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A Novel Parallel-Excited Dual-PM
Reluctance Machine with Enhanced
Torque and Efficiency Performance

Jifu Jiang, Shuangxia Niu, /IEEE Senior Member and Xing Zhao

Abstract—This paper presents a novel parallel-excited
dual-PM reluctance machine (DPM-RM) with enhanced
torque and efficiency performance. The key is to build an
integrated magnetic field with two sets of PM excitation
sources in both stator yoke and slot openings. Two
excitation sources produce a parallel magnetic field, which
contributes to a superimposed magnetic flux in the airgap,
thus leading to strengthened flux variation, improved back-
EMF and torque. Additionally, with a special slot/pole
combination, biased component and even order harmonics
in the phase magnetic flux are eliminated to make the phase
flux linkage more sinusoidal. In the meantime, self-
inductance variation is greatly suppressed with odd order
harmonics of self-inductance removed, resulting in
suppressed torque ripple. The prototype is manufactured,
and experiments are carried out to verify the effectiveness
of the machine design.

Index Terms—Parallel excitation, reluctance motor, slot-
PM, torque ripple.

[. INTRODUCTION

VARIABLE reluctance machines (VRMSs) whose rotor consist
of only iron core , have the merits of simple machine
structure, mechanical robustness, less maintenance, as well as
relatively low manufacturing cost [1-2]. According to
excitation source difference, VRMSs can be classified into no-
independent excitation VRMs, DC-excited VRMs, and PM-
excited VRMs. No-independent excitation VRMs include
switched reluctance machines (SRMs), stepper machines, and
synchronous reluctance machines [3-4]. For DC-excited VRMs,
the efficiency is limited since the excitation loss is needed to be
considered [5]. For PM-excited VRMs, PMs can be placed in
the stator or rotor. Even through PMs mounting in the rotor will
enhance the torque density, it will also lead to mechanical
instability and thermal problem [6]. Therefore, PMs are placed
in the stator, and doubly salient PM machine (DSPMM) is
formed in this way [7]. The conventional DSPMM, which is
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one kind of PM-excited VRMs, incorporates the merits of both
salient pole rotor and stator PM excitation, which includes: 1)
simple structure and mechanical robustness with salient pole
rotor. 2) less maintenance and manufacturing cost. 3) high
torque density and power density. 4) high efficiency comparing
with no excitation and DC-excited VRMs. 5) easy to heat
dissipation since all sources located in the stator. The 3-phase
6/4 pole configuration with the simplest structure is the first
DSPMM being proposed [8]. Two PMs are placing in the stator
to provide excitation flux. In order to attain higher power
density, wider speed range, lower torque ripple and higher
efficiency, another slot/pole combination is considered. A
three-phase 8/6 pole DSPMM with larger equivalent permeance
and shorter magnetic path than 6/4 pole one is proposed [9]. A
special magnetic bridge in shunt each PM pole maintains the
stator lamination in its entireness, but also amplifies PM flux
effect [10]. Thus, the torque per PM volume can be greatly
enhanced. Furthermore, for a novel defined DSPMM, an extra
winding is located in the rotor slots as armature winding which
can fully utilize rotor slot area, resulting in torque enhancement.
The torque ripple is greatly suppressed by selecting proper
slot/pole combination [11].

A plenty of studies have been investigated to improve the
torque density and reduce the torque ripple of DSPMMs. In [12],
a biased flux PM machine (BFPMM) which has the similar
structure as DSPMM is a promising solution. The difference
lies in for BFPMM, the number of stator teeth between adjacent
PMs is one, while for DSPMM, the number of stator teeth
between adjacent PMs is more than one. For BFPMM, each coil
has symmetrical flux path, resulting in three phase symmetry.
Meanwhile, special slot-pole combination is selected in
DSPMM to decrease the harmonics of flux linkage and back-
EMF to some extent, leading to smaller torque ripple. However,
the torque density is relatively small comparing with BFPMM.
In [13-15], a novel DSPMM with special slot/pole combination
and winding connection is proposed to improve the torque
density as well as minimize the torque ripple. All coils wounded
on each four small teeth under each main tooth are evenly
allocated to three phases, three phase are symmetrical even
through the different flux path of the four small teeth under each
main tooth. However, there is no comprehensive study of
magnetic flux and inductance analysis of this kind of machines.

Slot-PM machines, having PMs in the slot opening have been
investigated in recent years. Radial magnetized slot PMs are
applied to add extra PM torque with flux modulation effect [16-
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17]. Tangential magnetized slot PMs are used to relieve stator
saturation, thus boosting torque density as well as improving
stator core utilization factor [18-24]. Recently, a novel hybrid
reluctance machine is proposed to make use of both radial and
tangential slot PMs [25]. However, few study of slot PMs are
focused on the biased magnetic flux machine.

In this paper, slot PMs are newly employed in the biased flux
DSPM machine to build a novel parallel-excited dual-PM
reluctance machine (DPM-RM) with enhanced torque and
efficiency performance. In Section II, the machine structure and
operation principle are introduced. Also, the flux analysis and
inductance analysis are illustrated in detail. In Section III, the
leading design parameters are optimized and determined to
obtain maximum torque and minimum torque ripple. Yoke PMs
and slot PMs distributions are optimized with the given total
amount of PMs. An optimal machine without PM volume limit
is further used for quantitative analysis. In Section IV, the
finite-element analysis (FEA) is used to compare the
electromagnetic performance of DPM-RM without slot PMs
and with slot PMs. Also, the proposed DPM-RM is compared
with the existing variable reluctance machine (VRM) [26].
Finally, experiments are carried out in Section V and
conclusions are drawn in Section VI.

