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ABSTRACT In this paper, a self-excited topology by utilizing third harmonic field excitation is proposed
for realizing the brushless operation of the Wound Rotor Vernier Machine (WRVM). The proposed topology
consists of two windings housed inside the stator periphery connected in series with the three-phase diode
rectifier. The two windings on the stator periphery are the 12-pole excitation and 4-pole armature winding.
The 12-pole excitation winding is linked to the open-end star winding of 4-pole armature winding with
the help of a three-phase diode rectifier. When the current is supplied by the inverter, a 4-pole, and a 12-
pole Magneto Motive Force (MMF) is developed in the machine air gap. The 4-pole fundamental MMF
component develops the main stator field and a 12-pole MMF component develops the third harmonic field.
The third harmonic field tends to induce a harmonic current in the harmonic winding which is housed inside
the rotor periphery. The induced harmonic current is then rectified by the means of an H-bridge rectifier to
excite the rotor field winding, and this realizes the brushless operation of a WRVM. The Two-dimensional
Finite Element Analysis (2D-FEA) is carried out in a JMAG designer software to validate the operation
of the proposed BL-WRVM. Furthermore, the proposed topology is analyzed for the comparative analysis
with the sub-harmonic model after the verification of FEA results. The comparative analysis shows that the
third harmonic topology results in improved average torque when compared to the subharmonic wound-rotor
vernier machine.

INDEX TERMS Wound rotor synchronous machines, brushless operation, single-inverter-fed, harmonic
field excitation, third harmonic excitation, wound rotor vernier machine.

I. INTRODUCTION

The development of electric machines has grown signifi-
cantly over the past century in a wide range of industrial
applications, such as electric automobiles, wind turbines, ship
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propulsion systems, and in robotics [1]. On the installation
of high-energy density Permanent Magnet (PM) materials,
the PM machine provides superior performance and hence
they become very attractive in high-performance applica-
tions. Similarly, the PM-assisted (PM-a) machines are the
other candidate that pursued the researchers to improve the
efficiency of a machine. The PMs are positioned on the
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TABLE 1. Segregation of different machine topologies.

Brushless Machines Achievements Limitations
(PM-assisted) Novel Wound Field Synchronous ¢ No use of slip-rings and brushes + Torque density is reduced due to PM
Machine « Efficiency is high +¢ Optimal design for pole head shape is required

Brushless Synchronous Machine With Additional
Harmonic Field Windings
achieved

++ No use of PM, by adding excitation
winding brushless operation is

+¢ Power density reduces due to the large volume
of a stator

Dual Inverter Subharmonic BL-WRSM

++ Subharmonic component is generated |+ Two inverters are necessary
by distributing armature windings
into two halves

++ High torque ripple
+¢ Copper loss increased

Excitation

BL-WRSM with Zero-Sequence Third-Harmonic Field |+ Additional harmonics reduced
+ Torque density was improved
compared to other machines

++ Ripple increases due to switching loss
“ Low efficiency as more current flows

Dual and single inverter fed BL-WRSM for Third-
Harmonic Field Excitation

+* No need for extra switches
+ Output torque was improved with
low ripple rate

+«» Complex control scheme is used to generate
third harmonic field excitation

Comparison of PMVM and PMSM

¢ Average torque increased for PMVM | PMs cause several disadvantages
as compared to PMSM due to
different pole number

Single and Dual Inverter Fed subharmonic BL-WRVM | < Brushless operation also achieved
+¢ Torque was slightly increased

+ Unbalanced magnetic distribution

opening slots of the rotor to maximize the output torque [2].
However, the fluctuating supply of rare-Earth materials is
increasing the cost of permanent magnets. Furthermore, when
taking a close look at industries for the supply of rare-earth
materials, one concludes a drastic impact on environmental
problems [3].

The Wound Rotor Synchronous Machine (WRSM),
in which the DC is supplied to the field winding with
the help of slip rings and carbon brushes is known as a
brushed machine. The slip rings and carbon brushes contact
each other to provide excitation to the field winding. The
continuous sparking of these mechanical structures gener-
ates heat, which makes them necessary to replace and this
reduces the efficiency and reliability of the machine [4].
Similarly, an additional exciter expands the system’s size
and expense. Thus, such types of motors should never be
utilized for an operation that demands for long life and reli-
ability. The main goal is to develop a machine to enhance
the field winding without PMs, carbon brushes and slip
rings [5].

