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Abstract: In the last decade, permanent magnet (PM)-free or hybrid PM machines have been exten-
sively researched to find an alternative for high cost rare-earth PM machines. Brushless wound rotor
synchronous machines (BL-WRSMs) are one of the alternatives to these PM machines. BL-WRSMs
have a lower torque density compared to PM machines. In this paper, a new topology is introduced
to improve the torque producing capability of the existing BL-WRSM by utilizing the vacant spaces
in the rotor slots. The new topology has two harmonic windings placed on the rotor which induce
separate currents. A capacitor is used between the two harmonic windings to bring the currents in
phase with each other. The harmonic winding currents are fed to the rectifier which is also placed
on the rotor. Due to additional harmonic winding, the overall field current fed to the rotor field
winding has been increased and hence the average torque has also increased. Finite element analysis
(FEA)-based simulations are performed using ANSYS Maxwell to validate the proposed topology.
The results show that the average torque of the machine has been significantly increased compared to
the reference model. The detailed comparison results are provided in this paper.

Keywords: synchronous machine; wound rotor; brushless excitation; harmonic excitation

1. Introduction

Electric vehicles (EVs) are environmentally friendly, and thus, a considerable amount
of research has been conducted to improve the equipment used in EVs [1]. These vehicles
face some low-speed road conditions; it is necessary to drive the machine to maintain a
stable torque at low speeds. Permanent magnet synchronous machines (PMSMs) for EVs
studied in [2] and the cogging torque along with the dynamic performance of the PMSMs at
different skew angles were investigated. The stator skew slot was often adopted to reduce
torque ripple; however, it declined the output torque at same time. In addition, the differ-
ences between a positive rotation performance and a negative rotation performance caused
by the skew slot were often ignored. Ever since the advent of high-energy permanent
magnet (PM) materials, research on PM machines has gained considerable attention, and
this area of continues to increase in popularity. The permanent magnet vernier machines
(PMVMs) are a promising solution for low-speed, direct-drive applications, which make
them good candidates to be used in EVs. A dual-stator interior permanent magnet vernier
machine (DS-IPMVM) was investigated in [3], where the magnets were aligned perpen-
dicular to the air gap, and the two stators were shifted by one half-slot pitch. The useful
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magnet flux was improved in this design, thereby achieving a higher torque density, higher
flux density and higher power factor, along with a lower cogging torque and less magnet
volume compared to the conventional DS-SPMVM. Furthermore, suitable current vector
control was used to obtain a larger electromagnetic torque. Typically, PMVMs feature a
significantly higher number of rotor pole pairs in comparison to stator pole pairs, along
with higher operating frequencies compared to conventional machines. The high operating
frequency results in high reactance of the machine, leading PMVMs to have a low-power
factor [4]. Hence, a high rating inverter is generally required to drive the machine.

Permanent magnet synchronous machines have also been a prominent area of research
for the industrial market due to their high-quality performance. The applicable machine
structure along with the drive system becomes costly, mainly due to the use of PMs in appli-
cations where the product cost is a main concern. In recent years, wound rotor synchronous
machines (WRSMs) have been investigated as an alternative to PM machines. Due to their
less expensive structure and wide speed range capabilities, which offer a degree of freedom
for flux weakening comparable to that of PM machines, they have gained popularity in
variable speed applications. Some of the recent advancements have been in exploiting the
power density limits of interior permanent magnet synchronous machines (IPMSMs) [5,6].
In particular, the wide speed range operation of IPMSMs has been specifically investigated
for use in electric vehicles and other variable speed applications. Flux controllability for
vernier machines for direct-drive applications has been discussed in [7]. The machine was
operated for wide speed ranges, achieving a high torque output at low-speed operation and
flux weakening control at high-speed operation. In [8], a consequent-pole hybrid vernier
machine was proposed by combining the hybrid excited concept and vernier structure, and
the consequent-pole magnet arrangement was employed on the outer rotor to achieve a
high torque density at low speed and flux weakening capability at high speed, making it
attractive for electric vehicle applications. The direct current field windings were mounted
between modulating poles, which helped to increase the space utilization ratio and enabled
flux regulation without decreasing torque capability. The flux weakening technique for
PM machines was experimentally validated using winding switching in [9]. Two different
speed ranges were achieved by changing the polarity of the winding coils on the stator of
the machine, enabling the machine to operate at a speed beyond the winding switching
point. Furthermore, the constant torque region of the machine was extended, and the
output power capability was also enhanced.