II. MACHINE STRUCTURE AND OPERATION PRINCIPLE

A. Machine Structure

Fig. 1 shows the structure of the proposed parallel-excited
DPM-RM, which comprises a 24-slot stator and a 28-pole rotor.
The rotor is composed of only iron core with salient poles,
which can provide mechanical robustness and reliability. The
stator consists of all excitation sources, including AC armature
winding, tangential magnetized slot PMs and yoke PMs. The
AC armature winding adopts a doubly-layer concentrated
winding connections as showed in Fig. 2.
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Fig. 1. Structure of the proposed machine.
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Fig. 2. Winding connection (P and N refers to polar distribution).
The main merits of proposed machine are listed as following.
1) The PMs in the stator yoke and slot openings are located in
parallel and magnetized in the same tangential direction.
Since slot PMs and yoke PMs have the same pole pair
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number and share the same parallel magnetic circuit, the
magnetic flux excited by two PMs can be superimposed in
the airgap, thus effectively strengthening the flux variation,
and improving the back-EMF and torque accordingly.

2) Inthis proposed design, with special slot/pole combination,
DC component and even order harmonics in the phase flux
are eliminated, which makes phase flux linkage more
sinusoidal. In the meantime, variation of self-inductance is
greatly reduced with odd order harmonics of phase self-
inductance removed, resulting in small torque ripple.

3) The slot-PM flux passing through the stator yoke can
partially relieve the stator core saturation, thus improving
stator core utilization factor and enhancing torque density.

B. Slot-pole Combination

Due to the conventional combination of stator pole number,
rotor pole number, yoke/slot PM pole number, as well as phase
number are not carefully designed, traditional biased flux
stator-PM machine suffers from not only asymmetric flux
linkage and back-EMF, but also large self-inductance variation
and torque ripple. Two criteria are presented to solve
abovementioned problems.

Firstly, every phase comprises coils which should be
distributed in all locations relative to each yoke/slot PM pole
[10]. Hence, the number of coils under a yoke/slot PM pole
should be different from the number of phases, which can be
expressed as:

(m+k)Npm - i (l)

where m is the phase number, k is a positive integer and k < m.
Meanwhile, N, and N present yoke/slot PM pole number and
stator pole number.

Secondly, in order to avoid single-sided magnetic force, the
difference between the number of rotor pole and stator pole is a
multiple of two. The second criterion can be denoted as:

N, =N, 2k 2
where, k; is a positive integer. If m = 3 and Ny, = 6 is given,
let k = 1, then Ny = 24 is deduced from (1). In order to make

N, > N, for the proposed machine, let k; = 2, then N, = 28
is adopted from (2). In this case, slot/pole combination is 24/28.

C. Flux analysis

@) (b)
Fig. 3. Open-circuit flux distribution of 1/6 model. (a) Only yoke PMs. (b)
Only slot PMs (Blue line a: main flux linkage produces torque; green line
b: flux leakage relieves core saturation; yellow line c: flux leakage).
Fig. 3 presents an open-circuit flux distribution of 1/6

machine model under different excitation sources. As shown in

Fig. 3, coils C1, C2, C3 and C4 are placed under four different
positions relative to each yoke/slot PM pole. The positive flux
direction can be defined as flux flowing from rotor to stator
while the negative flux direction can be defined as flux flowing

C from |IEEE Xplore. Restrictions apply.
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from stator to rotor. When only yoke PMs is used as denoted in
Fig. 3(a), the flux linkage passes through the airgap, and links
with the stator winding and the rotor. It can be seen that the flux
directions in C1 and C2 are negative, while the flux directions
in C3 and C4 are positive. When only slot PMs is applied as
shown in Fig. 3(b), the flux linkage has the main path and
leakage flux paths. For the main path, as shown in blue line a,
the main linkage passes through the adjacent teeth, distant teeth,
airgap, and links with the stator winding and the rotor, which
can produce effective torque. For the flux leakage paths, there
are two magnetic circuit loops. Some flux leakage goes into the
airgap and rotor directly, as shown in yellow line ¢, and other
passes through the yoke PMs and only links with the stator,
which cannot provide efficient torque but can relieve stator core
saturation, especially at the teeth bottom, as shown in green line
b. It can be noticed that flux directions in C1 and C3 are
negative, while flux direction in C2 and C4 are positive.

Fig. 4. Phase A coil distribution.

As shown in the linear machine model of Fig. 4, phase A is
formed with eight coils, from coils Al to A8. Among them, Al
to A4 are connected in series, which are categorized as group 1.
A5 to A8 are connected in series, which are categorized as
group 2. Group 1 and group 2 are reversely connected. In this
case, Al and A5, A2 and A6, A3 and A7, A4 and A8 have the
same flux linkage waveforms. Hence, phase A flux linkage is
twice the total flux linkage of coils Al, A2, A3, and A4. It is
worth noting that, coils Al, A2, A3, and A4 are placed at four
different positions relative to each yoke/slot PM pole.
Comparing Fig. 3 with Fig. 4, coil Al is corresponding to C3
since they have the same position relative to each yoke/slot PM
pole. Similarly, coil A2 is corresponding to Cl, coil A3 is
corresponding to C4, and coil A4 is corresponding to C2. The
only flux linkage discrepancy between the corresponding coils
lies in the phase difference. According to coils Al, A2, A3 and
A4 distribution, the flux linkage phase difference between them
is equal to zero, which will be illustrated in the following.

