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A New Slot-PM Vernier Reluctance Machine with Enhanced Zero
Sequence Current Excitation for Electric Vehicle Propulsion

Xing Zhao, and Shuangxia Niu /[EEE Senior Member,

Abstract—This paper aims to propose a new Vernier reluctance
machine (VRM), which integrates the advantages of a robust rotor
structure, good torque density and flexible flux control ability. The
key is to establish the excitation field with both stator slot PMs and
zero-sequence current. Two excitation sources have different pole
pair numbers but share a parallel magnetic circuit and contribute
to superimposed torque in this machine. Meanwhile, a flexible flux
control can be achieved by regulating zero-sequence current, and
little demagnetization risk exists for slot PMs during flux control.
In this paper, the machine configuration and operation principle
are introduced, along with its integrated AC and DC drive method.
Electromagnetic performance of this new machine is evaluated by
finite element analysis. Leading design parameters are determined
and optimized considering optimal injection ratio of zero-sequence
current. A prototype is fabricated, and relevant experiment results
demonstrate the feasibility of the proposed solution.

Index Terms—Integrated AC and DC drive, slot PMs, Vernier
reluctance machine, zero-sequence current.

1. INTRODUCTION

In modern electric vehicles (EV), using direct-drive machine
to provide propulsion power has been regarded as one important
trend, since it brings distinct vehicle-level advantages such as
improved dynamic index due to fast torque response, enlarged
inner space by elimination of mechanical transmission devices,
and higher efficiency of the whole propulsion system [1]. Since
the EV working condition of changes frequently, a direct-drive
machine should be designed to work efficiently during a whole
driving cycle. Specifically, it should have good torque density
for low-speed starting, low torque ripple for stable driving, and
excellent flux weakening ability for high-speed cruising.

In the past several years, a variety of machine topologies are
investigated for EV propulsion. The interior permanent magnet
machine (IPM), which utilizes both permanent magnet (PM)
torque and reluctance torque, has attracted much attention due
to its excellent torque density and flux weakening ability [2-3].
However, IPM has relatively large torque ripple ratio caused by
non-sinusoidal PM air-gap field [4]. The surface-mounted PM
machine (SPM) is another solution. By reasonably configuring
the slot pole combination of SPM, excellent torque density, low
cogging torque and torque ripple ratio, can be simultaneously
achieved in SPM [5]. However, the flux weakening operation is
still a tough issue for SPM due to its zero saliency-effect [6-7].
Further, SPM with a consequent-pole rotor (CP-SPM) becomes
an emerging topology, which achieves almost the same torque
density as that of conventional SPM with 33% reduced PMs [8].
However, some issues still need to be solved in CP-SPM, such
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as even-order air gap harmonics and axial leakage flux [9-10].
Vernier PM machine (VPM) is a promising topology, which has
been widely investigated for its excellent torque density arising
from intrinsic magnetic gearing effect [11]. Compared to IPM
and SPM, power factor of VPM is relatively disadvantageous
due to large armature inductance. Apart from abovementioned
topologies, another kind of design, namely stator PM machines
in which the PM source is arranged at stator side, becomes a
potential solution for EV propulsion benefiting from its robust
mechanical structure and wide speed range [12-13]. However,
one distinct drawback for stator PM machines is low torque
density, which restricts their practical applications [14].

With the development of flux modulation theory in the past
several years [15-17], it is revealed that for stator PM machines
including flux reversal PM machine (FRPM) and flux switching
PM machine (FSPM), their operation modes can be interpreted
from a unified perspective of flux modulation principle [18-19].
Based on this, a variety of new stator PM machine topologies
are derived out with improved torque density for direct-drive
applications. For instance, in [20], a new FRPM topology with
a consequent-pole PM array is proposed for EV propulsion, in
which the pole-to-pole leakage flux is reduced effectively and
thus its torque density is boosted. In [21], a novel FSPM with
overlapping winding is designed with enhanced torque density.
However, its torque ripple ratio is relatively severe due to rich
back emf harmonics. Very recently, in [22], a new dual-excited
Vernier reluctance machine (VRM) is proposed, which utilizes
both DC wound source and slot PM source to achieve enhanced
torque density. However, the space conflict between DC coils
and AC coils should be further addressed.

