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Design and Control of a New Compound
Double-Rotor Electric Machine for Hybrid
Propulsion System

Hang Zhao
Zaixin Song

Abstract—In this article, a new compound consequent-pole
double-rotor electric machine (CCPDRM) is proposed for hybrid
propulsion system application. First, the operating principle and
harmonic components in CCPDRMs are elucidated. The winding
factor theory for conventional permanent magnet (PM) electric
machines is further extended and applied in CCPDRMs. Then,
this improved theory is adopted to investigate the structure and
winding scheme requirement of the proposed CCPDRMs. In addi-
tion, the control strategy for the proposed CCPDRM is established.
By utilizing a parameter sweep method, the variation trends of
CCPDRMSs’ torque density with respect to various geometrical
parameters are revealed. Based on this, the structure of CCPDRMs
is optimized to acquire a better electromagnetic performance. Next,
the proposed CCPDRM is compared with a conventional com-
pound bipolar double-rotor electric machine (CBDRM). It is found
that the improved topology has a similar torque density but a much
higher PM utilization factor and a lower PM demagnetization risk
when compared with the CBDRM. Finally, a prototype is man-
ufactured and tested in different operating modes. Furthermore,
various mode-switching processes are performed to emulate the
practical driving cycle of hybrid transportation. Both steady-state
and dynamic mode-switching experimental results prove the effec-
tiveness of CCPDRMs.

Index Terms—Consequent pole, hybrid propulsion, mode
switching, permanent magnet (PM) machine, utilization factor,
winding scheme.

1. INTRODUCTION

YBRID propulsion systems (HPSs) inherit the advan-
tages of both electric propulsion systems and chemical

Manuscript received May 5, 2021; revised July 23, 2021; accepted September
5, 2021. Date of publication September 10, 2021; date of current version
November 30, 2021. This work was supported in part by the Natural Science
Foundation of China, China under Grants 52077186 and 51677159, in part by
the Shenzhen-Hong Kong Innovation Circle Category D Project the Science
Technology and Innovation Committee of Shenzhen Municipality, China under
Grant SGDX2019081623101559, and in part by the Innovation and Technol-
ogy Commission, Hong Kong under Project ITP/027/19AP. Recommended for
publication by Associate Editor D.-C. Lee. (Corresponding author: Chunhua
Liu.)

The authors are with the School of Energy and Environment, City Univer-
sity of Hong Kong, Hong Kong 999077, China, and also with the Shenzhen
Research Institute, City University of Hong Kong, Shenzhen 518057, China
(e-mail: zhao.hang@my.cityu.edu.hk; chualiu@eee.hku.hk; zaixin.song@my.
cityu.edu.hk; senyiliu2-c @my.cityu.edu.hk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2021.3111815.

Digital Object Identifier 10.1109/TPEL.2021.3111815

, Student Member, IEEE, Chunhua Liu
, Student Member, IEEE, and Senyi Liu

, Senior Member, IEEE,
, Student Member, IEEE

propulsion systems, so they produce less exhaust, have a better
cursing capability, and are of a higher efficiency [1]. Up to now,
HPSs have been successfully adopted in commercial vehicles.
Although there is a trend that the automotive industry is moving
toward pure electric vehicles, HPSs still have advantages when
applied in heavy-duty trucks [2]. Furthermore, the HPSs have
the potential to be applied in various transportations, such as
aircraft and ships. Generally speaking, the service life of ships
can reach up to 70 years. Due to the high manufacturing cost
and long service life, it is not realistic to build a brand-new
full-electric ship in some circumstances. A more feasible method
is to modify the fuel-driven ship into a hybrid electric one [3], [4].
The hybrid-electric aircraft has its own benefit compared to pure
electric aircraft since the aviation fuel has a much larger energy
density compared to existing batteries. For aircraft that cannot
be charged in the air, it is more feasible to adopt hybrid-electric
structure at the current stage [5], [6]. Additionally, HPSs can be
further divided into series hybrid and parallel hybrid topologies
[7]. The parallel hybrid one is the emphasis of this article due to
its high systematic efficiency.

The crucial component within an HPS is the continuously
variable transmission (CVT), which can realize energy conver-
sion between the internal combustion engine (ICE), batteries,
and axle. The mechanical power on the axle is then utilized to
drive the transportation. Among various CVTs, the electronic
CVT, namely eCVT, is the most promising one, where clutches
are eliminated. Fig. 1 shows the development of eCVTs, where
the eCVT in the Toyota Prius is taken as an example. The Prius’
eCVT is composed of two electric machines and one planetary
gear, with the planetary gear serving as a power split device
[8]. Recently, it has been found that magnetic-geared machines
(MGMs) have the potential to replace the planetary gear in
the HPS [9]. Since MGMs utilize the field-modulation effect
to transmit torque and power, both the loss and vibration can
be greatly reduced. Thus, the eCVT could be replaced by an
MGM and a traction motor, where the traction motor is adopted
to regulate the output electromagnetic torque [10]. In fact, it is
proven in [11] that the MGM has a similar operating principle
to a planetary gear. Later, scholars have gone a step further:
some compound double-rotor electric machines (CDRMs) are
proposed, in which the MGM and traction motor can be artfully
integrated into one structure [12]-[14]. In these CDRMs, per-
manent magnets (PMs) are inserted into the modulator slots to
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Fig. 1. Evolution of the eCVT.

serve as another magnetic source, and a corresponding set of
windings are added on the stator to interact with this magnetic
source to generate a steady torque [15], which plays the same
role as a traction motor. Additionally, CDRMs can also serve as
a generator to charge the batteries in the regenerative braking
stage. Therefore, CDRMs are more compact, and they can be
regarded as the combination of the planetary gear, traction motor,
and generator in the HPS, as illustrated in Fig. 1.