The self-excited machines are the fresh candidates pro-
viding better performance for the excitation to the rotor
field winding. The significant question that arises, is how
to realize the brushless operation of a wound rotor machine
without conventional exciters. Nonetheless, harmonic exci-
tation could be a viable solution to operate a machine in
brushless mode. Harmonic excitation mainly refers to the
sub-harmonic component and third-harmonic component [6].
A useful power could be achieved by harmonic field exci-
tation to energize the rotor field winding [7]. An additional
harmonic component along with the fundamental component
is generated to obtain the Magneto Motive Force (MMF)
in the machine air gap. Through this mechanism, voltage is
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induced in the harmonic winding that is housed inside the
rotor periphery.

Several researchers have proposed different harmonic tech-
niques to achieve the brushless operation of WRSMs. These
methods are divided into two categories 1) space harmonics
and time harmonics [8]. An additional harmonic winding
along with the armature winding is equipped in the stator slots
proposed in [9]. Two windings with equal pole pairs were
housed inside the stator periphery namely armature wind-
ing and additional harmonic winding. This topology creates
a third harmonic and fundamental component, inducing a
bipolar-induced voltage in 12-pole rotor harmonic winding
that supplies a rectified current to the field winding. The
power density of the machine was reduced due to the large
volume of the stator. This type of brushless scheme is not
suitable for industrial applications due to losses produced by
other components [10].

It was realized that a conventional power source or inverter
would be sufficient for the brushless operation of the WRSM
instead of installed devices on the stator periphery. Hence,
a dual-inverter-based prototype was configured [11]. The
proposed work shows the scheme by distributing the armature
windings in two equal halves with separate star-connection
mounted in the stator periphery. Both these windings were
connected with two separate inverters supplying different
current magnitudes. This type of arrangement will generate
sub-harmonic and fundamental components in the machine
air gap. This will then induce an Electromotive Force (EMF)
in the 2-pole excitation winding which is housed inside the
rotor. The induced voltage is then rectified to energize the
field winding. The difference in current magnitudes resulting
in higher torque ripple and reduces the torque density of a
machine. However, by utilizing subharmonic components,
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FIGURE 1. Flow of research process.

these topologies suffer from low average output torque due
to underrated current in the harmonic winding.

Hence, to improve the output torque, a scheme is designed
with additional six-thyristor switches arranged in antiparallel
combination was introduced for generating time harmonics in
the air gap field [12]. The operation of these switches creates
both the fundamental as well as third harmonic components
to generate the required MMF. This induces the harmonic
voltage in the rotary harmonic winding. Afterward, the bridge
rectifier converts this induced voltage and feds to the rotor
field winding. The rotor field gets link with the main field
because of the equal number of poles, realizing the brushless
operation of WRSM by using thyristors. However, this topol-
ogy results in low efficiency due to the additional switching
losses installed in the armature winding. Furthermore, this
topology also results in high torque ripple which increases
the noise and reduced the life of the machine.

Synchronous machine require larger size and heavy weight
for the low-speed applications. Consequently, geared systems
provides a solution to drive a system at low speed compris-
ing high transmission torque. Friction loss, vibrations that
cause noise, and heat production are the main limitations
subjected to the traditional mechanical gears system. Further-
more, these require regular lubrication for smooth operation
otherwise they may be jammed. Apart from this, Magnetic
Gears (MGs) were developed to overcome the issues related
to mechanical gears.

The concept of the Vernier Machine (VM) was first pro-
posed by C.H. Lee proposed that uses the magnetic gearing
phenomenon caused by flux modulation to generate high
torque at a low speed [13]. These machines achieve high
torque due to increased rotor poles. Moreover, it is not neces-
sary to employ any mechanical gear system with a vernier
machine. In comparison to the vernier machine, the syn-
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FIGURE 2. (a) 2D design of subharmonic BL-WRVM (b) Schematic
representation of subharmonic BL-WRVM.

chronous machine operates with an equal number of poles
as that of the stator and rotor. Whereas in VM, the rotor and
stator poles are different from each other.