Inspired by the integrated design of AC and DC windings by
zero-sequence current control as that reported in [23], this paper
proposes a new slot-PM VRM with integrated design of AC and
DC windings for EV propulsion. The proposed machine utilizes
zero-sequence current to function as the DC field excitation and
establish a parallel magnetic field with slot PM source. In this
way, enhanced torque performance can be achieved since dual
excitation sources can work synchronously. Besides, a flexible
flux control can be realized by adjusting zero-sequence current,
giving a benefit to the speed range extension. Meanwhile, there
is little demagnetization risk for slot PMs during flux control.

This paper is organized as follows. In Section II, the machine
configuration, operation principle and the integrated drive
method based on zero-sequence current control, are introduced
firstly. In Section III, feasible slot pole combinations are stuided
considering both the drive circuit and electromagnetic torque.
In Section IV, performance of this new machine is fully
evaluated by finite element analysis. In Section V, the influence
of leading design parameters on average torque, torque ripple
ratio and loss distribution, is studied comprehensively. Design
optimization is performed with consideration of optimal zero-
sequence current ratio. In Section VI, a prototype is built and
tested. Some conclusions are drawn in Section VII.
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Fig. 1. Structure of the dual-excited VRM in [22].
. N

A BO oC
Fig. 2. Connection of AC armature winding.
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Fig. 3. Drive circuit for dual-excited VRM.

II. PROPOSED NEW VRM DRIVE SYSTEM

A. Dual-excited Vernier reluctance machine

Fig. 1 presents the configuration of the proposed dual-excited
Vernier reluctance machine (DE-VRM) in [22]. It consists of a
24-slot stator and a 22-pole-pair rotor. The rotor consists of only
iron, and thus providing mechanical robustness. Two excitation
sources are located at stator side, one is DC field source and the
other is slot PM source. The PMs are mounted on slot openings
and they are magnetized in the same radially outward direction
as denoted in Fig. 1. Although this PM array and magnetization
mode are quite different from conventional PM machines, it is
proved in [22] that slot PM source can provide distinct torque
generation. Fig. 2 presents the connection of armature winding,
which uses a single-layer concentrated configuration. The drive
circuit for DE-VRM is denoted in Fig. 3, in which the DC field
terminal is fed by H converter for bidirectional flux regulation.

B. Proposed VRM with integrated AC and DC winding

However, in the DE-VRM mentioned above, a distinct issue
that cannot be neglected is the space conflict between DC field
coils and AC armature coils since they are accommodated in the
common stator slots. Therefore, a new design is proposed in this
paper as presented in Fig. 4, in which the AC and DC integrated
winding is used to simultaneously function as DC field winding
and AC armature winding. Fig. 5 shows the connection of this
integrated winding. There are six winding terminals since every

Fig. 4. Structure of the proposed VRM with integrated AC and DC coils.
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Fig. 5. Connection of integrated AC and DC winding.
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Fig. 6. Dual-inverter drive control for the proposed VRM.

phase is split into two sub-phases. A dual-inverter drive circuit
in which neutral points of two sub-phase groups are connected,
is employed to inject AC and DC integrated current excitation.
Its control strategy is also presented in Fig. 6.

Compared to DE-VRM with separated AC and DC winding,
features of this new integrated design can be listed as follows.

For machine design. (1) The slot area is enlarged for both AC
armature excitation and DC field excitation. Therefore, smaller
copper loss will be consumed when applying the same current,
leading to efficiency improvement. (2) Under the same thermal
limit, larger current can be injected into AC and DC integrated
windings. This contribute to enhanced torque density.

For drive circuit. (1) Two more power devices are used. (2)
The current scale of each power device should be increased due
to the overlap of AC and DC current. (3) The voltage scale of
each power device is the same as that in separated design, since
every phase winding is split into two sub-phases.

In general, this integrated design of AC and DC windings,
gives a potential for machine itself to be designed with higher
efficiency and higher torque density. with a little sacrifice in the
cost of drive circuit and complexity of control strategy. In this
paper, the influence of this integrated design on drive system is
considered acceptable. Further, more efforts will be provided in
machine design for electromagnetic performance boost.
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(®)
Fig. 7. Flux distribution. (a) Only virtual DC source. (b) Only slot PM source.