Different hybrid excited machines were reviewed in [10] on the basis of PMs and direct
current (DC) excitation location, as well as the series/parallel connection of PMs and DC
excited magnetic fields, respectively. The flux weakening was compared with different
control strategies, and the advantages and drawbacks of each category were also analyzed.
A major issue with PM machines is the high cost of rare-earth PMs. The availability of these
materials is also a huge concern, and complex control for a wide range of speed operations
adds to the challenges.

The major rise in the price of PM materials drives the search for alternatives in traction
applications like EVs; so, magnet-less machines are being widely regarded as potential
alternatives. The permanent magnet vernier machine is a good candidate for EVs as
it produces almost double the back EMF compared to conventional permanent magnet
synchronous machines. A wound field pole changing vernier machine with a fractional slot
concentrated winding for electric vehicles was investigated in [11], utilizing the advantages
of a PM and electromagnet in a single topology using a fractional slot concentrated armature
winding. The machine operated in a vernier mode at low speeds and a WRSM mode at
high speeds. A brushless wound rotor vernier machine for variable speed applications was
proposed in [12], where brushless operation was achieved by generating and utilizing the
third harmonic component. An additional armature winding was placed on the stator in
order to achieve brushless operation.

In the conventional wound rotor vernier machine (WRVM), a third-harmonic current is
generated by connecting a 4-pole armature and 12-pole excitation windings in series with a
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3-phase diode rectifier in order to generate a pulsating field in the air gap. However, in [13],
the armature winding was supplied by a three-phase current source inverter, whereas
the auxiliary winding was kept open. The generated fundamental MMF component in
the air gap created a four-pole stator field, while the third-harmonic MMF induced the
harmonic current in the rotor harmonic winding, generating torque with low ripples due
to the open-circuited winding pattern. In recent years, WRSMs have been investigated
as an alternative, owing to the cheaper structure manufacturing and wide speed range
capabilities given the degree of freedom for flux weakening, which is comparable to that
of the PM machines. Ref. [14] suggested that the conventional wound field synchronous
machine could be competitive with permanent magnet traction motors. It was specifically
demonstrated that field weakening through field current control can result in more efficient
operation at high speeds where the machine operates in a traction vehicle application most
of the time. From further analysis, it was suggested that the conventional WRSM could be
a viable alternative to a PMSM in electric vehicle applications. While comparing different
parameters of conventional WRSMs with PMSMs, the WRSM has great advantages in
terms of a low-cost rotor which requires only copper winding, core and field current for its
excitation, three control variables (id, iq and if) allow the extended control of the WRSM
for a wide speed range, and the machine cost is not related to the cost of the PM material.
The authors in [15] investigated some basic synchronous machine designs, compared the
performance to a brushless permanent magnet machine of a similar size and discussed the
potential of using a wound rotor synchronous machine in an automotive drive application.
Additionally, a PM-less rotor exhibits no PM loss; the machine features improved safety
through direct field control during inverter fault conditions and there is no problem of
de-magnetization. There has been some research conducted for the brushless topologies
for WRSMs.