A CDRM topology with integrated windings is proposed in
[16]. However, only a sinusoidal pulsewidth modulation strategy
is available at the current stage, and this control method reduces
the voltage utilization ratio. Additionally, the insulation level
of wires needs to be improved due to the rise of voltage in
this scheme. A better choice is to decouple the two sets of
windings within CDRMs, so a superior operating performance
can be reached. To this end, a new compound consequent-
pole double-rotor electric machine (CCPDRM) is proposed to
replace the exiting CVT in the HPS.

The rest of this article is organized as follows. The struc-
ture requirement, operating principle, and control strategy of
CCPDRMs are deduced and established based on the extended
winding factor theory in Section II. In Section III, the improved
CCPDRM is optimized by adopting a parameter sweep method.
Then, the electromagnetic performances of the CCPDRM are
evaluated and compared with its counterpart, namely the com-
pound bipolar double-rotor electric machine (CBDRM), with
respect to the torque density, PM utilization factor, and demag-
netization risk. Finally, a CCPDRM prototype is manufactured
and tested in both steady states and dynamic mode-switching
processes within an equivalent driving cycle to verify its
effectiveness.

II. OPERATING PRINCIPLE OF CCPDRMSs
A. Machine Configuration

The topology and back electromotive force (EMF) phasors of
studied CCPDRM are illustrated in Fig. 2, where the directions
of red arrows in the zoom-in view represent the magnetization
directions of PMs. The inner rotor is composed of radially
magnetized consequent-pole permanent magnets (RCPMs), and
the outer rotor is composed of circumferentially magnetized
permanent magnets (CMPMs) sandwiched by modulator pieces.
Since CCPDRMs can be regarded as the integration of two
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Fig. 2. Configuration and phasor diagrams of the CCPDRM.

electric machines, namely a PM synchronous machine (PMSM)
and an MGM, the corresponding windings of the two com-
ponents are named as synchronous and modulated windings,
respectively. There are two layers of coils placed on each slot
of the stator: the upper layer for distributed modulated windings
and the lower layer for concentrated synchronous windings. The
two sets of windings are driven by two independent three-phase
inverters. Hence, both the synchronous and modulated windings
can be regarded as single-layer winding layouts.

Based on the operating principle of PMSMs and MGMs, the
pole-pair number of synchronous and modulated windings Pgy,,
Pinoa should satisfy [17]

Psyn = Pout and Prpod = Q — P (D

where P;,, and Py, are the pole-pair numbers of the RCPMs on
the inner rotor and CMPMs on the outer rotor, respectively. Q
is the number of modulator pieces.
Additionally, the CMPMs are inserted among the intervals of
modulator pieces. Thus, its pole pair number should obey
Q

Pout = 5 (2)

Assuming the rotating speed of inner and outer rotor are 2,
and Q,,t, respectively, the current frequencies in synchronous
and modulated windings fsy,, and f,,,,q should satisfy

fsyn - oth()ut/6O and fmod = (ngut_PinQin)/ﬁo- (3)

The torque of the PMSM component is only exerted on the
outer rotor, while the torque of the MGM component is exerted
on both the inner and outer rotor. Thus, the torque expressions
of inner and outer rotor 75, and T, can be written as [18]

P
——Tod and Ty = Tsyn + Tnod (4)

T, =
Q
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where Ty, and Tpoq are the electromagnetic torque of PMSM
and MGM components on the outer rotor. Besides, if both the
synchronous and modulated windings operate simultaneously,
it is named hybrid operating mode. At this moment, the elec-
tromagnetic torque value on the outer rotor is represented by
Thybria-

B. Harmonic Component Analysis

The magnetic permeance method is adopted to classify vari-
ous harmonics in CCPDRMs into several categories [19].

The magnetic motive force (MMF) generated by the RCPMs
on the inner rotor F;, (0, f) can be written in Fourier series as

1n 0 t Z MRC 3 COS ZP)ln(wmt - 9) (5)

1=1

where wj, is the inner rotor’s rotating speed in radian, Mgrc ; is
the amplitude of ith harmonic in RCPMs’ MMF. It should be
noted that there are even-order harmonics if a # 0.5.

Similarly, the air-gap permeance caused by modulator pieces
Apoa(0,1) can be expressed in Fourier series as

Amod(0,1) = Ag + Z Amod,j €08 jQ (woutt — 0)  (6)

j=1

where w,,t is the outer rotor’s rotating speed in radian, Ay is the
amplitude of zero-order permeance, and Ay,oq ;s the amplitude
of the jth harmonic of air-gap permeance.

Since CMPMs are fixed on the outer rotor, it rotates at the
same speed as the modulator pieces. The MMF generated by
CMPMs F,+(0,t) can be written as

Fout (6,1) = Z Men i 08 1 Pout (wourt — 6)  (7)

1=1,3,5..

where Mc ,; is the amplitude of the /th harmonic in CMPMs’
MME

Thus, the radial magnetic flux density distribution on the outer
air gap B,(6,r) can then be calculated as (8) shown at the bottom
of this page.

As shown in Table I, there are three kinds of harmonics in
the outer air gap, each of which rotates at a different speed:
First, there is a kind of harmonics produced by the RCPMs
without field modulation, which are classified as the category A.
Then, a new kind of harmonics is generated when the RCPMs
harmonics are modulated by the modulator pieces, and it is
classified as category B. Finally, the CMPMs produce the third
kind of harmonics, which is classified as category C. It should
be noted that the number of modulator pieces is double the
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TABLE I
HARMONIC COMPONENTS IN OUTER AIR GAP OF CCPDRM

Harmonic Mechanical rotating o
Category order speed Description
A iF, w, RCPMs harmonics
. iP,w, + jOw,, RCPMs harmonics
B |l in — ]Q| . . modulated by
iF, £ jO modulator pieces
C IPO,A, @, CMPMs harmonics

pole-pair number of the CMPMs according to (2), so the CMPMs
harmonics modulated by the modulator pieces are naturally
contained in category C.