C. Operation principle

The operation principle of this new VRM, can be illustrated
by splitting it into two individual machines as denoted in Fig. 7.
One is a DC-excited doubly salient machine (DC-DSM) and the
other is a slot-PM-excited VRM. As presented Fig. 7(a), in DC-
DSM, excitation field is established by DC current component
in the integrated winding under zero-sequence current control.
This can be considered as inserting a virtual DC field winding
at stator side. With the variation of rotor permeance, pulsating
armature flux will be generated in DC-DSM, which contributes
to reluctance torque generation. For slot-PM-excited VRM, as
shown in Fig. 7(b), each slot PM and adjacent core form a pair
of magnetic poles. Further, this PM excitation field at stator side
is modulated by rotor permeance and interact with the armature
winding. It can be found, slot PM has relatively longer magnetic
return path compared to that of virtual DC source. However, the
torque capacity of slot PMs is theoretically better for its bipolar
flux feature. Besides, the flux linkage of two excitation sources,
has the same phase angle as denoted by d-q axis in Fig. 7. Hence,
torque components of two sources can effectively overlap.

The features of this new VRM can be summarized as
1) With a passive rotor configuration, this new VRM maintains
a good mechanical robustness, which can reduce the risk of PM
damage compared with rotor-PM-excited machines.

2) Due to a non-overlapping design, the winding ends are short,
and thus end copper loss and material cost are reduced.

3) Torque components of zero-sequence current and slot PMs
can effectively overlap, thus providing good torque density.

4) The magnetic return paths of zero-sequence current and slot
PMs are in parallel. Hence, bidirectional zero-sequence current
can be applied for wide-speed-range flux regulation. Besides,
little demagnetization risk exists for slot PMs.

D. Integrated current injection

Based on the distribution principle and polarities of DC coils
and AC coils in the common slots, the injected current into two
sub-phase groups can be expressed as

i, =i, -sin(6,)+i,

ip, =i, -sin(0,-27/3)+i,
-sin(@,+27/3)+i,,

C+ ac (l)

-sin(@, )-i,,
i -sin(6,-27/3)-i,,

ie. =i, -sin(0,+27/3)-i,

where iy, i, i+ are the current flowing from the inverter I,
and iy, ip,i. are the current flowing from the inverter II. i,
is the amplitude of AC current component. iy is DC current
component, which functions as the virtual DC field winding in
the proposed DE-VRM. 6, is the rotor electrical angle, which
can be calculated as

0=N0 +a 2)

where N, is the number of rotor pole pairs, 8, is the mechanical
angle, a is the initial electrical angle.

By using the Clarke and Park transformer matrix, the current
excitation under af}0 and dq0 coordinate system, can be written
as follows, taking current from inverter I as an example.

L1
i 22
at A+
b =20 LB )
iaﬁ0+ 1 1 1 iC+
5B OB

i, | |cos@ —sinf O i,

sing,  cosh, 0| i, 4
Iy, 0 0 1

1 |=
laﬁ0+

By substituting Eq. (1) into Eq. (3) and Eq. (4), the relationship
between the zero-sequence current from the inverter I and DC
current can be derived as

Iy, = \/gidc o)

Similarly, the relationship between the zero-sequence current
from the inverter II and DC current can be expressed as

lp =30, (6)

Based on Eq. (5) and (6), it can be found i, is proportional
to the zero-sequence current flowing from inverter I to inverter
II through the neutral path, which means DC current component
can be effectively regulated at the armature terminal by means
of controlling zero-sequence current excitation.

E. Inductance and torque characteristic

In the proposed VRM, the self-inductance of each sub-phase
can be expressed as follows, using A+ as an example

L, =L, +Y L sinnN,0, +a), n=1,23.. (7)

where L, is the constant self-inductance component, and L,, is
the amplitude of the nth harmonic self-inductance component.

Considering the counter-cyclical characteristic in the 24-slots
and 22 pole-pairs design, the self-inductance of sub-phase A- is
delayed by 180° electrical angle than that of A+. Accordingly,
self-inductance of A- can be written as
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L, =L,+) L -sin(nN,0 +nz+a), n=1,23.. (8

Further, with a single-layer concentrated winding connection,
little mutual-inductance exists between two sub-phase groups,
thus the excited flux linkage by i, can be expressed as

¢A_i0 =L, i+ L, (i )=, (L, — L, )
=2i, > L sin(nN,0, +a), n=1,3,5...

