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A B S T R A C T   

Due to its good mechanical robustness and field control capacity, the DC-excited Vernier reluctance machine 
(DC-VRM) is a promising candidate for electrical vehicle propulsion. However, the conventional design of this 
machine suffers from large excitation copper loss and leading to low efficiency, due to an identical distribution of 
DC excitation coils at the stator side. This paper proposes a novel efficiency-enhanced DC-VRM. The key tech
nology is based on the flux modulation mechanism to reduce DC field coils and mitigate DC copper loss while 
keeping the excitation ability and power density not sacrificed. In this paper, the machine configuration and 
operation principle are introduced. A combination of the magneto-static finite element and the analytical method 
is used to quantitatively analyze the contribution of different harmonics on the phase EMF under two different 
DC layouts. The feasibility of the proposed topology is further verified by a transient finite element analysis, 
which proves that, with the same design parameters, the proposed design achieves higher back EMF and output 
torque per DC copper loss. Therefore, this new topology enhances efficiency and can be a more promising non- 
PM machine for EVs.   

1. Introduction 

Due to a limited supply of the rare-earth permanent magnet (PM) and 
its increasing cost burden, developing reduced or non-PM machines with 
high performance for electric vehicles (EV) is an important research 
topic [1]. Switching reluctance machine (SRM) [2–4] is a potential so
lution. However, it has a relatively large torque ripple due to its half- 
cycle-conducting characteristic [5]. Doubly-fed doubly salient ma
chine (DFDSM), which owns a similar structure to SRM but employs 
extra DC excitation at the stator side, has also been studied [6]. How
ever, its torque ripple is still unacceptable caused of a bipolar flux 
characteristic [7]. To address the issue in DFDSM, a new topology, 
Variable flux reluctance machine (VFRM) is proposed [8,9]. VFRM 
provides an alternating excitation flux, similar to conventional AC 
synchronous machines. Therefore, it achieves a smoother torque when 
driven by the sinusoidal current. Recently, it has been revealed that the 
operation principle of VFRM can be interpreted based on the flux 
modulation theory [10]. Meanwhile, more possible slot pole combina
tions are discovered with such a new perspective, including some new 

cases with distributed armature winding. They are clarified as the DC- 
excited Vernier reluctance machine (DC-VRM). 

Vary from some researches on torque density [11], torque ripple 
[12], and power factor [13] of DC-VRM. This paper focuses on a distinct 
issue in DC-VRM: its energy consumption in the DC field terminal, which 
leads to a nonnegligible copper loss and thus reduced efficiency. Hence, 
how to reduce excitation copper loss and increase efficiency in DC-VRM, 
is a meaningful exploration to broaden its potential for EVs, in which the 
efficiency of the propulsion machine is one of the leading factors to 
determine the practical driving range. 

Based on the flux modulation principle, this paper proposes a new 
efficiency-enhanced DC-VRM for EV propulsion. This paper is organized 
as follows. In Section 2, the machine configuration and its operation 
principle are first introduced. Then in Section 3, based on a magneto- 
static finite element and analytical combined method, the influence of 
different DC layouts is quantitatively assessed by separating the 
contribution of different harmonics on phase EMF. Further, in Section 4, 
the feasibility of the proposed design is verified by a transient finite 
element analysis. Some conclusions are drawn in Section 5. 
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2. Machine configuration and operation principle 

The existing design and proposed new design for DC-VRM are pre
sented in Fig. 1(a) and (b), respectively. They both generally employ two 
sets of windings at the stator side: DC field and AC armature. The rotor 
consists of only iron cores without any excitation components arranged. 
Therefore, DC-VRM owns excellent mechanical robustness, good field 
control ability by DC terminal and thus a wide speed range, which makes 
it a potential solution for EV propulsion. 

It is further noticed, the critical difference between the two topol
ogies is the layout of DC coils. In the existing topology, every DC coil is 
identically wounded on each stator tooth, while it is wounded on two 
stator teeth in the proposed design. Obviously, the total number of DC 
coils is halved. Besides, caused by the change of DC layout, the slot pole 
combination and winding configuration in the proposed topology also 
become different. 