C. Structure Requirement Investigation

In conventional PM electric machines, the flux of one coil of
the stator windings ¢(f) and the corresponding induced EMF e(7)
are expressed, respectively, as [20]

¢(t) =
e(t) =

O cos (wyt) )

d¢

_Nturnkw,f E =

—Niurnkuw, - 2mwy P sin (wft)
(10)

where ®; is the amplitude of the fundamental flux, Ny is
the number of turns per phase, wy is the rotating speed of the
fundamental flux in electric radian, and k,, is the winding factor
of the fundamental harmonic.

The flux and EMF expressions in (9) and (10) are feasible only
when the amplitude of the fundamental harmonic is much larger
than that of others, and they must be revised for CCPDRMs,
where many harmonics exist. Because the flux for one coil in
the stator windings is the integral of the flux density over a pole
pitch area, the corresponding ¢(7) and e(t) in CCPDRMs are
expressed in Fourier series in three categories by referring to (8)

o (t) Z D, cos (wyt)
v=1

cI)CM,l COS ZPout (Woutt>

I
N

Il
—_
w
[}

(PRC,i COs Z-Pm (Woutt)

+
i

@
Il
—

HMg

Z mod,ij COS Zmem + jQwout)t (11)

B, (0,t) =

FoutAo + FinAmod = Zl:l 35 MCM.,ZAO cos I Pout (woutt -

9) + Zil MRC,iAO cosi Py, (wint — 9)

harmonics of CMPMs

DD I

7MRC i4Ymod,j COS [(iPinwin + jQwout>

harmonics of RCPMs

t = (iPin £ Q)0 ®)

harmonics of the interaction between RCPMs and modulator
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e(t)=

Nturn i kw A5 d¢l Z kw K d¢l

i=1 j=

12)

where ®cn i, Prosi, and P4, 45 are the amplitude of the /th,
ith, and |i P, + jQ th harmonic flux, respectively.

Since CCPDRMs can be regarded as the combination of an
MGM and a PMSM, we can discuss their powers and torque
compositions separately. Take the synchronous winding, for
instance, the current in stator windings is assumed as

13)

isyn (t) = dsyn sin (Poutwoutt)

where I, is the amplitude of the current in synchronous
windings. Then, the instantaneous power of the synchronous
windings psyn(?) at the moment 7 can be written as (14) shown
at the bottom of this page.

The integral of the first part in (14) equals zero for ev-
ery mechanical period due to the orthogonal characteristic of
trigonometric functions [21]. For the second part, its integral is
not zero. Hence, the second part in (14) can produce effective
torque, while the first part is related to torque ripple. For an
electric machine, we wish the effective torque to be as large as
possible while the torque ripple to be as small as possible. In
other words, the useful winding factor kg, p, . should be large
while other nonrelated winding factors should be small. Simi-
larly, the fundamental harmonic order for modulated windings
is (Q-Pin)th, namely (Pp0q)th, and its useful winding factor
Emod,(Q-p,,) should be as large as possible, while the others
should be small.

The windings actually serve as a comb filter that only specific
spatial harmonics can pass and generate EMF, while other
harmonics are attenuated [17]. The winding factor k,, can be
regarded as the transfer function of the “winding filter,” and
its value is in the range of [0, 1]. Although there are plenty of
harmonics in CCPDRMSs, nonrelated harmonics will be elim-
inated by the winding scheme as if they were not existing.
For the eliminated harmonics, their winding factor values are
zero. The harmonics generation and elimination process from
the PM sources to the stator windings are depicted in Fig. 3.
Once the nonrelated harmonics are cut down or eliminated, the
total harmonic distortion (THD) of the induced EMF can be
minimal, leading to a low torque ripple.

D. Winding Scheme Determination

To further verify the “winding filter,” winding factors of
synchronous windings and modulated windings for those main
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TABLE I
WINDING FACTORS OF MAIN HARMONICS IN CCPDRMS
Harmonic Category The winding factor for Winding factor for
order synchronous windings  modulated windings
3 B 0 0.966
10 C 0.647 0
17 A 0 0
20 C 0.442 0
23 B 0 0

harmonics existing in the outer air gap of CCPDRM are calcu-
lated by the EMF phasor method [22], [23]. The EMF phasor of
the coil side i for the nth spatial harmonic is given by

By = sign(8(i))e? 7150
where S is the winding connection vector for a single phase, and
S(i) is the ith element of vector S.

In this article, Pi, = 17, Pout = 10, QO = 20, Proa = 3,
and Py, = 10. Therefore, the winding connection vector S 4 of
phase A that belongs to the modulated windings and Sp of phase
D that belongs to the synchronous windings can be expressed as

Sa=[12-7-81314 —19 —20 25 26 31 32] (16)

15)

Sp = [1 —25—-69 —1019 —20 23 —24 27 —28] . (17
Then, the winding factor k,, for the nth harmonic is written as

7/3

The winding factors of the prominent harmonics in the CCP-
DRMs are provided in Table II. It can be observed that the
synchronous winding layout can effectively eliminate harmonics

(18)

Peyn (1) =

o0
[—277Nmm Zv:LZ 5 ot Esyn,vwo Py Isyn sin (wyt) sin (Poutwoutt)

+ [_QWNturnksymPout Poutwoutq)CMJ[syn Sin(Poutwoutt) sin (Poutwoutt)]

noneffective

(14)

effective
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Fig. 4. Control diagram of the proposed CCPDRM.

from categories A and B and modulated winding layout can
effectively eliminate the harmonics from categories A and C.
Hence, the two electric machine components within CCPDRMs
can work independently without influencing each other. In other
words, they are magnetically and electrically decoupled from
each other. Then, if the proposed CCPDRMs are further applied
in HPSs, the HPS can exhibit good performances in various
operating modes.