The open-circuit flux path analysis is essential to explain the
working principle of the proposed machine. Fig. 5 shows
qualitative flux waveform in coils Al to Ad. ¥, 41, ¥, 4,,
¥, 43 and ¥, 4, represent the flux linkage excited by yoke PMs
in coil Al, A2, A3, and A4 respectively. Wy, Psaz, Psaz and
Y, 44 denote the flux linkage excited by slot PMs in coil A1, A2,
A3, and A4 respectively. Y41, Wy4o, P43 and ¥y, denote the
flux linkage excited by both excitations in coil A1, A2, A3, and
A4 respectively. In Fig. 5(a), adjacent yoke PM and slot PM
have the same magnetizing direction, and coil Al shares the
same mechanical angle with them. Therefore, ¥, 41 and ¥,
are entirely in phase with each other, thus ¥,; can obtain the
maximum flux variation with the parallel excitation of both
PMs. In addition, Al is corresponding to C3, thus 'z”yAl 18
positive while W4, is negative. Hence, for coil A1, flux linkage
of slot PMs can reduce the positive biased flux linkage from the
yoke PMs in the stator teeth.
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Similarly, as presented in Fig. 5(b), for coil A2, ¥,, can
attain the maximum flux variation, and flux linkage of slot PMs
WY, 4 can greatly boost the negative biased flux linkage of yoke
PMs ¥, 4,. As shown in Fig. 5(c), for coil A3, ¥,3 can achieve
the maximum flux variation, and flux linkage of slot PMs ¥,
can greatly boost the positive biased flux linkage of yoke PMs
¥, a3- As exhibited in Fig. 5(d), for coil A4, ¥,, can reach the
maximum flux variation, and flux linkage of slot PMs ¥ ,, can
reduce the negative biased flux linkage of yoke PMs ¥, 44.

L4 '
¥y a1
Py 1/
J .
WSA 1
(a)
w s y
Wyu5
bl
lI’SA 3 92

©
Fig. 5. Open-circuit flux linkage. (a) A1. (b) A2. (c) A3. (d) A4.

In summary, slot-PM flux boosts yoke-PM flux in coils A2
and A3 which can be seen in Fig. 5(b) and Fig. 5(c), while slot-
PM flux reduces yoke-PM flux in coils Al and A4 as shown in
Fig. 5(a) and Fig. 5(d). However, the flux of yoke PMs and slot
PMs attain the maximum value and minimum value at the same
time, thus flux variation of them are superimposed to attain a
larger value.

As shown in Fig. 6, the flux linkages excited by both PMs in
coil Al, A2, A3 and A4 are entirely in phase with each other,
phase A flux linkage (¥,) is twice the total flux linkage of coils
Al, A2, A3, Ad (W41, Wz, Va3, Pas). Additionally, since coils
Al and A4, A2 and A3 are located in symmetrical positions
with respect to adjacent yoke PM pole and slot PM pole, flux-
linkage DC bias in coils Al and A4 have the same amplitude,
but differ in flux direction, thus can counteract each other as
shown in Fig. 5(a) and Fig. 5(d). Similarly, the flux-linkage DC
bias in coils A2 and A3 can also compensate each other as
shown in Fig. 5(b) and Fig. 5(c). Therefore, biased DC
components are eliminated in the phase A flux linkage as shown
in Fig. 6, and torque ripple can be greatly reduced.

v

Yz

Fig. 6. Open-circuit flux linkage.
For yoke PMs, the flux linkage in four different coils A1, A2,
A3 and A4 are denoted as ¥, 41, ¥y 42, ¥ya3 and ¥, 44, which

can be expressed as

plore. Restrictions apply.
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Vyar =¥ ypcar + ZV/)ACAln cos(nk6,)

n=l1

< 2z
Vynr = _{W)’DCAZ + Z‘//moun cos[nP. (6, —FXS)]}
=1 5
e ()
Wyas =Wypcas + Z‘//)'ACAM cos[nP, (6, - ? x6)]

n=1 s

& 2r
Yyns = _{V/_\»lJCAA + ZV/}'ACAM cos[nF,(6, - ? X 9)]}

n=1 s

where ¥Yypca1 > Yypcaz » Wypcas and Wypcas are the DC
components of flux linkage excited by yoke PMs in coils Al,
A2, A3 and A4. l‘UyACAln’ l‘UyACAZna lpyACA3n and lpyACAzm are
the magnitude of nth harmonics of flux linkage excited by yoke
PMs in coils Al, A2, A3 and A4. P, represents salient pole
number of rotor while P, denotes stator slot number. n
represents nth harmonics.