In general, the operation principle for two topologies can be illus
trated by the flux modulation mechanism. Specifically, due to the rotor 
saliency effect, the magnetic field generated by the DC field source is not 
uniform. Instead, a number of harmonics will be produced in the air gap 
and their pole pair number (PPN) [14] can be predicted by  

PPNmk = |mps + kpr|

m = 1, 3, 5…, k = 0,±1,±2,±3… (1)  

where ps is the PPN of the DC field source, pr is the number of rotor 
salient poles. Further, the corresponding rotational velocity of each 
harmonic component is  

ωm,k =
kpr

mps + kpr
ωr (2)  

where ωr is the rotor rotational velocity. 
With this flux modulation effect [15], DC-excited harmonics with the 

same PPN and the same rotational velocity with those produced by the 
armature field will interact with each other. To transmit the highest 
electromagnetic torque, the PPN of the DC field source, the rotor pole 
number as well as the PPN of armature winding pa, are governed by  

pr = ps + pa (3) 

Using a 12-slot stator as a design element, the PPN of the DC field 
source in the existing topology is 6, while that in the proposed topology 
is 3. The selection of rotor pole numbers in DC-VRM is relatively flexible. 
In this paper, the rotor pole number in the existing topology is selected 
as 10. Accordingly, based on (3), the PPN of armature winding can be 
derived as 4. This is a typical design for DC-VRM and has been widely 
investigated in kinds of literature. For the proposed topology, the rotor 
pole number is artificially selected as 11 in this paper and thus the PPN 
of armature winding is 8. In this case, the armature winding of two to
pologies is actually the same, accordingly, the copper loss of armature 
winding in two topologies can be easily kept the same at the design 
stage. Therefore, the influence of DC copper loss and machine efficiency 
can be more clearly evaluated for these two counterparts as given in 
Fig. 1, in which the main difference between them is the DC layout, from 
a structural perspective. 

3. Contribution evaluation of different harmonics with two 
different DC layouts 

With DC coils halved in the proposed design, the copper loss of DC 
field winding can be obviously reduced when applied by the same cur
rent excitation. However, its influence on the back EMF and torque 
density should be clearly studied. In this part, the combination of the 
magneto-static finite element and the analytical method is used for a fast 
and quantitative evaluation of the contribution of different DC field 
harmonics in two different topologies. 

Firstly, the air gap magnetic field produced by two different DC 

Fig. 1. DC-excited Vernier reluctance machine. (a) Existing. (b) Proposed.  
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layouts can be quickly calculated by a magnetostatic finite element 
method, as plotted in Fig. 2. To more clearly show the influence of 
different DC layouts, the rotor modulation effect is not considered, and 
all the dimension parameters are maintained. 

Two different DC layouts methods base on the same topology. It can 
be seen, with the DC coils reduced by half, a uniform excitation magnetic 
field can be still established along the air gap circumference, which 
means, the proposed topology with halved DC coils, is also able to 
realize an effective flux modulation operation if the rotor salient poles 
and armature winding are reasonably designed. Further, the air gap flux 
density of two DC layouts as well as its FFT analysis, are presented in 
Fig. 3. It can be found, regardless of DC layout, the dominant harmonics 
excited by the DC field source are always the fundamental, third-order 
and fifth-order DC field harmonics. Further, with DC coils halved, the 
spectrum of DC field harmonics also changes. Specifically, the PPN of 
fundamental, third-order and fifth-order DC field harmonics are all 
halved. Besides, the amplitude of the fundamental DC field harmonic is 
reduced, while that of the third and fifth-order components increases. 

Without the modulation of rotor salient poles, the magnetic field 
excited by the DC field source is always stationary. However, after the 
rotor modulation effect, both stationary and rotational harmonic com
ponents would be produced in the air gap. Fig. 4 presents the DC mag
netic field after rotor modulation. It can be found that the magnetic field 
distribution is no longer uniform along the air gap circumference, 
caused by the rotor modulation effect. Further, the air gap flux density is 
also calculated and presented in Fig. 5, along with the corresponding 
FFT analysis. Compared with Fig. 3, a lot of new harmonics are pro
duced. As denoted in Fig. 5, the sub-harmonics excited by the funda
mental DC field harmonics are classified into Group I, while those 
generated by the third-order and fifth-order DC field harmonics are 
classified into Group II and Group III, respectively. 

To investigate the contribution of each harmonic component on the 
back EMF of one phase winding. The winding factor of each harmonic 
component [16] should be calculated by  
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

kpn = cos(nε/2)

kdn =
sin(mnγ/2)
msin(nγ/2)

kwn = kpnkdn

(4)  

where ε is the angle by which coils are short-pitched. γ is the slot angle. 
m is the coil number in one phase spread. n is the order of harmonics. kpn 

is the pitch factor for the nth harmonic. kdn is the distribution factor for 
the nth harmonic. kwn is the final winding factor. For 12-slot 8-pole 
armature winding employed in this paper, ε = 60◦, γ = 120◦, m = 1. 
Further, the induced phase EMF by the nth harmonic component can be 
expressed as  

Ephn =
4.44kwnTphBmnDLN

60
(5)  

where Tph is the total turn number of one phase winding, Bmn is the 
amplitude of air gap flux density for nth harmonics. D is the diameter of 
the air gap circumference. L the stack length. N is the rotor rotational 
speed. The final synthetic phase EMF can be deduced as  

Eph =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
E2

ph1 + E2
ph2 + E2

ph3 + ⋯⋯
)√

(6) 

Based on the above method, the contribution of each harmonic 
component on the phase EMF is calculated for two topologies and pre
sented in Tables 1 and 2, respectively. It can be seen, in the proposed 
design with DC coils halved, the contribution of the fundamental DC 
field harmonic on EMF is reduced from 83.7% to 70.6%, while that of 
the third-order DC field harmonic is increased from 13.1% to 19.9%, and 
that of the fifth-order DC field harmonic is increased from 2.4% and Fig. 2. No load magnetic field produced by two different DC layouts, before 

rotor modulation. (a) Existing. (b) Proposed. 