E. Control Strategy

Once the synchronous and modulated windings are decou-
pled, the two machine components can be controlled indepen-
dently. The control of MGM component can be equivalent to a
conventional PMSM, and the only difference is that its virtual d
axis is determined by both inner and outer rotor positions [15].
Then, as illustrated in Fig. 4, the field-oriented control strategy is
applied for both PMSM and MGM components, which magnetic
field rotating speeds can be determined by (3).

It should be noted that the outer rotor is under the force of both
PMSM and MGM components, and the force of each component
is regarded as interference from the other. Therefore, the PI
parameters of the speed and current loops of the two machine
components should be considered globally. For instance, the PI
parameters in different operating modes, such as the steady and
dynamic states, should be designed separately to reach a better
performance.

Additionally, different from single-rotor motors, the output
torque of CCPDRM is determined by the currents in the two
electric machine components. So, there can be infinite cur-
rent combinations for a given output torque value. A torque
distribution method was proposed in [24], where the current
reference values are provided via calculation. However, this
method eliminates the speed loop, which might decrease the
machine’s dynamic performance. Hence, in this article, the
speed loop is not removed. Instead, the torque distribution
between the PMSM and MGM components is realized by
setting a g-axis current amplitude limitation to one electric
machine component. And then the current of the other compo-
nent can be determined uniquely. Thus, the torque and power
distribution in different proportions between the PMSM and
MGM components can be realized in dynamic and steady
states.
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Fig. 5.

Geometrical parameters in CCPDRMs to be determined.

III. GEOMETRICAL PARAMETERS DETERMINATION

There are two significant indexes for propulsion motors,
namely the volumetric torque density and PM volumetric torque
density. Since the proposed CCPDRMs are the synthesis of two
separate motor components, we should consider the two indexes
for the two motor components simultaneously concerning the
variations of geometrical parameters in CCPDRMs.

Since the size of the CCPDRM is predetermined at the initial
stage, the variation trends of output torque 7y, and Ty, in
the PMSM and MGM components are used to represent the
corresponding volumetric torque density. As for PM volumetric
torque density, they are defined as

Tsyn
Vempum

Tmod
Vrepm
where 74y, and Ty0q are the PM volumetric torque density
for PMSM and MGM components, respectively. Voypn and
Vrepum are the volume of CMPMs on the inner rotor and the
volume of RCPMs on the outer rotor, respectively.

The main geometrical parameters in the CCPDRM are illus-
trated in Fig. 5. There are more than ten variables in the topology,
and the magnetic flux density distribution is complicated due
to the existence of two different PM sources. For the time-
saving purpose, these variables are optimized to acquire a large
torque density with respect to the total volume and PM volume
subsequently by adopting a parameter sweep method in the
finite-element analysis (FEA) software. Within the CCODRM,
some parameters are highly related with respect to the torque of
modulated and synchronous windings. The design obtained by
using single-variable parameterization may not be the optimal
one [25], and the highly related parameters should participate
in the process of parameter sweep simultaneously. To this end,
two variables are selected for a combined parameter sweep study
with respect to the CCPDRM.

Toyn = and Tyoq = (19)

A. Inner and Outer Rotor Radius Optimization

The amplitude of the output torque of a motor has a linear
relation with the square of the air-gap radius. Besides, the air-gap
radius further affects the stator winding area and the number of
turns of coils. Therefore, the radii of the inner and outer air gap in
the CCPDRM should be settled down at the first stage. The inner
rotor’s outer radius R;,, and the thickness of outer rotor H,, are
used as the independent variables to represent the variations of
inner and outer air-gap radii. The variations between volumetric
torque density, PM volumetric torque density, and Rj,,, Hoy are
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depicted in Fig. 6. It can be observed that the general variation
trends of 74y, and 7,04 are in coincidence with that of Ty,
and T'y,04, except for the boundary regions due to local magnetic
saturation. What is more, the variation trend of 7yy,q and Ty, are
in opposition to each other. In other words, one cannot maximize
Tinod and Tgyy, simultaneously, and a tradeoff must be made. To
this end, the values of R;, and H,, are selected as 50.5 and
13.0 mm, respectively, for further optimization.

B. Outer Rotor Parameter Optimization

The modulator pieces serve as the flux paths for both MGM
and PMSM components. Inspired by [26], a slant angle /3 is
assigned to the CMPMs on the outer rotor during optimiza-
tion. Since the CMPMs and modulator pieces are geometrically
complementary, the arc ratio of modulator pieces a can affect
the torque density of both MGM and PMSM components. The
variation relations between torque density, PM torque density,
and a, (3 are depicted in Fig. 7. It can be seen that for torque and
PM utilization factor of the MGM component, their maximum
values occur when « equals 0.5, which means that the arc angle
of modulator pieces and CMPMs are divided equally. The torque
of the PMSM component decreases rapidly with the increase of
«, although its PM utilization factor increases at the same time.
To take account of the value of Ty, we select the values of «
and (3 as 0.40° and 15.0° in this article.