However, WRSM has an inherent problem regarding the assembly of brushes and
slip rings. Because of the problem associated with WRSM, a comparative investigation
always favors the use of a PMSM instead of WRSM in many applications. To address the
aforementioned problems, many brushless excitation techniques have been proposed for
WRSMs. One solution is generating harmonic flux in the air gap along with fundamental
flux to induce voltage in an additionally provided winding on the rotor which is connected
to the field winding of the rotor through a rectifier for brushless excitation [16,17]. Multi-
phase electric machines have benefits of fault tolerance and less power electronic switch
ratings per phase, and these machines are capable of controlling the multiple air-gap fields
independently with differing numbers of pole pairs. A multiphase electric machine has
been designed in [18] with windings such that it can control the magnitude and location of
multiple air gap magnetic fields, each with a different number of pole pairs, demonstrating
its utility for a wide range of applications. A brushless WRSM (BL-WRSM) featuring a
concentrated winding was presented in [19] with 36 slots and 48 poles. This configuration
generated both the fundamental component and a prominent sub-harmonic component of
the magneto-motive force (MMF). To enable brushless operation, an additional winding,
termed the excitation winding, was incorporated into the rotor connected to the main field
winding through a rectifier.

An almost similar machine was simulated for dual-speed operation at 46 rpm and
1370 rpm in [20], achieving the desired torque at both speeds, but its performance was
lagging behind that of the conventional WRSM. However, the avoidance of brushes was
the advantage of this machine, which ultimately led to a reduction in sparking, noise and
maintenance costs. Alternatively, special stator winding designs have also been investigated
in the literature for generating a sub-harmonic component of the air gap flux with either
single or dual inverter schemes [21,22]. A brushless excitation system for externally excited
synchronous machines was discussed in [23] by replacing slip rings with a full-bridge
active rectifier, with a controller mounted on the rotor. The AC signal induced from the
stator was used for the rotor DC link, providing the DC current for the rotor excitation. An
inverter configuration was designed in [24] to produce a supplementary third-harmonic
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element in conjunction with the primary current component to enable brushless operation
in a wound field synchronous machine (WFSM). A technique involving the control of
time-harmonic magneto-motive force for implementing harmonic current field excitation
in a wound rotor synchronous machine (WRSM) was investigated in [25]. The investigated
topology did not require varying current magnitudes, extra switches between the inverter
and armature winding, complex inverter setups or structural changes to the machine. A
method was introduced in [26] to find a good machine design for a brushless electrically
excited synchronous machine (BEESM). In this paper, different methods were used to break
down the mathematical problem, out of which the best solution was picked saving time due
to better optimization efficiency. An optimized LQR strategy was employed for the wound
rotor synchronous machine at variable speeds, with variable output applications with
enhanced efficiency [27]. For safe power supply to the loads, the machine only operated in
the generating mode, providing good flexibility in operation of the synchronous machine,
and was suitable for usage in small hydropower and wind generation applications. The two
inverters were replaced by single inverter in [28], thereby proposing brushless topology in
order to generate an additional sub-harmonic magneto-motive force component. A special
stator winding, comprised of two sets of series-connected windings with an unequal
number of turns, was used in [28] in order to generate an additional spatial sub-harmonic
component in the stator MMEF. This additional sub-harmonic MMF component was used
for exciting the field winding of the BL-WRSM. The advantage of the proposed brushless
topology was the use of a single inverter compared to a dual inverter used in previous
studies. For the rotor, there were two separate windings: a harmonic winding and a field
winding. Both the harmonic and field windings were connected in parallel with each
other over a rotating rectifier. The additional sub-harmonic MMF component generated a
rotating air-gap magnetic field, which induced the voltage in the harmonic winding. This
induced voltage was then rectified and used to supply a dc current to the field winding.

2. Topology and Working Principle

In this paper, the brushless topology of [28] has been utilized in which the sub-
harmonic BL-WRSM was introduced with single inverter topology. The stator has ABC
and XYZ winding. Both ABC and XYZ windings are connected in series and excited by a
single three-phase inverter. The number of turns for ABC windings are double compared
to XYZ winding. The reason behind this unique feature is to develop a stator MMF which
generates two dominant components, i.e., a fundamental component and a sub-harmonic
component. The rotor has two different windings, a field winding and a harmonic winding.
The harmonic winding is used to induce the sub-harmonic MMF component of the stator,
which is then rectified by a rotating rectifier (placed on the rotor) and the rectified DC
field current is fed to the field winding on the rotor to generate torque. The topology and
machine layout of [28] are shown in Figure 1.