Due to advancements in permanent magnet technology,
Permanent Magnet VMs (PMVMs) have attracted a lot of
attention in recent years. PMVMs seemed as a crucial poten-
tial candidate for applications such as ship propulsion and
wind power generation [14], [15]. Due to various conse-
quences related to PMs and brushed WRSMs, the Brushless
Wound Rotor Vernier Machine (BL-WRVM) was developed
by splitting the armature winding into two halves [16].
This topology contains two inverters supplying different cur-
rent magnitudes to the armature winding. This generates a
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FIGURE 3. Winding layout for subharmonic BL-WRVM (a) Stator windings (b) Rotor windings.

sub-harmonic component in the machine air gap along with
the fundamental component.

A single inverter-fed topology of BL-WRVM with an
additional winding (XYZ) was equipped in series with the
three-phase armature winding (ABC) [17]. This generates
the required MMF to induce the voltage in rotor harmonic
winding. This induced voltage feds to the field winding
after rectification and that realizes the brushless operation of
WRVM. Based on the above arrangement, another work was
done in [18] to operate a WRSM in a brushless mode. This
topology was equipped with the single-phase 2-pole wind-
ing (X) instead of the three-phase (XYZ) winding fastened
with the armature winding to obtain the air-gap MMF for
brushless operation. A similar approach was done with the
WRVM in order to improve the torque performance [19].
In this approach, the two-pole excitation winding contains
three coils that were distributed among six slots. Whereas
the four-pole armature winding is distributed to 18 slots.
The topology is the same as in [18] but implemented in
vernier machine to enhance its torque performance. Table 1
summarizes different types of machine topologies with their
achievements and limitations.
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The WRVMs topologies are implemented to obtain the
brushless operation by using subharmonic field excitation.
This research exhibits the brushless operation of WRVM
by utilizing third-harmonic field excitation. In the proposed
brushless-vernier machine, stator slots contain three-phase
armature winding, a single-phase excitation winding along
with a three-phase diode rectifier. This develops a four-pole
and twelve-pole MMF in the air gap. On the other hand, the
rotor slots are wounded with harmonic and field windings
having twelve-pole and forty-four-pole. Two-dimensional
Finite Element Analysis (2D-FEA) is carried out to validate
the operation of the proposed BL-WRVM. Furthermore, the
proposed topology is analyzed for the comparative analysis
with the sub-harmonic model after the verification of FEA
results. The results show that the average torque and field
current is enhanced while the torque ripple of a machine
is reduced with the third harmonic excited BLWRVM. The
research methodology of the proposed work is conveyed in
Fig.1.

The manuscript is divided into six sections. In the first
section, a brief introduction about PM machines and brush-
less machines with different topologies was presented. Sec-
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TABLE 2. Design specifications for conventional & proposed model of the brushless wound rotor vernier machine (BL-WRVM).

MACHINE ATTRIBUTES Units Conventional Model Proposed Model

ABC winding Poles - 4 4
Excitation winding Poles - 2 12
Excitation winding Coils - 6 12

Stator inner diameter mm 140 140

Stator outer diameter mm 238 238
Stator armature winding turns (ABC) turns/slot 90 90
Stator winding turns (XYZ) turns/slot 90 -
Stator excitation winding turns (X) turns/slot - 45
Rotor field winding turns turns/slot 36 36
Rotor harmonic winding turns turns/slot 8 8
Rotor field poles - 44 44

Rotor slots - 44 44

Rotor inner diameter mm 239 239

Rotor outer diameter mm 300 300
Harmonic winding turns turns/slot 8 8
air Gap Length mm 0.5 0.5

Stack length mm 30 30

Speed rpm 300 300

Current A (rms) 2.12 2.12

Slot fill factor a 0.79 0.79

tions II and III explain the brushless operation of WRVMs
by subharmonic and third harmonic excitation whereas the
working principle of a proposed BL-WRVM is explained in
section IV. The comparison of electromagnetic performance
between conventional and proposed topology is accounted in
section V. After briefing these sections, a conclusion is made
in section VI illustrating the comparative analysis between
conventional and the proposed brush-less WRVM topologies.