®

It is shown although DC biased self-inductance and even-order
harmonic self-inductance exist in each sub-phase, their effects
on excited flux are cancelled for counter-cyclical characteristic.
The final flux linkage generated by i, contains the fundamental
component and all odd-order harmonics components.

The torque component excited by i, can be deduced as

T(): m.Nr .¢A_i0 .iac (10)
' 2
where m is the number of phases. Neglecting saturation effect,
the torque exited by both slot PMs and i, can be written as

m-N, - (¢A7PM +¢/\7i() ) Ly
2

where ¢4 pm and Tpyy are the flux linkage and torque excited by
slot PMs, similar with that in conventional PM machines.

T,=T7,,+T, (1)

III. SELECTION OF SLOT POLE COMBINATION

A. Influence on drive circuit selection

The feasible slot pole combinations in the proposed topology
can be expressed as

N =2mj, j=1,2,3...
N,=N, 2k, k=1,2,3...

12)

where N; is the number of stator slots. The odd rotor pole pairs
are not considered due to the influence of unbalanced magnetic
pull. Further, according to the flux modulation mechanism, N,
should be in close to N, to achieve a relatively high pole ratio
and torque density. Hence, using a 24-slot stator, four potential
slot pole combinations are studied in this paper, that are 24/20,
24/22,24/26 and 24/28, separately. The slot angle with different
slot pole combinations can be deduced as

13)

Further, the electrical angle difference A, between every two
sub-phases can be calculated as

AQ,=(hy) mod (360°) (14)

where £ is the interval number of slots between two sub-phases.
As listed in Table I, 24/20 and 24/28 cases have the same A6,
of 0°, while 24/22 and 24/26 cases have the same A6, of 180°.
Based on the coil distribution in the proposed machine, in 24/20
and 24/28 cases, polarities of virtual DC coil and AC armature
coil are consistent, while these are opposite in 24/22 and 24/26
cases. Therefore, for 24/20 and 24/28 cases, the drive circuit to
inject zero-sequence current can be simplified as presented in
Fig. 8, in which every two sub-phases are positively connected
and fed by common DC current flowing into the neutral point
of splitting capacitors. It is shown the drive circuit for 24/20 and
24/28 cases is simpler compared to 24/20 and 24/28 cases.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2920600, IEEE

TABLE I
Electrical angle difference between every two sub-phases
N, 24 24 24 24
N, 20 22 26 28
Y 300 330 330 300
Af, 0 180 180 0
el |- Jtﬁs Jtljs
Pobver _— i Iy,
== S N ~

Fig. 9. Dimension parameters of the proposed machine.

TABLE I
Initial dimension parameters of the proposed machine
Symbol Parameter Unit Value
d, Outer diameter of stator mm 120
d; Inner diameter of stator mm 69
d,., Outer diameter of rotor mm 68.5
d,; Inner diameter of rotor mm 20
0 Air gap length mm 0.5
/ Stack length mm 50
hgy Height of stator yoke mm Variable
0, Arc of stator teeth ° Variable
Opm Arc of slot PMs ° Variable
J/- Height of slot PMs mm Variable
6, Outer arc of rotor poles ° Variable
0.; Inner arc of rotor poles ° Variable
h, Height of rotor slots mm Variable
by Open width of stator slots mm 3
hy Height of stator shoes mm 1
TABLE III
Major materials and specifications
Material NdFeB35
PM Remanence 12T
Coercive force 915 kA/m
Material MG19_24
Steel Saturated flux density 1.8T
Mass density 7650 kg/m?
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TABLE IV
Torque performance with different slot combinations

Number of stator slots 24 24 24 24
Number of rotor pole pairs 20 22 26 28
Height of stator yoke (mm) 5 5 5 5
Arc of stator teeth (°) 7 7 7 7
Height of slot PMs (mm) 2 2 2 2
Outer arc of rotor pole (°) 9 8 6.8 6.5
Inner arc of rotor pole (°) 10 9 8 7
Height of rotor slot (mm) 4 4 4 4
Cogging torque (Nm) 0.82 0.22 0.21 0.63
Rated torque (Nm) 441 4.23 4.11 3.92

B. Influence on torque performance

As is well known, slot pole combination usually has a leading
influence on machine performance. In the proposed design, slot
PM is the dominant source for torque generation. Hence, for the
initial selection process, zero-sequence current is not applied.