For slot PMs, the flux linkage in four different coils Al, A2,
A3 and A4 are denoted as Wgy1, Ysu2, Psaz and Wgyy, which
can be presented as

Va1 = —Wipcar + zl//.mcmn cos(nk6,)

n=1

Vs = {W\DCAZ + ZW\ACAZn cos[nP.(6, - ? X 3)]}
n=1

“4)
2z
Vias = Wopcas + Zl/leCASn cos[nb,.(6, — 7 x6)]

n=1 s

+00 272.
Vias = Vipcas — ZV/:ACA4n cos[nF,(6, - P x9)]

n=1 s

where Wspcar » Wspcaz » Pspcaz and Wspeaq are the DC
components of flux linkage excited by slot PMs in coils A1, A2,
A3 and A4 ¥sacain, Ysacazns Psacazn and Wsacasn are the
magnitude of nth harmonics of flux linkage excited by slot PMs
in coils A1, A2, A3 and A4.

Due to coils Al and A4, A2 and A3 are located in
symmetrical positions with respect to a yoke PM pole and a slot
PM pole, ¥ypca1 = Pypcas» Pypcaz = Pypcas s Pyacain =
prACAAl-n s l‘UyACAZ‘n = TyAca3n s Yspcar = Wspcas » Wspcaz =

Yspcazs Vsacain = Psacaans Wsacazn = Ysacazn-
For dual PMs, the flux linkage in coils Al, A2, A3, and A4

can be denoted as
War =Wya1 T Wi

Vspca) + Z(WyACA]n + Woucain) cos(nP.6,)

n=1

=W pcar —

Var =Wy t W
=—(Wypca2 + Wincaz)

fZa//Mn+wm2">cos[nP(9 53

Vas =Wyas T Wins 5)
=W \pcas + Wipcas)

+00 27[
+ z(l//yACAM + W acasn) cos[nb, (6, —? x6)]

n=1 s

Vas =Wyas T Wina
= _(‘//yDCM —Wncas)

& 27
- Z W yacaan + W acaan) COS[nP. (6, — ? x9)]

n=1 s
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According to (5), the flux linkage excited by yoke PMs and
slot PMs is superposed for coils A2 and A3 while which is
counteracted for coils Al and A4. Additionally, through adding
¥, to¥,, , phase A flux linkage can be expressed as
Wa=2xXWar +War +Was tWas)

P,
=—4x Z W sacan + Waacarn) sin(On7 ) sinln (6, —;)]

n=1,3,5 s s

(6)

P. 97
+4x Z W sacaan +Vrcazn)sinGnz ) sin(nP, (6, = )]

n=1,3,5.. s s

According to (6), the DC components and the even order
harmonics of phase A flux linkage are eliminated completely.
It is worth noticing that flux variation is effectively
strengthened with parallel-excited yoke PMs and slot PMs.

The higher order harmonics which are much smaller
comparing with fundamental wave, can be ignored. Thus, the
phase flux linkage is nearly sinusoidal with the special slot/pole
combination and winding connection.

D. Inductance analysis

Machine inductances are analyzed to verify that the salient
effect is greatly reduced in the proposed machine. Take the
inductance of phase A for example. The self-inductances of
coils Al to A4 can be written as

Ly = Lpca + ZLACA]u cos(nk.0,)

n=1

Ly, = Lpcar + z Lycar, cos[nP. (6, — ? x3)]

n=1 g e
Ly = Lpeas + ZLALL 3. cos[nP.(6, — ? x 6)]

n=l1 s

Lyy = Lpcas + ZLACA4n cos[nP,. (6, ? x9)]

n=l1 s

where Lpca1 s Lpcaz » Lpcaz and Lpcas are the DC components
of self-inductances of coils A1, A2, A3 and A4. Lycpa1n> Lacazns
Lacaznand Lycasn are the magnitude of nth harmonics of self-
inductances of coils A1, A2, A3 and A4.

Coils Al and A4, A2 and A3 are located in symmetrical
positions with respect to adjacent yoke PM pole and slot PM
pole, therefore Lpcas = Lpcas » Lpcaz = Lpcas » Lacain =
Lacaan> Lacazn = Lacaszn- In addition, the mutual inductances
among Al, A2, A3 and A4, which are quite small comparing
with self-inductances, can be ignored. The self-inductance of
phase A La is the twice the sum of coils Al, A2, A3 and A4
self-inductances Lai, Las, Lasz and La4, which can be denoted as
Ly =2%(Lay + Lao + Las + Lyy)

=4x(Lpcar + Lpcas)

+4x Y Licen cosOnz Loy costnp, (0, - 251 (8)
n=2,4,6 R Px

+4x Z Laccon cos(3nﬂ£)cos[n1%. (CA —9—”)]
n=2,4,6... R R
According to (8), with special slot/pole combination, the odd
order harmonics of phase A self-inductance are eliminated
thoroughly, while the DC component and even order harmonics
of phase A self-inductance remain. Since the magnitudes of
high order harmonics are very small, the phase A self-
inductance is nearly a constant value with DC component. In
other word, with special slot/pole combination, the salient

C from |IEEE Xplore. Restrictions apply.
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effect of the proposed machine is greatly reduced with a
constant phase self-inductance.

[ll. DESIGN OPTIMIZATION

A. Combined GA and FEA Optimization

In order to optimize the machine performance, the leading
dimension parameters need to be further optimized.

Fig. 7. Dimension parameters of the proposed machine.