N Phase A I Phase B Phase C
I Phase X M Phase Y Il Phase Z

Stator Rotor
i |
== !
—— | Field winding Rotor
+ - | core
g iy i{Harmonic winding
thc 3 1 i |
— = i P Field
i i Rectifier | winding
e !
B s
Stator winding
(a) (b)

Figure 1. Single-inverter existing brushless topology: (a) machine topology and (b) layout.
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The stator three-phase windings are excited by three-phase armature currents, which
can be represented as
I; = Ly sin(w,t)
Ip = Iy sin(wet — %F) (1)
I, = Iy sin(w,t + 27”)

where [, is the peak current supplied by the inverter, w, is the angular frequency and ¢
is the time. This current will flow in both the ABC winding and XYZ winding as both of
them are connected in series. But, as the number of turns are double for the ABC winding
compared to the XYZ winding, the MMF generated by both of them will be different. Here,
the brushless topology is designed for 8-pole and 48-slot stator. To elaborate the different
harmonic contents, present in the stator MMF due to the specially designed double-layer
distributed winding, consider the case, where the phase A current has the maximum
amplitude (phase A = 6.4 A, phase B= —3.2 A and, phase C = —=3.2 A; w, * t = 90 degrees),
and the number of turns in the ABC and XYZ winding are 40 and 20, respectively. The MMF
from 0 to 90 and from 180 to 270 mechanical degrees is generated by the XYZ winding, and
the MMF from 90 to 180 and from 270 to 360 mechanical degrees is generated by the ABC
winding. The MMF is plotted in Figure 2. The difference in the amplitude of the MMF
stems from the different number of turns in the two windings.

Oy Oz

BEREEERER
~Y\A|A,JC\JC\I\'~A1-A‘C:CI:I
[ \I
i B
el

MMF [At]

Angle [Mechanical Degree] -

Figure 2. MMF plot of 8-pole, 48-slot stator winding.

Fourier series expansion of this machine’s MMF is shown in Equation (2). The first
term (cos function) is the sub-harmonic component used for the excitation of the rotor.
The second term (sin function) is the fundamental component of the stator’s MMF. The
remaining terms are all of the odd harmonics of the sub-harmonic component and all of
the odd harmonics of the fundamental component without the third harmonics.

F = —309 cos(25) +1069sin (w, x 1) +17.4 cos (35 ) +

)
1.5sin(5we X t) + 3.6 cos(S“’“th) + 11sin(7we X ) 4+.ooennn..

The angular velocity of the fundamental and the sub-harmonic components is cal-
culated in Equations (3) and (4), respectively. For the fundamental component (8-pole
machine with 60 Hz supply and 900 rpm speed), the angular velocity is calculated as

2XT
W=

% 900 rpm = 94.2 rad/s 3)

The sub-harmonic component has a different rotating speed from the fundamental
synchronous speed, and can be calculated as
wo 942

wy= 7= 05 = 188.5rad/s 4)



World Electr. Veh. ]. 2024, 15, 226

6 of 14

where wy, is the angular velocity of the harmonic component, w, is the angular velocity of
the fundamental component and / is the harmonic number (which in this case is 1/2 or
0.5). From these equations, we can conclude that the sub-harmonic component will rotate
at a speed twice as high as the fundamental synchronous speed. This different speed helps
the harmonic component to become induced in the rotor harmonic winding.

While looking at the machine layout of the existing topology [28], we can notice
that the harmonic winding has been housed in half of the rotor slots. The reason for this
configuration is that, for the topology to work properly, the harmonic winding needs to be
a four-pole winding so that it can induce the sub harmonic, four-pole component of the air
gap MME. The field winding is present in all 8 slots as it needs to be an 8-pole winding so
that it matches the main 8-pole component of the air gap MME.

