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ABSTRACT This paper introduces a topology for achieving the brushless operation of a wound rotor
vernier motor using a single-phase additional winding on the stator, specifically designed for variable-speed
applications e.g., washing machines. In the proposed topology, the stator winding consists of two sets: a
four-pole three-phase main winding and an additional two-pole single-phase winding. On the other hand,
the rotor contains a 44-pole field winding to generate the vernier effect, and a two-pole excitation winding
for induction. The main winding of the stator produces the fundamental component of MMF, while the
additional winding generates the subharmonics component of MMF to induce a current in the excitation
winding of the rotor. The excitation winding is connected to a rotating rectifier to supply direct current to the
rotor’s field winding. The field interaction of the main and field winding is responsible for the production
of torque. The presence of a subharmonic component of MMF in the air gap is confirmed through Fourier
analysis of MMF obtained from the winding function. Moreover, the brushless operation of the proposed
topology is validated using 2D finite element analysis (FEM) for variable speed application.

INDEX TERMS Brushless operation, single-phase additional winding, subharmonic generation, wound

rotor vernier motor.

I. INTRODUCTION

Permanent magnet vernier machines (PMVMs) have gar-
nered significant attention in recent decades due to their
ability to provide high torque density for direct drive systems.
These machines offer the benefit of low noise and main-
tenance by eliminating the mechanical gear system desired
in various applications [1]. Whereas their usage in variable-
speed applications is limited due to increased core losses and
reactance at high speeds, which imposes limitations on the
inverters [2], [3]. Since PMVMs are known for their ability
to generate an additional active flux wave through the stator
slot harmonic component of airgap permeance, in addition
to the common flux wave seen in conventional PM motors.
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This enables them to produce two to three times higher back-
EMF and torque, depending on the magnitude of the slot
harmonic components of permeance. To maximize these slot
harmonic components, it is crucial to minimize the effective
airgap length. However, in SPM vernier motors, the magnet
thickness increases the effective gap length, thereby reduc-
ing the slot harmonic permeance. Hence, a trade-off arises
between MMF (magneto-motive force) and slot harmonics
when selecting the magnet thickness, which affects the back
electromotive force (EMF) of the motor. Whereas the use
of thin magnets enhances the chances of demagnetization.
To overcome these issues, the spoke-type magnet structure is
employed, however, this topology exhibits magnetic poten-
tial oscillations in the rotor core which suppress the vernier
effect [4]. Moreover, the high cost of PMVMs is attributed to
the use of rare-earth permanent magnets [5], [6], compelling
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the researchers to explore magnet-free and cost-effective
alternatives in machine design.

Among these machines, the reluctance vernier machines
(VRMs) offer a more affordable solution compared to
PMVMs since they do not require permanent magnets for
exciting the rotor field. These VRMs suffer from the draw-
back of low torque density [7]. To improve the torque den-
sity of VRMs, direct current vernier reluctance machines
(DC-VRMs) have been introduced, incorporating field wind-
ings on the stator to improve durability and reduce cost [8],
[9], [10]. However, this approach resulted in significant sta-
tor saturation and limitations on the fill factor and the cur-
rent density of the armature winding. In response to these
issues, wound-rotor vernier machines have been proposed,
placing the field windings on the rotor instead of the stator
[11], [12]. Such designs reduce the saturation levels and
the air gap length by eliminating the magnets which bene-
fit enhanced slot harmonics permeance to achieve a higher
modulation effect. These wound rotor vernier machines pose
the challenges of maintaining the brushes and slip rings nec-
essary for rotor excitation.

To resolve these challenges, researchers are currently
exploring various brushless configurations for wound rotor
vernier machines [13], [14], [15], [16], [17]. These con-
figurations generate an additional harmonic component of
MMF of the stator along with the fundamental component
and utilize this harmonic component for field excitation to
achieve brushless operation demanding dual inverters at the
input. The use of dual three-phase inverters increases the
control complexity and the cost. Therefore, it is a need for a
reduction in cost and control complexity associated with the
inverters in these techniques, particularly for variable speed
applications.