TABLE |
INITIAL DIMENSION PARAMETERS OF THE PROPOSED MACHINE

Symbol Parameter Unit Value
R, Outer radius of rotor mm 75
R, Inner radius of stator mm 10
Ry Height of rotor yoke mm Variable
h,; Height of rotor slot mm Variable
h, Height of stator slot mm Variable
hy; Height of stator yoke mm Variable
1 Stack length mm 80
Sairgap Airgap length mm 0.6
Rt Height of yoke-PMs mm Variable
[ Height of slot-PMs mm Variable
6, Arc of rotor tooth top rad Variable
6, Arc of rotor tooth bottom rad Variable
0,. Arc of stator tooth bottom rad Variable
0. Arc of stator tooth top rad Variable

Due to the large number of dimension parameters, it is time-
consuming to optimize all the parameters through traditional
analysis method. Hence, this paper applies genetic algorithm
(GA). GA is derived from biology concept, which can find the
optimal result by imitating the effect of nature selection.
Referring to nature selection process, GA has three operation
factors, namely, reproduction, crossover, and mutation.
Reproduction generates the most adaptive individual survival,
while crossover and mutation expand the searching scope. GA,
which is an excellent method for optimization, communicates
with FEA to realize combined optimization.

The main purpose of this optimization is to attain relatively
higher average torque and lower torque ripple. The constraint is
outer diameter of machine. The initialization of GA is
performed as, a population of 50 elements, maximum
generation number of 20, crossover factor of 0.8 and mutation
factor of 0.2. Some dimensional parameters are labeled in Fig.
7, with initial dimension parameter values presented in Table I.

A multi-objective optimization can cause plenty of
unsuitable cases. For example, some elements have relatively
high average torque and high torque ripple, while some have
relatively low torque ripple and low average torque. A few of
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relative optimal elements are found at the turning points, which
possess relatively high average torque and low torque ripple.

B. Slot PMs and Yoke PMs Distribution under the Given
Total Amount of PMs

If the total amount of PMs is constant, it is important to
determine the distribution of PMs in stator yoke and slot
openings. With this objective, several optimizations are carried
out with given total amount of PMs. The axial length of
machine is fixed at 80 mm.

E3] 0 24mL o 322mL 4 40mL
Z * 48mL 56mL A%
2 9 o 64mL N
= 21
= EP A Qgg"
- 14 A DAL
© A0 0§°"°
3 - g0 D
g 0 | =oBRant B> P
= o0 2 4 6 8§ 10 12 14 16 18
Average torque (Nm)
Fig. 8. Optimized results of the last generation with different PM volume.
TABLE Il
OPTIMAL PM DISTRIBUTION WITH DIFFERENT TOTAL PMS VOLUME
Total Slot- Slot- Torque  Torque/
PM Yoke-PM PM PM Torque Ripple  volume
volume . (Nm)
volume (mL) volume ratio (Nm) (Nm/m
(mL) (mL) L)
24 14.261 9.768 0.4070 9.11 0.83 0.38
32 21.326 10.694 0.3342 10.08 0.78 0.32
40 31.728 8.400 0.2100 10.37 0.96 0.26
48 45.970 2.198 0.0458 12.07 0.85 0.25
56 49.992 6.163 0.1100 13.16 0.65 0.24
64 48.000 16.000 0.2500 12.36 0.95 0.19
14 30 J0s5 0.5
2.5 E g —0— Torque/PM volume
E 12 2.0 % Z 0.41 —0— Slot-PM ratio (04 g
£ "R g Lo.3 £
g 152 £ 031 g
10 gz 023
= 0s g g 0.2 Lo @
$h—————————100 0.1 ————————+0.0
16 24 32 40 48 56 64 72 E 16 24 32 40 48 56 64 72

Total PM volume (mL) Total PM volume (mL)

(@) (b)
Fig. 9. Torque, torque ripple, slot-PM ratio, and torque per PM volume.

Fig. 8 shows the optimization results with different total PM
volume. Table II gives optimal values according to given total
PM volume. Fig. 9 denotes torque, torque ripple, torque per
volume and slot-PM ratio with different total PM volume. In
this paper, slot-PM ratio is defined as the slot-PM volume
against total PM volume. As shown in Fig. 9(a), average torque
advances when total amount of PMs increases from 24mL to
56mL, while average torque reduces when total amount of PMs
increases from 56mL to 64mL. In addition, torque ripple has no
relationship with total PM volume. As presented in Fig. 9(b),
torque per PM volume decreases with the increase of the total
PM volume. In addition, slot-PM ratio decreases when total
amount of PMs increases from 24mL to 48mL, while slot-PM
ratio enhances when total amount of PMs increases from 48mL
to 64mL. In addition, Therefore, with given total amount of
PMs, we can determine slot PMs and yoke PMs amount
according to Table II and Fig. 9. Also, to attain maximum
torque, we can choose 56mL total PM volume. Torque per PM
volume achieves relatively high value when the total PM
volume is relatively low.
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C. Design optimization with no PM volume limitation

If the total PM volume is not limited, the optimization results
of last generation is obtain as shown in Fig. 10. The point
denoted by the red circle is the selected optimal case and
corresponding dimension parameter values are presented in
Table III. In this case, the total PM volume is 58.272 mL with
13.77 Nm steady torque and 0.2 slot-PM ratio, which agrees
well with above analysis.

- 5
z
< 44
2 4
& ¥ i
= i Optimal case
g 2 .
£ 1 &
3
= 0 += 299 [ aded et ° o
0 5 10 15 20

Average torque (Nm)
Fig. 10. Optimization results of last generation.