Il. CONVENTIONAL SUB-HARMONIC TOPOLOGY

The 2D model and schematic representation of a conventional
subharmonic BL-WRVM is given in Fig.2 (a) and (b) [17].
It contains two sets of windings (armature & excitation)
associated in series with each other having the same number
of turns but with different pole-pairs. The armature windings
(ABC) are wounded to develop a 4-pole field whereas the
excitation windings (XYZ) are wounded to a develop 2-pole
field that generates the subharmonic component to interact
with the rotary harmonic winding. The induced harmonic
current energizes the 44-pole field winding. The winding
layout for the stator and rotor structure are given in Fig.3.
(a) and (b) respectively.

Ill. PROPOSED THIRD HARMONIC TOPOLOGY

The proposed topology contains an open-winding star con-
nection having three-phase armature winding (ABC) coupled
in series with a single-phase excitation winding (X). The
armature winding has 4-pole whereas the excitation wing-
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ing is having poles equal to three times the armature poles
in order to generate third-harmonic excitation. A three-
phase diode rectifier is fastened between these two windings.
Figure. 4 (a) and (b) represents the 2D design and schematic
representation of the proposed third harmonic BL-WRVM.
The inverter supplies the current to the main winding, a 12-
pole pulsating third-harmonic field is established in the air
gap along with the 4-pole field. This originates an EMF in the
rotor harmonic winding and supplies the rectified voltage to
the rotor field winding. The rotor field winding after linking
to the main armature winding realizes the brushless operation
of the proposed BL-WRVM.

A. GEOMETRICAL AND STRUCTURAL DESIGN OF
PROPOSED BL-WRVM

The design parameters for the 2-D model of BL-WRVM are
presented in Table 2 [17] with the rotor harmonic winding
modified to develop a 12-pole. The stator winding of the
proposed machine is fabricated with a three-layered configu-
ration. Table 2 shows that the number of turns of winding (X)
for the proposed BL-WRVM is kept at half as compared to the
conventional BL-WRVM as more coils are added in the pro-
posed BL-WRVM in order to develop third-harmonic MMF.
However, the overall number of turns for both machines is
kept the same. The winding placement for the stator and rotor
structure of a proposed BL-WRVM is highlighted in Fig.5.
(a) and (b) respectively. The stator is comprised of 24 slots
of three-layer outlet in which the two-layers are completely
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FIGURE 4. (a) 2D design of proposed third-harmonic BL-WRVM (b)
Schematic representation of a proposed third-harmonic BL-WRVM.

filled with 4-pole armature windings (ABC) generating fun-
damental components. Whereas the excitation winding (X)
occupies the third layer to create 12-poles for generating a
third-harmonic component.

B. WORKING PRINCIPLE OF THIRD HARMONIC
BL-WRVM TOPOLOGY

The inverter supplies a current (izp.) to the armature winding
is given in eq. (1).

iq = Ip sinw,t

) ) 2
ip = Ipsin | w.t — ER

2
io = I, sin (wet n TN) )

where w denotes the rotor angular speed and Ip as the peak
current.
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The MMF developed by the stator field current is shown in
eq. (2).

Fq, =1i,N, [sin0,]

. ) 2
Fb = le(P |:Sll'l (Qg — 7)}
. ) 2
Fc = lcN¢7 |:Sln (96 + 7)i| (2)

where 0, is the electrical angle and N, is denoted as the
number of turns per phase for ABC winding. The four-pole
armature MMF develops the main fundamental compo-
nent and a twelve-pole harmonic MMF will generate the
third-harmonic component which is pulsating harmonic field.

3N,
F = Tlp cos (wt — 6,) + N, cos 3 (6,) 3)

The above equation shows the overall MMF generated in
the air gap, where F represents the MMF across the air gap,
N, represents the per-phase turns of winding (X), and the
excitation current is represented by /; [18].

The harmonic and the field windings are present in the
rotor periphery attached in series with the rectifier. Both
of these windings are designed for different poles. Rotor’s
harmonic winding is made of twelve-pole, whereas the field
winding is made of forty-four-poles. A proper pole combina-
tion for the armature and field winding is chosen to operate a
machine under vernier mode. Hence, for a vernier machine,
the following equation must be satisfied.

Pr = Os :I:ps “4)

where p, is the pole-pairs of the rotor field winding, Q; is the
number of stator slots, and pj is the pole-pairs stator slots.