In this paper, a brushless wound rotor vernier topology
using an additional single-phase stator winding is presented
for variable speed applications. The stator of the machine is
comprised of two sets of winding (a) four-pole three-phase
main winding (ABC winding) supplied with current from a
three-phase inverter, and (b) an additional two-pole single-
phase winding (A2 winding) supplied with current from the
single-phase inverter. On the other hand, the rotor of the
machine also has two sets of winding (i) two-pole excitation
winding and (ii) forty-four-pole field winding. For operation,
the main winding of the stator will generate the fundamental
component of MMF while additional winding is responsible
for the generation of the sub-harmonic component of MMF in
the airgap. In order to determine these harmonic components,
Fourier analysis of the MMF waveform generated by the sta-
tor winding has been performed. This analysis demonstrated
that the proposed machine exhibits a higher magnitude of the
subharmonic component. As a result, it facilitates improved
induction in the excitation winding of the rotor, leading to
increased current flow in it. This excitation winding supplies
direct current (DC) to the field winding of the rotor through a
bridge rectifier mounted on the shaft. This field current will
interact with the field of the main winding of the stator to
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generate the torque. To validate the performance of the motor,
a 2D FEM analysis is performed for the application of the
washing machine.

Il. MACHINE TOPOLOGIES AND OPERATING PRINCIPLE
The slot and pole combination of the vernier motor is given
by (1)

Zrzzsip e))

where Z, is the rotor pole pairs, Z; is the stator slots and
p is the stator winding pole pairs. In this paper, 24 slots and
2 winding pole pairs on the stator are chosen, which yields
the 22 rotor pole pairs satisfying (1).

A. REFERENCE MACHINE TOPOLOGY

The topology for the reference motor is shown in Fig. 1 hav-
ing dual winding on the stator and the rotor for the brushless
operation.
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| | | |

3¢ Current Controlled VSI-1 3¢ Current Controlled VSI-2
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Main Stator Winding (ABC1) Additional Stator Winding (ABC2)
Stator Windings

Rotor Windings

<

Bridge rectifier

Field Winding

Excitation Winding

FIGURE 1. Reference brushless machine topology.

In this configuration, the stator winding is incorporated
with two separate windings: (a) the main winding (ABC1)
making four poles, and (b) an additional winding (ABC2)
forming two poles. The configuration of both windings is
depicted in Fig. 2, where ABC1 occupies 18 slots and ABC2
occupies 6 slots.

The winding ABC1 is energized by a three-phase inverter
(VSI-1) to generate the fundamental component of the
MMF and ABC?2 is powered by another three-phase inverter
(VSI-2), responsible for generating the sub-harmonic compo-
nent of the MMF. The output currents from these three-phase
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FIGURE 2. Stator winding layout used for the reference machine.

inverters for reference motor are given by (2) & (3)

. . 2w
iABC1 = Dpag sin | wt — m? 2)
. . 2
IABC2 = Imag sin | wt — I’l? 3)

where, iapc1 and igpca are the three-phase currents supplied
to the ABC1 and ABC2 winding respectively, m = 0, 1, 2 for
phases Al, B1, and C1 respectively, n = 0, 1, 2 for phases
A2, B2, and C2, with I;;,4¢ is the magnitude of current, w is
the angular frequency, and ¢ is the time.

The winding functions for both winding sets are given
by (4) & (5)

4N, 21
Nagc1 (p) = - Cos\¥— m—- 4

2N —n
Nascz (9) = =2 cos ((%)) ®)

where, N1 and N; are turns per phase of ABC1 and ABC2
windings, respectively.

The MMF for the reference machine based on the winding
function and currents is given by (6)

FRef ((ps l)

2
4Nlﬂﬂ ( > cos ((p - m%”) sin (a)t - m%”))—i—

m=0

2 2
2N21mag p—nzx : 2
T(EOCOS( ) Sin wt—nT

n=

(6)

The above equation consists of two terms: the first
term corresponds to the fundamental component of MMF
responsible for generating the torque, while the second
term represents the subharmonic components of MMF. This
subharmonic component is utilized to induce the current in
the rotor excitation winding, enabling the brushless operation
of the machine.

Similarly, the rotor of the machine consists of two distinct
winding types illustrated in Fig. 3, (i) excitation winding
forming two poles and (ii) field winding forming 44 poles.

The excitation winding is inductively coupled with the
ABC?2 winding of the stator to receive the subharmonic cur-
rent. Further, the rotating rectifier converts the induced AC of
excitation winding to DC required for field winding.