Finite element simulation is adopted by using the commercial
software Maxwell. General dimension parameters are denoted
in Fig. 9, with design values listed in Table II. The materials of
PM and steel, as well as their main specifications, are given in
Table III. The rotor parameters are optimized for each slot pole
combination to achieve best torque performance, and the stator
parameters are set unchanged to ensure the same PM usage. The
design values after optimization are presented in Table IV. It is
shown, 24/20 case has the largest rated torque, but its cogging
torque is also distinct. When the ratio of cogging torque to rated
torque is considered as the comparison indicator, 24/22 case is
recommended. It should be pointed out, performance of 24/26
and 24/28 combinations is generally not comparable to that of
24/20 and 24/22 cases, which is caused by their increased PM
leakage flux with reduced pole pitch.

In general, from a perspective of machine design, 24/22 case
can achieve smaller cogging torque ratio than 24/20 case, while
from a perspective of drive circuit, 24/22 case needs one more
inverter for zero-sequence current injection compared to 24/20
case, which increases the system cost. In this paper, the machine
performance is determined to have a higher design priority than
system cost, and thus 24/22 case is selected to be further studied,
while in cost-limited applications, 24/20 case is recommended.

IV. ELECTROMAGNETIC PERFORMANCE OF 24/22 DESIGN

A. No-load flux distribution and back emf

Firstly, the no-load sub-phase flux linkage of 24/22 design is
calculated and plotted in Fig. 10, with corresponding harmonics
distribution presented in Fig. 11. It can be noticed, when excited
by only i, of 6A, the flux linkage generated in each sub-phase
winding is unipolar and biased, while that excited by slot PMs
is bipolar and alternating. As presented in Fig. 11, although rich
flux harmonics exist in each sub-phase winding, the DC biased
components and all even-order harmonics can be cancelled due
to inner counter-cyclical characteristic.

Then, the no-load flux distribution under different excitation
status is presented in Fig. 12. From Fig. 12(a), it can be seen,
the main flux of iy will not pass through slot PMs. Meanwhile,
the leakage flux of iy starts from the wounded stator tooth, then
passing through stator pole shoes and finally comes back from
stator yoke. The leakage flux of slot PMs mainly forms its loop
around stator pole shoes as shown in Fig. 12(b). Further, when
two excitation sources are both active as given in Fig. 12(c), the

40T ceeenen Excited by only 6A io

304 Excited by only slot PMs
A+
s

Phase flux linkage (mWb)

60 120 180 240 300 36
Electrical angle (°)

Fig. 10. No-load sub-phase flux linkage.
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Fig. 13. No-load back emf of synthetic phase A.

main flux of iy and slot PMs can overlap together, while their
leakage flux around stator pole shoes can be cancelled to some
extent, as is shown when comparing Fig. 12(b) and Fig. 12(c).

The back emf of synthetic phase A is calculated and plotted
in Fig.13. It can be noticed, the back emf excited by i, and slot
PMs are entirely in phase and thus they can effectively overlap
together and contribute to boosted voltage.
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Fig. 14. Integrated AC and DC current excitation.
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Fig. 17. No-load phase back emf with different zero-sequence current.

B. Injected current and steady torque

Fig. 14 presents the injected current excitation into integrated
winding. Sub-phase A+ and sub-phase A- share the same AC

current component with SA amplitude and same electrical angle.

However, sub-phase A+ has positive DC current of 3.5A under
6A i, control, while A- has negative DC current of 3.5A. Steady
torque at different excitation status is calculated and presented
in Fig. 15. It can be noticed, both slot PMs and i can contribute
to the steady torque generation. The synthetic average torque is
boosted when dual excitation sources are both active, and the
torque ripple ratio is mitigated to some extent, benefiting from
the reduction of slot PM leakage when i, is applied. This torque
improvement proves the validity of the proposed topology.