The rotor harmonic winding has equal poles to that of
stator excitation winding through which they interact with
each other and induce current which then feds to the rotor
field winding for its energization.

The proposed model has a 24-slot 4-poles for the stator and
44-poles for the rotor which is selected to satisfy the above
equation. According to equation (4), the rotor poles differ
from the stator poles by which their speed is different. Hence,
the speed of the Vernier machine could be calculated by using
the following expression [20], [21].

wy Rotor speed P,

&)

OMMF - Stator field speed - P_r

where wyyr 1s the main stator field speed and w, is the rotor
speed.

IV. COMPARATIVE ANALYSIS OF ELECTROMAGNETIC
PARAMETER

The 2-D FEA analysis of a proposed BL-WRVM with
third-harmonic field excitation is carried out on the IMAG
Designer to validate the performance analysis. Figure. 2 &
4 show the schematic design of the subharmonic and third
harmonic model that utilizes a 24s44p outer rotor machine.
An outer-rotor vernier machine is typically used because
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it provides a larger slot area for the rotor field winding
poles [19].

Firstly, the BL-WRVM is operated at a no-load study to
analyze its Vernier response. Figure. 6(a) and (b) show the
no-load back-EMF of the conventional and the proposed
brushless wound-rotor vernier machine which is 177.5 Vrms
and 209.01 Vgys respectively. The proposed topology results
in higher back-EMF as compared to the conventional topol-
ogy. The Total Harmonic Distortion (THD) of back-EMF is
19.74% and 4.81% of conventional and proposed brushless
wound-rotor Vernier machines respectively. The no-load air-
gap flux density is shown in Fig. 7 (a) and the harmonic order
of the air-gap flux density plot is shown in Fig. 7 (b). The
graphs show that the rotor field windings contain 22-pole
pairs. On the other hand, the stator windings have two-pole
pairs.

The shaft of both machines is rotated at the speed of
300 rpm with a frequency of 110Hz to validate the behavior
of the brush-less topology of WRVM at load case. Figure 8
(a) shows the armature current (Iangc) of 3 A (peak) is fed by
the inverter to armature windings (ABC) of the conventional
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topology. The same current appears on the additional wind-
ings (XYZ) shown in Fig.8 (b) due to the series connection.

Similarly, Fig.9 (a) show the armature currents (Iopc)
of 3A (peak) supplied as the input current for the pro-
posed third-harmonic brushless topology. The same armature
currents were kept for comparative analysis between the
sub-harmonic and the proposed third harmonic model.

To energize the excitation winding (X) a three-phase recti-
fier is connected that rectifies the supplied current having the
current magnitude of 6.34 A shown in Fig.9 (b). Both these
tend to create 4-pole and 12-pole MMF in the machine air
gap. Whereas the rectified current (Ix) helps to induce the
third harmonic current into the rotary harmonic winding. The
coil flux linkage graphs for the subharmonic and proposed
third harmonic brush-less wound rotor vernier machine are
shown in Fig. 10 and Fig.11.

The rotor structure is housed with two windings, the har-
monic and field winding. The rotor harmonic winding is
designed with the same number of poles as that of the excita-
tion winding in order to induce a current in it. Whereas the
field winding is designed of different pole pairs to satisfy

VOLUME 11, 2023
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TABLE 3. Quantitative results of conventional and proposed model.

Parameter Units Conventional Model Proposed Model
Average Torque Nm 38.04 4191
Torque Ripple % 30.18 49
Field Current A 21.31 20.55
Excitation Current (XYZ) A (rms) 2.12 -
Excitation Current (X) A (1rms) - 6.34
Total Losses w 117.11 121
Output Power w 1473.93 1661.84
Efficiency % 91.98 93.21
Power Factor - 0.83 0.80
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FIGURE 6. No-load Back-EMF of (a) Conventional model (b) Proposed
model.

the Vernier principle as given in equation (4). The diode
rectifier is also fitted inside the rotor structure which rectifies
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FIGURE 7. No-load graphs of proposed model (a) Air-gap flux density (b)
Harmonic order.