The resulting MMF waveform is shown in Fig. 4 (a), and its
Fourier analysis is performed to determine the magnitudes of
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FIGURE 4. Reference brushless machine (a) stator winding MMF
(b) harmonic contents in MMF.

the fundamental and subharmonic components, as depicted
in Fig. 4 (b). The analysis reveals that the magnitude of
the subharmonic component is 33.5 % of the fundamental
component.

The rotational speeds of these components of the MMF can
be calculated using (7)

120 x f

Ns (h) = W% p

(N
where Ng (h) represents the rotational speed of the har-
monic component, & denotes the harmonic number, f is
the input supply frequency and P represents the number
of poles. Equation (7) reveals that the fundamental and
subharmonic components rotate at different speeds. Conse-
quently, it can be inferred that the subharmonic component is
asynchronous with the fundamental component, facilitating
its induction in the rotor excitation winding for brushless
excitation.
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FIGURE 5. Proposed brushless topology.

FIGURE 6. Stator winding layout used for the proposed machine.

B. PROPOSED MACHINE TOPOLOGY
The topology of brushless operation in the proposed machine
is shown in Fig. 5.

It consists of two separate windings, similar to the ref-
erence motor, however, with some distinctions. The main
winding (ABC) is of the three-phase forming four poles,
while the additional winding (A2) is a single-phase forming
two poles.

The arrangement of winding for the proposed machine is
presented in Fig. 6, showcasing the allocation of 18 slots for
the winding ABC, while the remaining 6 slots are used for
winding A2.

In this configuration, the winding ABC is supplied using
the three-phase inverter (VSI-1) to generate the fundamen-
tal component of MMF, while the winding A2 is energized
through the single-phase inverter (SVI-2) to produce the sub-
harmonic component of the net MMF.

The output currents from these inverters for the proposed
motor are given by (8) & (9)

. . 2
iABC = Lipag sin | wt — mT (8)
A2 = mag sin (wt) 9
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where i is the current supplied to the single-phase winding
of the stator.

The winding functions Napc (@) and N2 (@) for both stator
windings of the proposed motor are given by (10) & (11)

4N, 2
Napc (¢) = 7 cos|\¢ —m= (10)

2N
Naz (9) = =2 cos (5) (an

The resulting MMF for the proposed machine will be.

FPI‘O (‘P’ l)

2
Nilnag S cos (¢ —m2ZE) sin (wr —m2Z) |+
— 7 A ¢ 3 @ 3
m=

ZNZHM (cos (%) sin (1))

12)

In this equation, the first term represents the fundamental
component of the MMF used to generate torque. Conversely,
the second term corresponds to the subharmonic component
of the MMF. This component induces a current in the rotor
enabling the brushless excitation keeping the same rotor con-
figuration as in the reference motor.

To validate the generation of the subharmonic component
in the proposed topology using the additional single-phase
(A2) winding, the MMF of the stator is analyzed via Fourier
analysis and compared to that of the reference machine under
the conditions of the same input current. Fig. 7 (a) shows
the resulting waveform of the MMEF, while Fig. 7 (b) dis-
plays the harmonic contents, indicating that the subharmonic
component accounts for 79% of the fundamental compo-
nent. It is noteworthy that the subharmonic component in
the proposed machine is more than twice that of the refer-
ence machine. Therefore, the proposed machine will offer
enhanced induction capabilities through the utilization of
this subharmonic component. However, the magnitude of the
fundamental component is reduced by approximately 15%
compared to the reference machine. These findings imply that
achieving the same level of field current and output torque
of the reference machine will require a 15% higher current
for the main winding and more than two times less current
for the additional winding.

The overall illustration of the operating principle of these
machines in a comprehensive way is given in Fig. 8.

Ill. 2D-FEM SIMULATIONS AND RESULTS
To validate the proposed topology for the application of
washing machine, reference and proposed models of wound
rotor brushless vernier motors with outer rotors are developed
and analyzed in 2D-FEM. The design parameters of both
machines were kept the same for a fair comparison of their
performance characteristics and are given in Table 1.

These motors can be operated in variable-speed applica-
tions by controlling the current of the main and additional
winding, keeping the output power of the machine constant.
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FIGURE 7. Proposed brushless machine (a) stator winding MMF
(b) harmonic contents in MMF.
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FIGURE 8. Comprehensive illustration of operating principle.