C. Inner Rotor Parameter Optimization

Similar to the trapezoidal shape of the CMPMs, a slant angle
0 is also assigned to the RCPMs on the inner rotor during
optimization. Additionally, the thickness of CMPMs Hp) is also
taken into account during optimization. The variation relations
between torque density, PM torque density, and §, Hpy; are
depicted in Fig. 8. It can be observed that for the value of
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Hpyr below 8 mm, with the increase of J, the torque of the
MGM component increases. However, its PM torque density
decreases rapidly as Hpyy increases. As for the torque of the
PMSM component, its value varies a little with the change of §
and Hpyr since the inner rotor has little influence on the PMSM
component’s flux path. Therefore, the values of § and Hpy; are
selected as 15.0° and 5.5 mm in this article.

D. Stator Parameter Optimization

For fractional-slot PMSM, the open-slot structure may cause
a high-frequency magnetic field component, increasing the loss
[27]. There are naturally two kinds of harmonics within CCP-
DRMs, so the influence of slot opening width on the performance
of CCPDRMs needs to be studied in detail. Fig. 9(a) illustrates
the variation trends of Tgyn, Tmod, and the total loss (including
iron loss, copper loss, and PM eddy current loss) with respect to
the slot opening width. With the increase of slot opening, Tsyn,
Tmod firstincrease, then decrease, and the total loss decreases. If
the open-slot structure is adopted, not only the slot filling area for
wires further increases, a pre-forming of the stator coils, which
simplifies the assembly process, can also be possible. Therefore,
an open-slot structure is adopted for the proposed CCPDRMs.

For the stator yoke thickness Hyqye and the stator tooth width
Wiooth Optimization, the total PM volume does not change, so
only the volumetric torque density Ty, and Ty,,q are considered.
Fig. 9(b) illustrates the variation relations between Tsyrn, Tmod,
and Hyoie, Wiootn- It can be seen that with the increase of Wiootn,
both Ty, Trmod decrease due to the reduction of turns of coils.
However, with the increase of Hyoke, Tsyn and Thy,q increase first
and decrease later, which is caused by severe magnetic saturation
in the stator back yoke region. To maximize the output torque,
we choose the values of Hyoke and Wit as 8.5 and 5.5 mm in
this article.
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TABLE III
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120
OPTIMIZED PARAMETERS OF THE CCPDRM AND CBDRM % 80 —Croru
%100 Z 40
Symbol  CBDRM __ CCPDRM 2o 2,
Stator outer radius/mm Ry 110.0 £ 2
Axial length/mm L 100.0 100 30
Iron bridge thickness/mm Hy,; 2.0 200 r
Inner rotor outer radius/mm Rin 521 505 0 60 120 180 240 300 360 0 60 120 . 180 240 300 360
Outer rotor thickness/mm H,., 14.7 13.0 Electric angle/degree Etectric angle/degree
Arc ratio of modulator piece a 4.0x10°! 4.1x10™ (@ (C)
Slant angle of CMPMs/degree p 14.7 15.0
Inner rotor PMs thickness/mm Hpy 5.0 5.5 Fig. 11. Back EMF waveforms of the CBDRM and CCPDRM. (a) Syn-
Stator tooth width/mm Wioom 5.8 5.5 chronous windings. (b) Modulated windings.
Stator back iron thickness/mm Hyore 8.3 8.5
Number of turns in Ny 21 23 TABLE IV
synchronous windings
Number of turns in Nood ON-LOAD PERFORMANCE COMPARISONS BETWEEN CCPDRM AND CBDRM
modulated windings 21 2
Current density/A-mm™ D 5.0 Items CBDRM CCPDRM
Tyw/Nm 33.1 304
CCRDRV =-CCPORM Toa/ NM 37.8 46.3
1.5 T Tybria/ Nm 70.6 73.8
el 7y/Nm-L! 176.5 181.1
E 05 Tyod/NM-L! 247.5 480.0
g 0 Total PM amount/L 3.4x10-1 2.6x10-1
= Tron loss/W 453.2 389.3
2 0.5 PM eddy current loss/W 35.7 23.9
-1 Copper loss/W 554.7 607.5
s ! Efficiency/% 91.4 91.9
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Mechanical angle/degree
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Fig. 10. Radial component magnetic flux density of the outer air gap on no-
load condition for the CBDRM and CCPDRM. (a) Radial component magnetic
flux density distribution. (b) Corresponding FFT distribution.

IV. PERFORMANCE COMPARISON AND EVALUATION

To further reveal the improvement of the PM utilization factor
of the proposed CCPDRMs over CBDRMs, the electromagnetic
performances of these two types of machines are compared. Both
two machines are optimized independently, and the correspond-
ing optimized geometrical parameters are listed in Table III.
It should be noted that for a fair comparison purpose, the
size, air-gap length, and filling factor of the two machines are
set equal. Additionally, the silicon steel material SOWW250 is
adopted for both machines.

A. No-Load Performance

The radial-component magnetic flux density on the outer
air gap at the no-load condition and the corresponding fast
Fourier transform (FFT) spectrum for both the CCPDRM and
CBDRM are depicted in Fig. 10. The working harmonics for
the synchronous windings are 10th and 26th, while the working
harmonics for the modulated windings are 3rd. It should be noted
that the 26th harmonic is generated by the interaction between
the outer rotor’s CMPMs and the stator teeth. Additionally, the

harmonic amplitude of the inner rotor’s RCPMs is relatively
small on the outer air gap. It proves that the modulator pieces are
magnetically saturated. Comparing the corresponding harmonic
amplitudes between CCPDRM and CBDRM, the amplitudes
of synchronous winding harmonics in the CBDRM are more
significant than that of the CCPDRM due to its thicker outer rotor
structure. In contrast, the amplitudes of modulated windings’
harmonics in the CBDRM are smaller than that of the CCPDRM.