C. Flux regulation ability

As presented in Fig. 16, the flux linkage excited by i, is in
parallel with that produced by slot PMs. Meanwhile, its polarity
depends on the direction of #;, which means, by controlling the
flowing direction and amplitude of i, the synthetic flux linkage
at armature terminal can be flexibly strengthened or weakened.

This contributes to effective flux control for the speed extension.

The no-load back emf curve is collected and plotted in Fig. 17,
which proves that flux can be bidirectionally regulated by ij.

Fig. 18. Observation line for flux density distribution.
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D. Demagnetization risk

To evaluate the PM demagnetization risk, an observation line
is selected across the central area of PMs as denoted in Fig. 18.
Then, PM flux density at different load conditions is calculated
as given in Fig. 19. It is shown, with load changing, the working
point of PMs keeps almost constant, while flux density in stator
teeth changes distinctly. This is because PMs are placed in slots,
and thus flux linkage of armature current will not pass through
PMs, which contributes to a parallel magnetic circuit. Therefore,
if the cooling condition is allowed, PM demagnetization risk by
loading change can be avoided in the proposed machine.

E. Power factor

The power factor of the proposed machine at rated condition
is evaluated by measuring the phase angle difference of on-load
current and voltage as shown in Fig. 20. The power factor of the
proposed machine at rated condition is about 0.62, which is not
so good due to large magnetizing inductance, similar with that
in other flux-modulated machines. Further, the influence of i,
injection on power factor is evaluated as shown in Fig. 21. It is
shown injecting positive i, can increase power factor slightly,
benefiting from the enhanced air gap flux density.
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Fig. 22. Influence of current density with different ratio of i. (a) Average torque.

(b) Torque ripple ratio. (c) Core loss. (d) PM eddy current loss.

V. DESIGN OPTIMIZATION AND COMPARATIVE STUDY

In the proposed machine, three control variables, i, iy and iy,
should be considered at armature terminal. i, is usually applied
for reluctance torque generation based on saliency effect. In the
proposed design, saliency effect is not distinct with 24-slot 22-
pole-pairs combination and thus i, is maintained at zero. Then,
i, and i, are combined for torque generation. The electrical load
for each phase winding can be expressed as

s =A /(zf +iy )/3

To evaluate the machine performance with different i, and i,
combination, the ratio of i, is defined as

. .2 2
kio—lo/«,lq +1;

when the ratio of i is zero, there will be only i, injection, which

5)

(16)

is similar with that in traditional surface-mounted PM machines.

In the following, the influence of leading design parameters is
assessed with different i, and i, combination.

A. Parameter analysis

Under different current density, the influence of ratio of i, on
machine performance is analyzed, including the average torque,
torque ripple, core loss and PM eddy current loss, as presented
in Fig. 22. It is shown in Fig. 22(a), with the increase of current
density from 5 to 7 A/mm?, the optimal ratio of i, to achieve the
highest torque increases from 9% to 18% approximately. Two
reasons account for this trend. On one hand, torque excited by
io has a square relationship to current value, while that excited
by slot PMs is linearly related, as can be found in Eq. (10). On
the other hand, the torque component of slot PMs will be closed
to saturation point with the increase of current density, and thus
larger ratio of iocan work for torque generation. Under 7A/mm?
current density, the average torque with optimal i, ratio is 8%
higher than that with only i, injected. Further, it can be seen in
Fig. 22(b), (c) and (d), iy injection shows a positive influence on
the mitigation of torque ripple ratio and loss distribution.
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Fig. 23. Influence of PM height with different ratio of i. (a) Average torque. (b)
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Fig. 24. Influence of air gap length with different ratio of iy. (a) Average torque.
(b) Torque ripple ratio. (c) Core loss. (d) PM eddy current loss.

The influence of PM height with different ratio of iy, is also
evaluated as shown in Fig. 23. The current density is fixed at 5
A/mm?. With the increase of PM height, the optimal ratio of i,
to achieve the highest torque shows decrease trend. Meanwhile,
the PM height has a larger influence on eddy current loss than
core loss. Further, the influence of air gap length with different
ratio of i; is studied as shown in Fig. 24. The current density is
set at 5 A/mm?. With the decrease of air gap length, the optimal
ratio of iy increases accordingly. This is because the excitation
ability of i, is more sensitive to the air gap reluctance than that
of PMs. From Fig. 22, 23 and 24, it can be concluded, regardless
of the design parameters, injecting i, always presents a positive
influence on the reduction of torque ripple and loss distribution,
benefiting from PM leakage mitigation to some extent.
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TABLE V
Dimension parameters, boundary limits and optimal values