the harmonic current to energize the rotor field winding.
Figure.12 (a) and (b) represent the induced harmonic current
and the rectified field current of subharmonic and proposed
third harmonic topology. It can be seen that the induced
harmonic current is well linked with the field current for the
proposed brushless topology. The average field current of the
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FIGURE 8. Armature currents of subharmonic BL-WRVM (a) ABC winding
(b) XYZ winding.
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FIGURE 9. Armature currents of proposed third-harmonic BL-WRVM (a)
ABC winding (Iagc) (b) X winding (Iy).

proposed topology is about 20.55 A whereas the average field
current for the conventional topology is 21.31 A. Due to low
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FIGURE 10. Coil flux linkages of subharmonic BL-WRVM (a) windings ABC
(b) windings XYZ.
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FIGURE 11. Coil flux linkages of proposed third-harmonic BL-WRVM ABC
windings.

field current, the copper loss of the proposed topology will be
less as compared to the conventional topology,

The output torque for the conventional topology is pre-
sented in Fig.13 (a). This shows that 38.04 Nm of average
torque was generated by the subharmonic excitation with a
torque ripple of 30.18% in a steady-state condition. On the
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FIGURE 12. Harmonic and field currents of (a) subharmonic BL-WRVM (b)
proposed third-harmonic BL-WRVM.

other hand, in Fig.13 (b) 41.91 Nm of average output for the
proposed third harmonic topology was generated with 49%
ripples. The increase in torque ripple is due to a three-layer
design in stator slots that is added for placing excitation wind-
ing. The comparative analysis shows better results related
to the third-harmonic excitation model compared to the
sub-harmonic excitation model and the results are shown in
Table 3. Moreover, the total loss of both machines has been
given in table 3 which shows that the proposed brushless
topology exhibits 121W of a total loss whereas the total loss
of conventional brushless topology is 117.11W. The total
loss of proposed brushless topology is slightly higher than
that of the conventional due to increased number of coils
for third harmonic excitation. Similarly, the output power of
conventional topology and proposed topology is 1473.98W
and 1661.93W respectively and their efficiency is calculated
as 92.98% and 93.21%.

Figure 14 (a) and (b) represent the flux density distribution
plot for both harmonic excitation topologies are presented
respectively. The distribution plot for the proposed third har-
monic BL-WRVM is uniformly distributed along the stator
and rotor side as compared to the subharmonic BL-WRVM.
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FIGURE 13. Output torque of (a) subharmonic BL-WRVM (b) proposed
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However, both machines exhibit saturation with flux density
values lower than 2T.

V. CONCLUSION

In this paper, a simplified brushless operation of a self-
excited wound-rotor vernier machine was analyzed with third
harmonic field excitation. The proposed topology uses three-
phase 4-pole (ABC) windings with a 12-pole single-phase
(X) winding developing the main stator and third harmonic
MMF components. This injects the third harmonic compo-
nent into the 12-pole rotary harmonic winding and feds the
rectified current to excite the rotor field winding and realizes
the brush-less operation of the proposed BLWRVM.

The proposed open winding scheme is advantageous in
terms of inverter and excitation winding. It is based on
a single inverter-fed topology that supplies current to the
three-phase windings (ABC) and a single-phase winding (X)
utilizing the third harmonic excitation. This simplifies the
structure compared to the conventional one that uses three-
phase (XYZ) for generating a subharmonic field.

Further, the finite element analysis was taken to ensure the
performance analysis of BL-WRVM by the utilization of third
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FIGURE 14. Flux density distribution plots of (a) subharmonic BL-WRVM
(b) proposed third-harmonic BL-WRVM.

harmonic field excitation. Furthermore, a comparative analy-
sis was done between the conventional and proposed topology
under the same operating conditions. The results showed that
the rectified field current for the proposed third harmonic
model was higher due to an increase in the excitation current
as compared to the subharmonic model. Moreover, the third
harmonic-based topology generates 10.1% higher torque as
compared to the subharmonic model.

The results further conclude that the performance of
the proposed self-excited BL-WRVM is better due to pole
increment, average output torque, and efficiency. With the
utilization of third harmonic, there was a significant increase
in torque ripple as compared to subharmonic field excitation
that could be minimized by an optimal design of a machine.
Nevertheless, the proposed topology is cost-effective as com-
pared to the other brushless wound rotor machine topologies
and can be used in automotive industries.
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