The back EMF waveforms of the PMSM and MGM com-
ponents in CCPDRM and CBDRM are depicted in Fig. 11. It
can be observed that for both the CCPDRM and CBDRM, the
THDs of their back EMFs are small, proving that the PMSM
and MGM components can work independently. Additionally,
the modulated windings’ back EMF of the CCPDRM has an even
smaller THD than that of the CBDRM due to the higher degrees
of freedom concerning inner rotor PMs geometrical parameter
optimization.

B. On-Load Performance

The on-load rated electromagnetic performance data for both
the CBDRM and CCPDRM are provided in Table IV. For the
MGM component, the PM volumetric torque density of CCP-
DRM is 1.94 times of that of the CBDRM; as for the PMSM
component, the corresponding PM volumetric torque density
of the two topologies are similar. Additionally, the efficiency
of the CCPDRM is higher than that of the CBDRM. Besides,
for the CCPDRM, its hybrid torque is less than the torque sum of
the PMSM and MGM components, while for the CBDRM, its
hybrid torque almost equals to the torque sum of the PMSM
and MGM components. This phenomenon indicates that the
magnetic saturation effect is more serious in CCPDRMs due
to the larger magnetic permeance in the flux path.
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Fig. 12.  On-load magnetic flux density map. (a) CBDRM. (b) CCPDRM.
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Fig. 13.  Torques of CBDRM and CCPDRM within one electric period.

The on-load magnetic flux density maps of the CCPDRM
and CBDRM are depicted in Fig. 12, where “CB” refers to
the CBDRM, and “CP” refers to the CCPDRM. It can be
observed that the rotor iron part adjacent to RCPMs of CCPDRM
is highly saturated to form a closed flux path. This is why
the PM volumetric torque density of the CCPDRM is almost
double that of the CBDRM. The on-load torque waveforms of
the CBDRM and CCPDRM with different windings electrified
are depicted in Fig. 13. It can be observed that the torque ripple
for synchronous windings working alone is larger than that of
modulated windings. Hence, the torque ripple on hybrid mode
mainly originates from the PMSM component.

C. Demagnetization Consideration

Another concern is whether the PMs in CCPDRMs will
suffer from the demagnetization risk while working at the rated
operating mode. The rated operating temperature for motors in
the HPS is assumed as 120 °C [28]. The PM material for the
two machines is selected as N35SH, whose demagnetization flux
density is 0.26 T at 120 °C. For the PMs within electric machines,
the corner regions are the most vulnerable and of the highest
demagnetization risk. This phenomenon can be observed for the
on-load flux density distribution depicted in Fig. 12. Considering
structural symmetry, three points at the corners of inner rotor
PMs’ outer surface and outer rotors PMs’ inner surface are
selected as the observation points for PMs’” demagnetization risk
analysis, as can be seen in Fig. 14 (a) and (b). The magnetic flux
density variations on the selected points over the 360-degree
mechanical angle at rated current density and temperature are
depicted in Fig. 14(c). Unlike single-rotor electric machines,
the periodic pattern of double-rotor machines is determined by
both inner and outer rotors [29]. However, the purpose of this
section is to evaluate the demagnetization risk of two types of
double-rotor machines, namely the CBDRM and CCPDRM, and
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it is enough to use the data within a 360° mechanical angle for
evaluation. It can be found that the minimum flux density occurs
on point B for the CBDRM and point E for the CCPDRM. This
indicates that the inner surface of CMPMs is the most vulnerable
region that suffers from demagnetization risk. The minimum
flux density of point B over 360° mechanical angle is below the
knee point, while that of point E is above the knee point, which
is represented as the dot-dash line in Fig. 14(c). It proves that
the CCPDRM has a lower demagnetization risk compared to the
CBDRM. Therefore, a higher model number PM material should
be adopted in the CBDRM to reduce PM demagnetization risk
from happening, which increases manufacturing cost.

D. Mechanical Strength Consideration

The iron bridge on the outer rotor must withstand not only
the centrifugal force from the PMs on the inner rotor but also
the magnetic force from the outer air gap. Hence, it is the
flimsiest part of the CDRMs. The iron bridge thickness is set the
same for both the CBDRM and CCPDRM, and the maximum
electromagnetic torque values on the outer rotor are similar.
Hence, it is enough to use the CCPDRM as a representative
for the mechanical strength examination. Fig. 15(a) shows the
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magnetic force that the iron bridge withstands on the hybrid
operating mode. Both the synchronous and modulated windings
are electrified with the rated currents, where the direction away
from the center is regarded as the positive direction of the force.
Then, the magnetic force is mapped to mechanical analysis for
the outer rotor. Fig 15(b) shows the von Mises stress distribu-
tion considering the magnetic force and centrifugal force. The
maximum von Mises stress of the outer rotor is 13 MPa, far
lower than the yield limit of the silicon steel SOWW250 used
in the CCPDRM, namely 405 MPa [30]. Since the lower limit
of the thickness of iron bridge Hy,; is set very conservatively
during optimization, the maximum von Mises stress can be much
lower than the yield limit of the material. Actually, H},; can be
further decreased to reach better electromagnetic performance
in practical application. Additionally, the maximum Mises stress
occurs on the interface between the modulator piece and the iron
bridge, where the corner must be chamfered to reduce the stress
in case of breakage.

