after 0.8
before 55 before 55
Thickness of permanent magnet
after 4 after 4
before 0 before
Skewing-slot (degree)
after 7 after 15
Inner diameter of inner rotor (mm) 60
Outer diameter of inner rotor (mm) 99
Inner diameter of outer rotor (mm) 100
before 115
Outer diameter of outer rotor (mm)
after 122
before 126.8
Inner diameter of stator (mm)
after 131.3
before 185

Outer diameter of stator (mm)
after 181
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The FEM model of CSPM motor is established based on the selected parameters, as shown in
Figure 13.

Stator Stator winding

Outer air-gap Inner air-gap

Permanent magnet
Outer rotor

Inner rotor Inner rotor winding

Figure 13. FEM model of CSPM Motor.

In order to reduce the FEM calculation time, the 1/8 FEM model of CSPM motor is adopted
for analyses due to its symmetrical structure [19,20]. The electromagnetic performances of CSPM
motor before and after optimization are compared using the 1/8 FEM model based on FEM, and the
simulation results, which include the field distribution, induced voltage, flux linkage, and output
torque, are given as follows.

5.1. Field Distribution

The magnetic flux density distribution of CSPM motor at rated load is shown in Figure 14.
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1, 6920E-081
2. 3B86E-DAS

Figure 14. Magnetic density distribution of CSPM motor at rated load.

As can be seen from Figure 14, the larger magnetic flux density appears in the stator tooth, part of
the stator yoke, and the inner rotor tooth, which is about 2 T. The magnetic flux density in most part of
the stator yoke, inner rotor yoke, and outer rotor yoke is about 1.69 T, while the lowest magnetic flux
density arises in the stator slot and inner rotor slot, which can not only increase the power density of
CSPM motor, but also greatly reduce the iron consumption at high speed. The heat dissipation of inner
rotor is more difficult, for it is located in the innermost part of CSPM motor. The lower magnetic flux
density will also improve the heat dissipation performance of DRM, thus improving the insulation
reliability. At this time, the unsaturated magnetic field reduces the mutual coupling between SM and
DRM, which strengthens the working stability and control accuracy of this transmission.



Energies 2018, 11, 2156 16 of 19

5.2. Induced Voltage before and after Optimization

The back EMF waveforms in the stator and inner rotor windings before and after the optimization
are compared in Figure 15.

After

00
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=]

-50

. Induced voltage in SM (V)
o
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Tirr?éJ (ms)

8_. 12
Time (ms)

(a) (b)

Figure 15. Induced voltage of stator windings and inner rotor windings: (a) Stator windings; (b) Inner
rotor windings.

It can be seen from Figure 15 that before the optimization design of electromagnetic parameters,
the back EMF waveforms in the three phase windings (ABC) and inner rotor three phase winding
(UVW) are flat-topped, which are seriously distortion. After the above parameter optimization, the back
EMF waveform of the stator windings and inner rotor windings had a better sine character. The back
EMF with good sinusoidal degree can improve the control accuracy of the whole vehicle system and
reduce the loss and torque ripple. The amplitudes of the two windings also increase compared with the
former. The peak-peak value of back EMF in the stator windings before optimization is about 242.5 V,
which then changes into 270.8 V after optimization. In the inner rotor winding, the former peak-peak
value of back EMF is approximately 121.3 V, which then increases to 142.7 V. The results show that the
harmonics in the inner and outer air-gap is dominated by the fundamental content after optimization.
The better magnetic characteristics of air-gap can increase the linearity of magnetic circuit parameters
and reduce the interference between SM and DRM; then, the output torque smoothness of CSPM
motor is also improved.

Figure 16 is the flux linkage waveform of the stator and inner rotor windings after optimization.
It can be seen that the flux linkage waveforms of the two sets of windings are close to the sine wave,
and the sinusoidal degree of the stator windings is a little higher. Therefore, the best way to optimize
the flux linkage waveform and improve the magnetic field distribution of DRM should continue to
be investigated, to make the energy transmission in the CSPM motor more flexible to enhance the
working performance of it.

Flux linkage @ b)

8 Time (ms}

Figure 16. Flux linkage of stator and inner rotor windings.
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5.3. Output Torque before and after Optimization

The output torque waves of SM and DRM are shown in Figure 17. The blue curve represents the
output torque before optimization, while the red curve represents the output torque after optimization.
It can be seen that the torque ripple of CSPM motor decreases significantly after parameters
optimization, and the output torque is increased compared with the former. Before optimization,
the average output torque for SM and DRM was 168.4 Nm and —19.6 Nm, respectively.
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30
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L. n 1 n 1 n 1 n 1
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Figure 17. Output torque comparison of SM and DRM before and after optimization.

The torque ripples of SM and DRM are 14.7% and 55.3%, respectively, while after optimization,
the average output torque for SM is about 196.2 Nm with a torque ripple of 2.5%, and that of the DRM
is about —31.8 Nm with a torque ripple of 3%. The result from FEM shows good output torque of
CSPM motor. Smooth output torque can improve the control accuracy and the reliability of the system,
which are better suited to be used in HEVs.

6. Conclusions

As an electromechanical energy conversion device in the hybrid power system, the CSPM motor
can realize the different energy flows in HEVs and then transfer the torque to drive the vehicle.
The energy transmission depends on the electromagnetic field coupling effect between the two
machines, i.e., SM and DRM. The electromagnetic parameters of CSPM motor will become nonlinear
when the magnetic field becomes supersaturated, which will affect the work performance of the
machine. This paper is designed to raise the output torque and reduce the torque ripple of CSPM
motor used for HEVs. The system configuration, working mode, and state equation of CSPM motor are
described, separately. The electromagnetic parameters are analyzed and optimized, and appropriate
design parameters are received. Then, the performances of CSPM motor before and after optimization
are contrasted to demonstrate better working stability. The crux findings of the electromagnetic
parameters selection for CSPM motor during the investigation are distilled as follows.

(1) By increasing the air-gap length properly, the torque ripple will be reduced, and there is little
impact on the output torque value;

(2) The longer core should be chosen to add the average torque of the CSPM motor. However, this
method also increases the torque ripple;

(3) The average torque increases with the increase of current frequency under the same current;
it also increases with the current under the same current frequency. However, the torque will
decrease when the current increases to a certain degree. The torque ripple decreases with the
increase of current frequency;
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(4) Choosing a larger pole arc coefficient and thickness of permanent magnet will add the average
torque. The pole arc coefficient has a great influence on the torque ripple, and the increasing
speed of torque ripple gradually increases with the thickness when the current unchanged.

(5) The increase of skewing angle decreases the torque ripple of the CSPM motor observably, and the
output torque decreases a little.
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