In this paper, a new topology for the rotor harmonic winding is proposed where the
unutilized rotor slots of [28] are being used. For this, a second phase of the harmonic
winding is placed in the unutilized 4-pole slots. This second phase of the harmonic winding
is identical to the first phase of the harmonic winding, with same number of turns and
poles. The proposed topology and its machine layout are shown in Figures 3 and 4. The
two phases of the harmonic winding are connected in a series configuration in order to add
up the voltages from the two phases and are then rectified by the rotating rectifier before
feeding the DC current to the field winding. The proposed topology has been implemented
for an 8-pole, 48-slot machine, as shown in Figure 4. The machine parameters are given in
Table 1. The machine parameters are kept the same as in [28] so that a fair comparison is
drawn from the simulated results.

The rotor with 8-slots but two different windings, the field winding and the harmonic
windings, has different pole pitches. The rotor field winding has eight-poles and the
harmonic winding has four-poles. The field winding has a pole pitch of one-slot. The
harmonic winding has two different phases, H1 and H2, as shown in Figure 5. The pole
pitch of the harmonic winding is two slots. In this way, the eight-pole field winding and
four-pole harmonic winding have been placed in eight rotor slots.

>
o
Inverter

1
i
El{armonic i
'Winding 1 — H
' |
1
i Rectifier 1
1 .
' Harmonic !
' Winding 2 '
' i
1

Capacitor '

Stator Rotor

Figure 3. Proposed machine topology.

Field winding

Stator winding

Harmonic winding armonic winding 2

Figure 4. Proposed machine layout.
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Table 1. Specifications of proposed BL-WRSM.

Parameters Value
Quantity of poles 8
Quantity of stator slots 48
Winding ABC, conductors per stator slot 40
Winding XYZ, conductors per stator slot 20
Field winding, conductors per pole 50
Harmonic winding, conductors per pole 48
Rated power (kW) 1
Operating speed (rpm) 900
Outer diameter of stator (mm) 177
Inner diameter of stator (mm) 95
Diameter of shaft (mm) 25
Length of air gap (mm) 0.5
Stack length (mm) 80
Field Pole
pitch
ﬁu TP L L
H Hy —H —H, H H —-H
armog:tcczme EiOIE;:vénodr:E::gwinding_ F: Field winding)

Figure 5. Pole pitches of 8-pole field and 2-pole harmonic windings of rotor.

The field winding has half the pole pitch compared to the harmonic winding.

The rotor field winding, two-phase harmonic windings and rotating rectifier connec-
tion circuit are shown in Figure 6. The two windings are connected in series and a capacitor
is installed in series with them which helps to reduce the voltage pulsations.

P
N,
I, AY

Harmonic
Winding 1

00

Harmonic Field Winding
Winding 2 |Y
\

\,
~d ’

_____________-
N

Capacitor

4.5 mF Rectifier circuit

Figure 6. The rectifier circuit with the field and two-phase harmonic windings and the capacitor.

3. FEA Analysis and Results

The machine model and topology introduced in the previous section are simulated
in 2-D Ansys Maxwell software which is based upon finite element analysis (FEA). The
results have been compared with the already existing topology of [28]. Both the proposed
and existing topology have been provided with three-phase AC currents which are shown
in Figure 7.
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Figure 7. Input current to existing topology and proposed topology.

The currents induced in the rotor harmonic windings along with the field winding
current fed to the rotor field winding for the existing and proposed topologies are shown
in Figure 8. Due to the addition of a second phase of the rotor harmonic winding in the
proposed topology, it can be seen that the field winding current has significantly increased,
with the ramification that the ripple in the field winding current has also been increased.
The average value of the field current in the proposed machine is 9.05 A, while for the
proposed brushless machine, the average value of the field current is 12.2 A, which is
almost 34% higher. The electromagnetic torque for the existing and proposed topology is
plotted in Figure 9. The advantage of the proposed topology can be clearly seen by the
improvement in the average torque. The average torque for the proposed topology has
been increased by almost 33%. The increase in the torque and field current are almost the
same, which points to the fact that for the proposed brushless topology, the output torque
is directly proportional to the rectified field current. Along with this increase, the torque
ripple has also increased, which is mainly due to the ripples in the field winding current of
the proposed topology.