V. EXPERIMENTAL VALIDATION

A. Prototype Machine

A CCPDRM prototype is manufactured based on the opti-
mized parameters in Table III. The explosive view, components,
and the corresponding test bench of the prototype are depicted
in Fig. 16. The supporting steel bars on the outer rotor are
inserted on the holes at the center of each modulator piece to fix
the laminated silicon steel to prevent axial skew and reinforce
mechanical strength, which is a typical mechanical structure
of the modulator [31], [32]. The rotor covers are added to the
front and back ends of the outer rotor to improve the mechanical
strength. Additionally, both the inner rotor and outer rotor are
fixed at the front and back via four bearings on the rotor covers
and end caps to prevent eccentricity, as shown in Fig. 16(a). As
mentioned in Section II-E, the proposed CCPDRM can be driven
by adopting a field-oriented control strategy on synchronous and
modulated windings independently since its two sets of wind-
ings are decoupled. The rotating speed of modulated windings’
magnetic field is determined by using (3), where the angular
position information of inner and outer rotor is acquired by the
encoders on their shafts.

B. No-Load Test

The no-load performance of the CCPDRM is tested when its
inner rotor is locked by a magnetic powder brake, with its outer
rotor being driven by a servo motor rotating at 1000 r/min. The
back EMFs compared with FEA are given in Fig. 17. It can
be observed that the amplitude of the fundamental harmonic
in the measured EMF is about 95% of that of FEA. The error
could be caused by the overestimated silicon lamination factor
and ignorance of the end effect in a two-dimensional FEA
simulation.

Besides, there is a tradeoff between the modulated windings
and synchronous windings on the electromagnetic torque and
the THD. From the optimization in Section III, it can be ob-
served that the electromagnetic torque of modulated windings
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Fig. 16.  Prototype CCPDRM. (a) Exploded view drawing. (b) Machine com-
ponents. (c) Test bench. (d) Motor drive hardware.

is larger than that of the synchronous windings. Additionally, the
THDs of measured back EMFs of synchronous and modulated
windings are 4.1% and 3.0%, respectively. It should be noted
that the back EMF THD for the proposed CCPDRM is very low
compared to existing double-rotor electric machines [9], [11],
[16], so its torque ripple in on-load operation will be smaller,
too.

C. On-Load Test

Fig. 18 gives the inner and outer rotors’ torque amplitude com-
parisons of the prototype and FEA results in different operating
modes with different current densities. It can be observed that the
tested inner and outer rotor’s torques are a bit smaller than that of
FEA due to many practical factors, including lower silicon lam-
ination factor, larger iron loss caused by pulse width modulation
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harmonics, end effect, and uncounted stray loss. Additionally,
when the synchronous windings work alone, the electromagnetic
torque on the inner rotor is about zero, indicating that the two
sets of windings can work independently without influencing
each other.

For the CCPDRM applied in the HPS, if the synchronous
windings works alone, the output power comes from the batteries
only. In this mode, the rotating speed of the outer rotor is the
lowest. If the modulated windings works alone, the output power
mainly comes from ICE. If both the modulated windings and
synchronous windings work together, the output power reaches
its maximum. In this hybrid mode, the output power comes from
both the batteries and ICE. The waveforms of typical on-load
currents and the rotating speed of the outer rotor in different
working modes are depicted in Fig. 19. It can be observed that
the rotating speed can be kept at a constant in different modes.
Besides, the synchronous windings and modulated windings
would not influence each other if they work simultaneously, and
the current waveforms can maintain sinusoidal shapes.

As for the torque ripple, the tested and simulated torque
ripples in Fig. 19(a) are 10.5% and 13.5%, respectively. The
tested and simulated torque ripples in Fig. 19(b) are 12.6% and
7.5%, respectively. The tested and simulated torque ripples in
Fig. 19(c) are 12.9% and 7.8%, respectively. It should be noted
that the torque ripples in the latter two operating conditions,
where the modulated windings join in the operation, are more
significant than those in the simulated results. The larger torque
ripple in the experiment is caused by the sight eccentricity issue,
which cannot be absolutely eliminated in double-rotor electric
machines.

D. Dynamic Test

As mentioned in Section I, the application of HPSs is not
limited to vehicles, and it can be extended to ships and aircraft.
The application of HPSs in hybrid-electric vehicles is taken as
an instance for the study of dynamic performance here. Based
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on the standard New European Drive Cycle (NEDC) [33], the
driving speed range is divided into three sections corresponding
to different operating modes of the proposed HPS, as illustrated
in Fig. 20. The speed range of 0-35 km/h corresponds to the
operating mode where the synchronous windings works alone;
the speed range of 35-85 km/h corresponds to the operating
mode where the modulated windings works alone; the speed
range of 85—120 km/h corresponds to the operating mode where
both windings work, namely hybrid mode.

After that, the NEDC is matched to the equivalent experimen-
tal driving cycle of the CCPDRM prototype shown in Fig. 21: the
synchronous windings operates alone within the speed range of
200-300 r/min; the modulated windings operates alone within
the speed range of 300-500 r/min; both windings operate within
the speed range of 500-600 r/min. Due to the power limitation
in the laboratory, the maximum rotating speed of the outer rotor
within the CCPDRM is set as 600 r/min, and the rotating speed
of the inner rotor is fixed as 200 r/min to simulate that the ICE
operates at its highest efficiency point.

The experimentally equivalent driving cycle is arranged as
follows: First, the vehicle startup from zero speed, and the
synchronous windings operates to output power. Then, as the
driving speed increases, the propulsion system should switch
from the synchronous windings’ operation to the modulated
windings’ operation. In this mode, both the modulated windings
and ICE output power to drive the vehicle. Next, the vehicle
continues to accelerate. When it reaches a critical speed value
that the modulated windings output its maximum power, the syn-
chronous windings participate, and the propulsion system works
in hybrid operating mode. When the vehicle decelerates, the
modulated windings quits operation first, and the synchronous
windings operates to charge the batteries.