However, in this paper, only the main winding current is
controlled for achieving the washing and spin mode of the
washing machine application.

A. NO-LOAD ANALYSIS

Under the same design constraints, no-load analysis is per-
formed by applying a direct current of 6.5A to the field
winding at a speed of 530 rpm in washing mode. The no-load
characteristics for both machines are identical and the gener-
ated back-EMF for any of these motors is shown in Fig. 9,
with the RMS value of 59.5V.
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TABLE 1. Design parameters of machines.

Parameters Units Value
Rated power w 500
Washing mode Speed rpm 530
Spinning mode Speed rpm 1200
Stator I/O diameter mm 50/95.5
Rotor I/O diameter mm 96/150
Stack length mm 100
Airgap length mm 0.5
Number of stator slots - 24
Number of rotor slots - 44
Stator winding poles - 02/04
Excitation/Field winding poles - 02/44
Stator’s No. of turns/slot - 18
Field winding’s No. of turns/slot - 15
Excitation winding total turns - 10

100

Back EMF [V]

-100
0

Time [ms]

FIGURE 9. No-load back EMF.

Further, the flux density distribution in the machine is
illustrated in Fig. 10. It can be observed that the teeth of the
machine exhibit a maximum flux density of 0.867 T, which
is in a reasonable range without saturation.

Further, the performance characteristics are investigated in
washing and spin mode for these motors.

B. ANALYSIS IN WASHING MODE
In the washing mode at speed of 530 rpm, the reference
machine has been supplied with a 3.45 Apk current to both
the ABC1 and ABC2 windings using their respective invert-
ers. In order to maintain the same field current and torque
production, the input currents of the proposed machine were
calculated based on their respective MMF component values
relative to those of the reference machine. Therefore, the
input currents applied to the windings ABC and A2 of the
proposed machine are 4.1 Ay and 1.52 Apg, respectively.
The presence of the additional winding (ABC2 or A2)
induces a voltage in the excitation winding of the rotor,
serving as an input source for the rotating rectifier, which
converts the AC input into a DC supply for the field winding.
The resulting rotor currents for both machines under steady-
state conditions are shown in Fig. 11 (a) and Fig. 11 (b).
The RMS values of the excitation currents are 4.8 A and
4.07 A, while the field currents are 6.5 Aq. and 6.48 A4 in the
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FIGURE 10. Flux density distribution at no-load condition.
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FIGURE 11. Rotor currents for washing mode (a) reference machine
(b) proposed machine.

reference and proposed machines, respectively. The results
confirm the achieving of similar field currents through the
induction phenomenon in these machines.

Owing to the flow of these currents, the flux density dis-
tribution is illustrated in Fig. 12, which shows the maximum
values of 1.65 T and 1.46 T for the reference and proposed
machines, respectively. Although the flux density in the ref-
erence machine is higher due to its higher input current.
However, it is important to emphasize that both values are
within a reasonable and acceptable range under the saturation.

The field of the rotor interacts with the main field of the
stator to generate torque. The torque outputs of both machines
are presented in Fig. 13 (a) and Fig. 13 (b), and its average
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FIGURE 12. Flux density distribution for washing mode (a) reference
machine (b) proposed machine.
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FIGURE 13. Output torque for washing mode (a) reference machine
(b) proposed machine.

values for the reference and proposed machines are 9.16 Nm
and 9.15 Nm, with torque ripples of 9.34 % and 17.68 %,
respectively. It is observed that both machines exhibit the
same torque, while the torque ripples of the proposed machine
are quite larger due to single-phase excitation for subhar-
monic generation.

Moreover, the efficiencies of both machines have been
evaluated by considering the core and the copper losses. The
copper losses are determined to be 36.72 W and 37.32 W,
while the core losses as 90.5 W and 84.8 W for the reference
and proposed machines, respectively. The reference machine
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FIGURE 14. Rotor currents for spin mode (a) reference machine
(b) proposed machine.

exhibits more core losses due to overall higher input current
to the stator. Based on these losses, the efficiencies of these
machines are calculated as 74.98 % and 75.95 %. The effi-
ciency of the proposed machine in washing mode is slightly
better due to decreased core losses.