The core loss is illustrated in Figure 10. In the proposed machine, the simulated core
loss is 50.77 watts, which is higher as compared to the existing machine. This increase is
due to the fact that for the proposed machine, the flux density in the stator as well as the
rotor is higher compared to the existing machine, thus leading to elevated core losses. The
magnetic flux density plot for the existing and proposed topology is shown in Figure 11.
The output of the proposed machine has been clearly increased but from the flux density
plot, we can estimate that the proposed machine is performing under the limit of 2 Tesla.

The performance comparison between the existing and proposed topology is sum-
marized in Table 2. The two harmonic windings arranged in a series configuration help
to induce a higher harmonic current on the rotor harmonic winding and, in turn, help to
increase the field current. The increased field current results in a higher average torque,
which is the main advantage of the proposed topology. The copper losses and core losses in
the rotor are increased from the existing topology due to the higher rotor currents and rotor
flux density, but this does not affect the efficiency to a great extent because of the fact that
that torque has increased, which will increase the output power of the machine. In future,
rotor shape optimization will be performed regarding the reduction in the torque ripples.
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Figure 8. Induced current in rotor field winding: (a) existing topology; (b) proposed topology.
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Figure 9. Torque: (a) existing topology; (b) proposed topology.
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Figure 10. Core loss of proposed topology.
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Table 2. Parameter comparison.
Parameters Existing Topology Proposed Topology

Terminal voltage (Vims) 72.70 87.7

Field current (A) 9.05 12.2

Harmonic current 1 (Ayms) 4.75 11.61

Harmonic current 2 (Apps ) 0 11.61

Stator current (Asms ) 45 45
Average torque (Nm) 7.28 9.7

Torque ripple (%) 19.13 38.9

Core loss (W) 40.77 50.7

Stator copper loss (W) 68.04 68.14

Field winding copper loss (W) 51.60 93.59

Harmonic winding copper loss (W) 4.06 48.51

Efficiency (%) 80.7 78.2

As the total harmonic distortion (THD) points at the amount of harmonic distortion
present in a signal, this measurement gives us information regarding the quality of the
machine performance. The THD can be expressed as the ratio of the addition of all harmonic
constituents to the fundamental frequency, as shown in the Equation (5).

Vv .
THD — RMS without fundamental ( 5)
VRMS fundamental

The THD is crucial in the machines industry. In this paper, the THD has been calculated
for the stator induced voltage. In order to calculate the THD, fast Fourier transform (FFT)
of the current or voltage is required. In that regard, the induced voltage of phase A of the
proposed topology is given in Figure 12, and the fast Fourier transform of the induced
voltage is shown in Figure 13. The THD of the proposed topology has been calculated as
29% by putting the values of the fundamental and harmonic frequencies into Equation (3).
The THD of the proposed topology is a little on the higher side since the THD determines
the potential of machine damage. The higher the value of the THD, the greater the risk of
damage to the machine. With more distortion, the machine will start to vibrate, eventually
thereby destroying itself. In future, research can be conducted to reduce this harmonic
distortion by optimizing the rotor and stator pole shapes.
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Figure 12. Induced voltage of phase A.
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Figure 13. FFT of induced voltage of phase A.

4. Conclusions

This paper introduced a new topology for the brushless wound rotor synchronous
machine. The unutilized slots in the already existing topology of [28] are filled up with an
additional phase of the rotor harmonic winding. This helps to induce additional currents
in the rotor harmonic windings, and hence, the rotor field current from the rotating rectifier
circuit is increased. Ultimately, the electromagnetic torque of the proposed topology is
increased by 33%. The 2-D FEA analysis was performed and the results have proven the
effectiveness of the proposed topology. The improvement in the average torque with the
same design parameters helps to increase the torque density of the machine. This will help
to make the BL-WRSM suitable for applications where high torque density is required.
Torque ripple and the high THD are of slight concern for the machine but these factors can
be overcome in future work by employing different optimization techniques.
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