Parameters Lower limit | Upper limit Optimal
Height of stator yoke (mm) 4.5 9.5 6.2
Arc of stator teeth (°) 6.5 8.5 7.3
Height of slot PMs (mm) 1.5 3.5 2.2
Outer arc of rotor pole (°) 6.5 8.5 6.8
Inner arc of rotor pole (°) 6.5 10.5 8.2
Height of rotor slot (mm) 3.5 4.5 4.2

Initialization

Population selection
Crossover and mutation definition

All elements are
calculated

No

o

finite element
calculation

Search ratio of o
from 0 to 0.3, step 0.02

Difference between two generations
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Fig. 26. Optimization results of last two generations.

B. Design optimization

Design optimization is performed to find optimal dimension
parameters. An intelligent algorithm, namely genetic algorithm
(GA) is adopted and then communicate with Maxwell to realize
combined optimization [24-25]. GA has three operation factors,
reproduction, crossover and mutation. Reproduction generates
most adaptive individuals, when crossover and mutation mainly
expand searching scope. The initialization of GA is performed
as, a population of 25 elements, maximum generation number
of 20, crossover factor of 0.8 and mutation factor of 0.2. Fig. 25
presents the optimization flowchart. The maximum torque and
efficiency are two optimization objectives. Torque ripple ratio
less than 10% is set as the optimization restriction.

During this optimization, the air gap length is fixed at 0.5mm
and the current density is fixed at 7A/mm?. The optimal ratio of
io is searched for all the elements in each generation. Further,
optimization results of last two generations are given in Fig. 26.
The optimal solution is defined as in which the product of toque
and efficiency arrives the maximum value. The final parameters
are listed in Table V. After optimization, about 4.5 Nm average
torque and 84% efficiency is achieved under 16% i, injection,

a~

(b) (©)
Fig. 27. (a) Existing VRM with separated AC and DC coils [22]. (b) Proposed
VRM with integrated AC and DC coils. (c) Traditional SPM.

TABLE VI
Performance comparison for three machines
. Existin, Proposed | Traditional

Parameters Unit VRMg VLI)QM SPM
Outer diameter mm 120 120 120
Stack length mm 50 50 50
Air gap length mm 0.5 0.5 0.5
Stator slot number - 24 24 24
Rotor pole pairs - 22 22 22
PM volume mm® 10500 10500 10500
AC copper loss W 20 34 40
DC copper loss \Y 20 6 -
Rated torque Nm 34 4.6 5.1
Rated Efficiency % 78 85 88
Flux weakening - Good Good Poor
PM demagnetization - No No Yes
Rotor robustness - Good Good Poor

The proposed VRM
The traditional SPM

1500 2000 2500 3000
Speed (rpm)

0 500 1000

Fig. 28. Comparison of flux weakening performance.

C. Comparative study

A performance comparison is given between three different
topologies as shown in Fig. 27. One is the existing VRM with
separated AC and DC field windings. Another is the proposed
VRM equipped with integrated AC and DC windings. The other
is the traditional SPM excited by alternating rotor PMs. For a
fair comparison, the machine dimensions, materials types, rotor
pole pairs, PM volume and the whole copper loss are all kepted
the same in three designs. Each design is individually optimized
by GA and Maxwell combined method as discussed previously,
to achieve optimal torque and efficiency performance.

The design parameters and calculated performance for three
topologies are listed in Table VI. It is shown the proposed VRM
with integrated AC and DC windings can achieve higher torque
and efficiency compared to the existing topology with extra DC
field winding. Compared to traditional SPMs, the torque and
efficiency of the proposed design are slightly lower. However,
its flux weakening ability is much better as denoted in Fig. 28.
Moreover, in the proposed machine, PM demagnetization risk
is avoided due to the unique PM arrangement in slots. Its rotor
mechanical strength is also improved. It can be concluded that
the proposed machine has a better robustness than traditional
SPMs in both electromagnetic and mechanical aspects.
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Fig. 32. (a) Back emf curve against 7, . (b) Static torque angle curve.