TABLE Il
DIMENSION PARAMETERS, BOUNDARY LIMITS AND OPTIMAL VALUES
L(.)wgr LQW?r Optimization
Parameter Limit Limit (mm)
(mm) (mm)
Out rotor hyy 4 16 7.45
h,i 2 12 3.50
6., 0.08 0.16 0.0800
0, 0.10 0.18 0.1024
Inner stator hy, 9 25 24.65
hy; 10 40 28.80
0, 0.10 0.20 0.1336
O 0.08 0.18 0.1074
Yoke-PMs Rpm 0.0001 10 4.81
Slot-PMs R 0.0001 9 3.14

IV. ELECTROMAGNETIC PERFORMANCE ANALYSIS
A. Flux Distribution and Harmonic Analysis with FEA

(@ (b)
Fig. 11. Open-circuit flux distribution under different excitation status. (a)
Only yoke PMs. (b) Both yoke PMs and slot PMs.

Fig. 11 shows the open-circuit flux distribution under
different excitation status. It is shown that both yoke PMs and
slot PMs have the same pole pair number and share the same
magnetic circuit. As for yoke PMs, the flux passes through the
stator, airgap, links the rotor, and then goes back to stator,
which is denoted in Fig. 11(a). The flux produced by dual PMs
has no phase shifts and can be superimposed to attain maximum
variation as shown in Fig. 11(b), which results in larger back-
EMF and steady torque. Noticeably, as shown in red circles in
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Fig. 11(a) and Fig. 11(b), stator teeth bottom near the PM pole

becomes less saturated with the employment of the slot PMs.
i(s) ] Only yoke PMs
0.5
0.0
-0.5
-1.0
-1.5 . . .

0 90 70 360

Only slot PMs

Flux density (T)

180 2
Mechanical angle (deg)

(a)
Only yoke PMs Only slot PMs

12 15 18 21 24 27 30 33 36 39 42 45 48
Harmonics pole pair numbers

(b)
Fig. 12. Flux density and harmonic distribution with slot PMs and yoke
PMs. (a) Airgap flux density waveforms. (b) Harmonic distribution.

The airgap flux density and harmonic distribution under
different excitation sources are plotted in Fig. 12. Comparing
Fig. 12(a) with Fig. 12(b), the airgap flux density waveforms
under only yoke PMs and only slot PMs excitation have the
same trend but only differ in amplitude. It is the same as
harmonic distribution. This verifies previous conclusion that
slot-PM main flux and yoke-PM flux have the same pole pair
number and share a parallel magnetic circuit. In this way, the
flux variation strengthening can be realized with dual PMs.
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(d)
Fig. 13. Open-circuit flux linkage waveforms and harmonics. (a) Coil A1.
(b) Coil A2. (c) Coil A3. (4) Coil A4.
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The open-circuit flux linkage waveforms and corresponding
harmonics in coils A1, A2, A2 and A4 are presented in Fig. 13.
For coil A1, slot-PM flux linkage can reduce the positive biased
yoke-PM flux linkage. For coil A2, slot-PM flux linkage can
largely boost the negative yoke-PM flux linkage. For coil A3,
slot-PM flux linkage can enhance the positive yoke-PM flux
linkage. For coil A4, slot-PM flux linkage can decrease the
negative yoke-PM flux linkage. Since coils A2 and A3 are far
from the PM poles, while Al and A4 are close to PM poles,
slot-PM flux reduces the yoke-PM flux in the coils near the PM
poles and enhances the yoke-PM flux in the coils far from PM
poles. However, for coils Al to A4, flux variation of yoke PMs
can be enhanced with the employment of slot PMs.

The open-circuit flux linkage waveforms and corresponding
harmonics of phase A and its coils are denoted in Fig. 14. It can
be found that flux linkages of coils Al, A2, A3 and A4 are
totally in phase with each other. Due to coil flux linkages have
no phase shift with each other, phase A flux linkage can obtain
the maximum flux linkage variation. Moreover, DC
components of flux linkage in coils Al and A4 have the same
amplitude but differ in direction. The same as DC components
of flux linkage in coils A2 and A3. Furthermore, DC component
and even order harmonics of flux linkage in phase A are
eliminated which is in accordance with aforementioned flux
analysis. Noticeably, the phase A flux linkage is perfect
sinusoidal waveform with the special slot/pole combination.
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(a) (b)
Fig. 14. Open-circuit flux linkage. (a) Waveforms. (b) Harmonics.
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Fig. 15. Self-inductance. (a) Waveforms. (b) Harmonics.

The open-circuit self-inductance waveforms and harmonics
of phase A and its coils are shown in Fig. 15. It can be noticed
that the phase A self-inductance has only minor variation as
shown in Fig. 15(a), which showcases a non-salient effect with
small torque ripple. In addition, the phase A self-inductance has
only DC component and even order harmonics, which is
consistent with aforementioned inductance analysis.
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Fig. 16. Open-circuit self- and mutual inductance of phase A.
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The open-circuit self and mutual inductance of phase A are
presented in Fig. 16. The mutual inductances are pretty small
comparing with self-inductance and can be neglected, which is
consistent with abovementioned analysis.