Additionally, in Fig. 21, “mod winding” and “syn winding”
refer to the modulated windings and synchronous windings,
respectively. The red arrow represents that the component out-
puts power, while the blue arrow represents that the component
absorbs power to charge the batteries. It should be noted that
the synchronous and modulated windings can absorb power to
charge the batteries, and the ICE can only output power to drive
the vehicle.

For the mode switching between the synchronous and mod-
ulated windings, a transition process should be added. For in-
stance, the modulated windings should join in first, and then the
synchronous windings can quit operation once the rotating speed
of the outer rotor becomes stable. If the modulated windings
quits operation and the synchronous windings join simultane-
ously, a significant rotating speed decrease will be observed,
which is extremely dangerous in practical operation.

Since both the modulated and synchronous windings exert
electromagnetic torques on the outer rotor. The nonoperating
windings should be blocked in a specific operating mode; other-
wise, it will feedback the electricity to the direct-current (dc) bus.
Thus, the enabling signals are assigned to the IGBTs belonging
to both synchronous and modulated windings to make them
connected or disconnected to the dc bus. For instance, in a pure
electric mode where the synchronous windings operate alone,
the modulated windings should be disconnected from the dc bus.
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Based on the equivalent driving cycle, the tested dynamic
mode-switching process waveforms are illustrated in Fig. 22,
where the phase-current, g-axis current waveforms of the mod-
ulated and synchronous windings, together with the rotating
speed and torque waveforms of the outer rotor, are plotted. For
all the dynamic processes, the resistive torque of the magnetic
brake that is connected to the outer rotor is set as 15 N-m. It

can be observed that between different mode-switching pro-
cesses, the rotating speed of the outer rotor can change smoothly
without overshoot, proving the CCPDRM has a good dynamic
performance.

As for the systematic efficiency, two efficiency maps of the
simulated and tested results are provided for comparison, as
shown in Fig. 23. The torque and efficiency of the typical
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TABLE V
ON-LOAD PERFORMANCE VALIDATION OF THE CCPDRM IN THE EQUIVALENT DRIVING CYCLE

Mode L Sl Cuendensy
(A'mm™)

2

Syn windings works 0 200 3
4

0

Mod windings works 200 400 0
0

2

Hybrid mode 200 500 3

4

Mod windings Outer rotor torque/(Nm) Efficiency/%
Current density
(A-mm™) FEA Test FEA Test
0 13.5 114 83.2 78.0
0 19.9 16.7 80.0 75.3
0 26.0 23.2 76.1 72.9
2 19.1 15.4 86.2 82.4
3 28.5 23.8 86.0 83.0
4 37.7 33.7 84.5 82.5
2 31.7 29.2 88.0 85.3
3 472 443 87.9 85.9
4 62.0 57.9 86.6 84.7

operating modes are given in Table V. The tested efficiency is
about 3%-5% lower than that in FEA. However, the discrepancy
decreases as the rotating speed increases. There are two reasons
for the discrepancy between simulated and tested results. First,
the extra iron loss caused by pulsewidth modulation is not
considered in simulation. Second, the stray loss in experiment
is larger than that in the simulated result.

Since the CCPDRM can be regarded as the combination of
the planetary gear, traction motor, and generator in the HPS with
conventional mechanical structure, the integrated efficiency of
three components should be compared with that of CCPDRM.
The efficiency of a good planetary gearbox is around 97%, but
it will decrease to 93% at high speed; a typical PMSM has an
efficiency around 97% and 70% when serving as a generator.
Thus, the overall efficiency of the mechanical system is around
80%—95%, which is a bit higher than that of CCPDRM. Indeed,
the proposed CCPDRM is a little inferior to its mechanical
counterpart regarding the efficiency, but it has several distinct
advantages in other aspects. First, the CCPDRM utilizes the
magnetic-gearing effect, so it has self-protection nature, thus
preventing it from breaking down in extreme working condi-
tions. Second, the CCPDRM eliminates the mechanical gearbox,
so the physical contact between two rotating components is
eliminated, leading to lower noise, smaller vibration, and longer
service life. Third, the CCPDRM serves as the integration of the
planetary gear, traction motor, and generator in its mechanical
counterpart, leading to a more compact structure and a higher
utility rate of space.

VI. CONCLUSION

Inthis article, anovel CDRM with a consequent-pole structure
is proposed. By extending the winding factor theory of conven-
tional electric machines to CCPDRMs, the structure and the
winding scheme requirement are established. CCPDRMs can
be regarded as the combination of a PMSM and an MGM, and
it has a more compact structure compared with those existing
MGMs. The variation relations between the torque density, PM
volumetric density, and various geometrical parameters in CCP-
DRMs are elucidated by adopting a parameter sweep method.
The electromagnetic performances of the optimized CCPDRM
are compared with that of an optimized CBDRM. Although

the torque density of CBDRMs is just a bit higher than that of
CBDRMs, its PM volumetric density for the MGM component is
almost double that in CBDRMs, proving that CCPDRMs greatly
improve the PM utilization factor. Additionally, the PM demag-
netization risk for CCPDRMs is lower than that for CBDRMs.
This quantitative comparison between the CCPDRMs and CB-
DRMs proves that the consequent-pole structure is preferable for
CDRMs. Finally, a CCPDRM prototype that adopts the optimal
design parameters is manufactured, and the experimental results
coincide well with that of FEA. Both simulation and experimen-
tal results indicate that CCPDRMs have excellent performances
in various working modes. Furthermore, a whole driving cycle is
tested to evaluate the dynamic mode-switching characteristic of
CCPDRMs and proving that CCPDRMs have a good dynamic
performance. In summary, the proposed CCPDRMs can serve
as a potential competitive candidate for the eCVT in HPSs.
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