VI. EXPERIMENTAL VERIFICATION

To verify the feasibility of the proposed machine, a prototype
is manufactured as shown in Fig. 29. The prototype parameters
are in line with finite element modeling, as presented in Table
IT and Table V. Fig. 30 shows the experimental platform, which
mainly consists of the prototype, a servo motor, torque sensor,
DC power source, drive controller and oscilloscope.

The no-load back emf of sub-phases at speed 1000 rpm is
plotted in Fig. 31. The back emf of two adjacent sub-phases has
180° electrical angle difference, and their distortion trends are
opposite. Then, the back emf value against different i, is further
collected as given in Fig. 32(a), which proves the bidirectional
flux regulation ability of i;. By injecting constant current into
the armature winding and testing torque value at different rotor
positions, torque angle curve is obtained as given in Fig. 32(b).
The errors between tested results and finite element predication
are acceptable considering manufacturing tolerance.

The on-load experiments are conducted with different current
control strategies. When there is only i, current injected into the
armature winding, steady current and output torque are shown
in Fig. 33(a). It can be found, fed by dual independent inverters,
good current control effect can be achieved for each sub-phase,
and steady torque can be generated. After that, combined i, and
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Fig. 33. Steady current and torque. (a) Without i. (b) With 15% i.
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Fig. 34. Flux weakening operatlon by negative i, injection.
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Fig. 35. (a) Torque speed curves. (b) Efficiency speed curves.

ig are injected into the armature winding. The synthetic value of
two current components keeps unchanged compared with that
when only i, is injected. The optimal ratio of i; is achieved by
searching the point at which output torque arrives the maximum
value. Fig. 33(b) shows steady current and torque waveforms
with 15% injection ratio of i, The output torque is enhanced by
about 10% compared to that with only i, injection, thus proving
the torque boost effect of i, and i, combined control. Then, the
flux weakening operation is performed at base speed 1000 rpm.
As shown in Fig. 34, with negative i, injection, flux weakening
effect and speed extension can be achieved as predicated.

Finally, the torque-speed curves are evaluated with different
control strategies. The voltage restriction of DC supply is 160V.
When the machine operates under the base speed, the constant
torque control is applied with optimal i, injected. When it runs
over the base speed. Flux weakening operation is applied for
speed extension. Two flux weakening strategies are considered
in this paper. One is by applying negative i, for flux weakening,
similar with that in conventional PM machine. The other is by
applying both i, and i, for combined flux weakening operation.
The i, directly control the PM magnetic field, while the i, gives
parallel flux component. The tested torque and efficiency are
plotted in Fig. 35. It can be found higher torque and efficiency
can be achieved in the whole speed region with extra i, control.
The efficiency improvement is due to torque boost effect as well
as loss mitigation with extra i, control. In general, the proposed
machine achieves improved performance with i, control in both
low-speed and high-speed regions, which proves it a potential
candidate for electric vehicle propulsion.
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VII. CONCLUSION

With the increasing concern of high-performance propulsion
machines for the modern electric vehicles, this paper proposes
a new Vernier reluctance machine with AC and DC integrated
winding, which owns the advantages of a robust rotor structure,
good torque density and flexible flux control capacity. This new
machine employs slot PMs as the dominating source for torque
generation based on the flux modulation mechanism. Further,
zero-sequence current excitation is injected to boost its torque
density and mitigate torque ripple. Meanwhile, zero-sequence
current excitation can serve as an additional control variable for
flux weakening and speed extension. In this paper, the machine
structure, operation principle and its integrated drive method
are introduced in detail. The feasibility of the proposed machine
is verified by both finite element analysis and prototype testing.
Leading design parameters are analyzed and optimized to give
a design guideline for this new machine. This paper reveals that,
with 10% to 20% injection ratio of zero-sequence current, the
proposed machine can achieve about 10% torque density boost
and 30% torque ripple reduction. Meanwhile, core loss and PM
eddy current loss can be distinctly mitigated with zero-sequence
current injection, thus leading to efficiency increase. However,
with the use of a dual-inverter system, the increased complexity
of drive circuit and control strategy are disadvantageous for this
new machine. Future works, for instance, developing potential
fault-tolerant capacity under this drive structure, could help to
balance the system cost and machine performance.
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