Fig. 3. Air gap flux density and FFT analysis of the magnetic field produced by 
two different DC layouts, before rotor modulation. (a) Existing. (b) Proposed. 

Fig. 4. No load magnetic field produced by two different DC layouts, after rotor 
modulation. (a) Existing. (b) Proposed. 
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9.43%.  

4. Finite element verification 

To verify the advantages of the proposed DC-VRM over the existing 
solution, their electromagnetic performance is further evaluated by 
using transient finite element analysis. The general design parameters 
for the two designs are presented in Table 3. 

The no-load back EMF for two topologies both calculated as given in 
Fig. 6, at the speed of 900 rpm. The back EMF for the existing topology is 

around 54 V when a 6 A DC field current is applied. As for the proposed 
topology, two situations are considered for comparison. Firstly, when it 
is applied with the same DC field current 6 A, the back EMF of the 
proposed machine can achieve about 50 V, which means, although the 
DC coils are halved, the proposed design can still obtain a comparable 
excitation ability. Further, when the proposed topology is applied with 
8.4 A DC field current, which generates the same DC copper loss as the 
existing topology, its back EMF achieves about 63 V. Therefore, the 
proposed topology can produce higher back EMF per DC copper loss, 
compared with the existing solution. 

Further, the steady torque curves are calculated and presented in 

Fig. 5. Air gap flux density and FFT analysis of the magnetic field produced by two different DC layouts, after rotor modulation. (a) Existing. (b) Proposed.  

Table 1 
Harmonics contribution on EMF in the existing topology.    

PPN Bmn kwn EMF (%) 

Group I ps 6 0.36 0.707 60.1 
|ps − pr| 4 0.16 0.866 17.2 
ps + pr 16 0.17 − 0.5 6.7 

Group II 3ps 18 0.13 − 0.707 7.9 
|3ps − pr | 8 0.07 0.5 1.1 
3ps + pr 26 0.07 − 0.965 4.2 

Group III 5ps 30 0.06 − 0.707 1.6 
|5ps − pr | 20 0.03 − 0.866 0.6 
5ps + pr 40 0.03 0.5 0.2  

Table 2 
Harmonics contribution on EMF in the proposed topology.    

PPN Bmn kwn EMF (%) 

Group I ps 3 0.29 0.923 65.7 
|ps − pr| 8 0.13 0.5 3.8 
ps + pr 14 0.13 − 0.258 1.1 

Group II 3ps 9 0.21 0.383 6.1 
|3ps − pr| 2 0.09 0.966 6.9 
3ps + pr 20 0.10 − 0.866 6.9 

Group III 5ps 15 0.12 − 0.383 1.9 
|5ps − pr| 4 0.07 0.866 3.4 
5ps + pr 26 0.07 − 0.966 4.1  
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Fig. 7. with 8.4 A sinusoidal armature current injected. It can be noticed 
that about 14.8% higher output torque can be achieved in the proposed 
topology when DC copper loss maintains the same. 

Finally, the total copper loss, core loss and output mechanical power 
are all evaluated and presented in Fig. 8. Based on these data, the ma
chine efficiency can also be calculated as 79.7% for the existing topol
ogy, 82.4% for the proposed topology with the same DC current, and 
82.1% for the proposed topology with the same DC copper loss. There
fore, the proposed DC-VRM with halved DC coils can provide higher 
efficiency than the existing solution and thus is a more efficient non-PM 
candidate. 

5. Conclusion 

This paper proposes an efficiency-enhanced DC-VRM. The key is 
based on the flux modulation mechanism to reduce DC field coils and 
mitigate DC copper loss. In this paper, the influence of two different DC 
layouts is quantitatively analyzed based on a magneto-static finite 
element and analytical combined method, which reveals that, with DC 
field coils halved in the proposed solution, the contribution of funda
mental DC field harmonic is reduced, while that of third-order and fifth- 
order harmonics are both increased. Therefore, a comparable excitation 
ability and torque density can still be achieved in the proposed design 
with DC coils halved. Further, a transient finite element comparison is 
performed, and it proves that the proposed design can achieve higher 
back EMF and output torque per DC copper loss. Hence, this new 
efficiency-enhanced DC-VRM topology can be a more promising non-PM 
candidate for EV propulsion. 
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