B. Thermal and Demagnetization Analysis

Since slot PMs are near the stator poles and armature winding
while yoke PMs are buried in the yoke of the inner stator, the
heat extraction is needed to be seriously considered. Assuming
the ambient temperature is 25 °C, through assigning the losses
of each part of the proposed machine to a 3-D modified model,
temperature distribution can be shown in Fig. 17. The highest
temperature in rotor core, stator core, stator PMs and armature
winding are 83.6 °C, 89.8 °C, 89.5 °C and 90.2 °C respectively.

Temperature Temperature

€l

]
(c) )
Fig. 17. Temperature distribution in each part of the proposed machine.
(a) Rotor core. (b) Stator core. (c) Stator PMs. (d) Armature winding.

In order to testify the PM demagnetization withstanding
capability of the proposed machine, the flux density distribution
and corresponding selected point flux density variations under
rated load at 90 °C are denoted in Fig.18. It presents that the
flux density of all selected points during an electrical period
exceed the irreversible demagnetization threshold value.
Therefore, PM demagnetization withstand capability is pretty
good under rated load condition.

0.65T 10T

-0-A-0-B-4-C
-7~D-<-E F

90 180 270 360
Rotor position (elec. deg.)
(@ (b)
Fig. 18. PM demagnetization withstand capability under rated load at
90 °C. (a) Flux density distributions. (Selected points). (b) Selected point
flux density variations.

C. Comparative study

In order to verify better performance of the proposed DPM-
RM than the existing variable reluctance machine (VRM) [26],
and testify the effectiveness of slot PMs, three machines with
the same outer rotor diameter, stack length, rated current
density are taken into comparison as shown in Fig. 19.
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(@ (b) ()
Fig. 19. Machines for comparison. (a) The existing VRM. (2) DPM-RM
without slot PMs. (b) DPM-RM with slot PM (The proposed machine).
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Fig. 20. Open-circuit electromagnetic performance. (a) Back-EMF. (b)
Self-inductance.
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Fig. 21. On-load torque waveform.

Fig. 20 (a) gives the open-circuit back-EMF. It is obvious
that the proposed machine can offer more symmetrical and
trapezoidal back-EMF waveform than the existing machine. Fig.
20(b) shows the phase self-inductance waveforms. It shows that
the proposed machine can provide smaller variation of self-
inductance with non-salient effect, resulting in small torque
ripple. Fig. 21 gives the on-load torque of two machines. The
average torque of the existing and proposed machines are 8.59
Nm and 13.77 Nm respectively. The torque ripple ratios of the
existing and proposed machines are 81.4% and 5.9%
respectively. It verifies the proposed machine has symmetrical
electromagnetic performance, smaller self-inductance variation,
smaller torque ripple with special slot/pole combination and
special winding connection. Therefore, the radial magnetic
force is nearly zero.
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Fig. 22. Open-circuit flux linkage.
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Fig. 23. Open-circuit back-EMF.
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As shown in Fig. 22, the amplitudes of flux linkages of DPM-
RM without slot PMs and with slot PMs are 32.7 Wb and 42.3
Wb from 2-D FEA. The open-circuit flux linkage can be
increased by 29.36% with the introducing of slot PMs. The
flux-linkages predicted by 3-D FEA are lower than that by 2-D
FEA due to the end effects.

As denoted in Fig. 23. It has the similar conclusions as open-
circuit flux linkage. The amplitudes of back-EMFs of DPM-RM
without slot PMs and with slot PMs are 50.5 V and 62.3 V using
2-D FEA. The open-circuit back-EMF can be enhanced by
23.37% by adopting slot PMs. The back-EMFs predicted by 3-
D FEA are lower than that by 2-D FEA due to the end effects.
Fig. 24 denotes cogging torque. 3-D FEA results have larger
cogging torque ripple than 2-D FEA results.
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Fig. 24. Cogging torque of two machines.

The AC excitation current is given as 9 A with 6 A/mm? of
rated current density in Fig. 25. It can be calculated that torque
of DPM-RM without slot PMs and with slot PMs are 10.82 Nm
and 13.77 Nm from 2-D FEA. The steady torque can be
improved by 27.26% with the use of slot PMs. The steady
torque using 3-D FEA is lower than that using 2-D FEA because
of the end effects. The torque ripple ratio is defined as peak-to-
peak value against average value. The torque ripple ratios of
DPM-RM without slot PMs and with slot PMs are 10.00% and
5.05% in 2-D FEA, while are 15.07% and 11.55% in 3-D FEA.
In addition, the proposed machine has higher torque and lower
torque ripple ratio, which verifies that the proposed machine
has excellent reliability according to the vibration generating by
torque ripple.
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Fig. 25. Steady torque of two machines.

Considering the inverter voltage limit and current limit, the
efficiency maps of DPM-RM without and with slot PMs under
the peak phase current of 18 A and limited DC voltage of 180
V are presented in Fig. 26. The DPM-RM with slot PMs has the
higher efficiency both in low-speed constant torque and high-
speed constant power regions, which is suitable for electrical
vehicle and wind power generation applications.
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Fig. 26. Efficiency map. (a) Without slot PMs. (b) With slot PMs. (Imax=18
A, Use=180 V).

S W

V. EXPERIMENTAL VALIDATION

A parallel excited DPM-RM prototype with dimension
parameters given in Table I and Table III is manufactured. And
the electromagnetic performances of the prototype are tested.
Fig. 27 shows the stator core, winding connection, and robust

rotor respectively. A test platform is established as shown in Fig.