C. ANALYSIS IN SPIN MODE

For the spin mode, both machines are simulated at 1200 rpm.
To analyze the characteristics, the phase angle of the main
winding current was controlled considering the inverter volt-
age rating. During this operation at high speed, the reactance
of the vernier motor increases rapidly which reduces the
current in the main winding. Due to this reason, the peak
currents drawn by the main winding of the reference and the
proposed machines are 3.3 A and 3.75 A at maximum input
voltage, while the currents for additional windings are 3.35 A
and 1.45 A, respectively.

Through the induction phenomenon, the rotor currents for
both machines operating in the spin mode are depicted in
Fig. 14 (a) and Fig. 14 (b). The results of excitation currents
exhibit RMS values of 4.95 A and 3.82 A, while the field cur-
rents have values of 6.77 Aqc and 6.57 Ag. for the reference
and the proposed machines, respectively.

In this mode, the flux density distribution is depicted
in Fig. 15, revealing the maximum flux density values
of 1.125 T and 1.13 T for the reference and proposed
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FIGURE 15. Flux density distribution for spin mode (a) reference machine
(b) proposed machine.
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FIGURE 16. Output torque for spin mode (a) reference machine
(b) proposed machine.

machines, respectively. These values remain within the
acceptable range avoiding the saturation.

The output torque characteristics of both machines are
shown in Fig. 16 (a) and Fig. 16 (b). The average val-
ues of torque for the reference and proposed machines are
3.87 Nm and 3.85 Nm, with torque ripples of 15.75 %
and 22.48 %, respectively. The comparison shows that both
machines exhibit the same torque. However, it is slightly
less than 4 Nm desired for maintaining the constant power.
This happens due to decreased current in the main winding
because of high reactance at high speed as stated above.
Moreover, the torque ripples of the proposed machine are
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TABLE 2. Performance comparison.

Washing mode Spin mode
Parameters Units

Ref Proposed ~ Ref  Proposed

Input Isgc; current Apx 3.45 4.1 33 3.75

Input Ixgc, current rpm 345 1.52 3.35 1.45

Filed current Age 6.45 6.4 6.77 6.57

Excitation current Arms 4.8 4.1 495 3.82

Torque Nm 9.16 9.15 3.87 3.85
Torque ripples % 9.34 17.68 15.75 22.48
Copper losses w 36.72 37.32 38.66 39.08
Core losses w 90.5 84.8 127.5 124.23
Efficiency % 74.98 75.95 65.83 66.24

relatively larger due to single-phase excitation for subhar-
monic generation.

To evaluate the efficiencies, the copper losses are calcu-
lated to be 38.66 W and 39.08 W, while the core losses
are determined as 127.5 W and 124.23 W for the reference
and the proposed machines, respectively. These higher core
losses in reference machine are because of overall higher
input current to the stator. This leads to the efficiencies of
these machines being 65.83 % and 66.24 %, respectively,
which shows that the proposed machine exhibits 1% more
efficiency than that of the reference machine due to decreased
core losses.

A comprehensive summary of the performance compari-
son is presented in Table 2. The comparison demonstrates
that the proposed machine successfully generates an adequate
amount of subharmonic, enabling improved induction for
effective brushless operation with better efficiencies. This
is achieved by utilizing a dedicated single-phase additional
winding on the stator.

IV. CONCLUSION

This paper presented the achievement of brushless operation
in a wound-rotor vernier machine by employing an additional
single-phase winding on the stator to generate a subharmonic
component of the stator MMF. The confirmation of this sub-
harmonic generation through Fourier analysis provides basic
information about the improved induction capabilities of the
machine attributed to its enriched subharmonic component.
The performance analysis revealed that the proposed machine
outperforms the reference machine exhibiting 1% higher effi-
ciency in both the washing and the spin modes. Moreover,
the proposed topology offers additional benefits in terms of
simplicity and cost-effectiveness by utilizing a single-phase
inverter for the additional winding in brushless operation
for variable-speed applications. This approach eliminates the
need for the complexity of a three-phase inverter and its
associated control.

As a result, the utilization of a single-phase additional
winding on the stator enables brushless operation in a wound
rotor vernier machine. This machine can then be applied in
variable speed applications, offering improved performance.
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