28, which includes prototype, dynamometer, oscilloscope, DC
power supply, dSPACE, inverter, as well as control panel. Also,
the details of parts in test platform are represented in Table IV.
To obtain open-circuit back-EMF, the prototype is dragged by
servo drive motor with 600 rpm rated speed, and back-EMF is
measured by the oscilloscope. To obtain on-load characteristics,
such as steady torque and total loss, the prototype is supplied
with three-phase currents from dSPACE.

The drive system of the proposed machine comprises dc
power supply, a large capacitor, a three-phase inverter for
armature windings. The conventional vector control circuit
adopts speed outer loop and current inner loop. Space vector
pulse width modulation (SVPWM) is used to realize operation
target. Since the proposed machine has non-salient effect,
conventional I4=0 control can be applied.

(a) (b) (c)
Fig. 27. Prototype. (a) Stator core. (b) Winding connection. (c) Rotor.

"

Fig‘. 28. Test platform.

TABLE IV
THE DETAILS OF PARTS IN TEST PLATFORM
Device Model Device Model
Prototype Machine dSPACE Microlabbox
Dynamometer CF200KS DC power supply 62024P-600-8
Oscilloscope DSO-X 2022A Inverter Self-built
Computer Dell Rotary encode TS5214N8566

The measured open-circuit back-EMF of phase A at rated
operation speed of 600 rpm acquired by the oscilloscope is
shown in Fig. 29. The test result is consistent with FEA results.
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Fig. 29. Measured open-circuit back-EMF at 600 rpm.

By injecting rated current of 9A into the armature winding
and testing the torque at different rotor position, the torque
variation against current advance angle is shown in Fig. 30. The
DPM-RM with slot PMs has higher torque than DPM-RM
without slot PMs in all current angle. Also, with the special
slot/pole combination, two machines have non-salient effect
since three curves are all sinusoidal, which coincides with
abovementioned inductance analysis. In addition, the test result
of DPM-RM with slot PMs agrees well with simulation result.
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Fig. 30. Measured torque against current advance angle.

By injecting rated current of 9 A, the measured output steady
torque, speed and phase currents acquired by the oscilloscope
are denoted in Fig. 31. Fig. 31(a) shows the measured data
under rated operation speed of 600 rpm, while Fig. 31(b) shows
the measured date under high operation speed of 900 rpm. It is
obvious that the output torque is about 13 Nm at 600 rpm and 9
Nm at 900 rpm due to flux weakening effect.
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Fig. 31. Measured output torque. (a) Rated speed of 600 rpm. (b) High
speed of 900 rpm.

Under rated operation speed of 600 rpm, testing the torque at
different armature excitation values, the torque against different
copper loss is shown in Fig. 32(a) and the torque against
different current density is denoted in Fig. 32(b). It can be seen
that DPM-RM with slot PMs has higher torque than DPM-RM
without slot PM in all copper loss and current density. Test
result of DPM-RM with slot PMs agrees with simulation result.
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Fig. 32. Torque variation. (a) Torque against copper loss. (b) Torque
against current density.
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Fig. 33. Torque a(nc)i torque ripple against speed. (g))Torque against
speed. (b) Torque ripple against speed. (lraea=9 A, Uge=180 V).

Under rated current and limited DC voltage of 180 V, the
torque and torque ripple are tested at different operation speed.
It can be found that the DPM-RM with slot PMs has higher
torque than DPM-RM without slot PMs in both constant torque
region and constant power region as shown in Fig. 33(a).
Meanwhile, the torque ripple increases along with the increase
of speed. The DPM-RM with slot PMs has smaller torque ripple
than DPM-RM without slot PMs in all speed range as denoted
in Fig. 33(b). In addition, the test result of DPM-RM with slot
PMs coincides with simulation result.

[
=

Torque ripple ratio (%)

VI. CONCLUSION

This paper presents novel parallel-excited dual-PM
reluctance machine (DPM-RM), which builds an integrated
excitation field with both yoke PMs and slot PMs. Slot PMs is
introduced to work with yoke PMs to enhance effective torque
and stator core utilization factor. Through the flux analysis,
with special slot/pole combination, DC component and even
order harmonics of phase flux are eliminated, thus sinusoidal
flux linkage and smooth torque can be attained. In addition, it
is revealed in inductance analysis that the odd order harmonics
of phase self-inductance are removed, resulting in small torque
ripple with approximately constant phase self-inductance. A
comparative study is performed between DPM-RM without slot
PMs and with slot PMs. It can be concluded that the DPM-RM
with slot PMs has the higher back-EMF, and higher torque than
that without slot PMs. The open-circuit flux linkage, back-EMF,
steady torque can be increased by 29.36%, 23.37%, and 27.26%
through adopting slot PMs via FEA. The efficiency of DPM-
RM with slot PMs is higher in both low-speed constant-torque
and high-speed constant power region, which is suitable for
application caring much about the energy saving. Furthermore,
comparing with existing variable reluctance machine, the
proposed DPM-RM has trapezoidal back-EMF, smaller self-
inductance variation, smaller torque ripple. Due to the increased
PM usage, the cost of machine may be higher than conventional
double salient machines. To further reduce the machine cost,
ferrite PM machine may be a solution and to improve the flux
regulation capability, dc excitation-based hybrid design could
be a potential solution.
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