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This article proposes a new armature winding configuration to implement the sub-harmonic field excitation method for brushless
operation in wound rotor synchronous machines (WRSMs). The proposed configuration combines single- and double-layer winding
arrangements to generate a fundamental and suitable magnitude of sub-harmonic magnetomotive force (MMF) components in
the machine’s air gap. The fundamental MMF creates the main stator field, while the sub-harmonic MMF component induces a
harmonic current in the rotor’s harmonic winding. This current is rectified through a serially connected full-bridge diode rectifier,
which excites the rotor field winding to achieve brushless operation. The proposed brushless WRSM topology is validated using a 2-D
finite element analysis (FEA), for an eight-pole, 48-slot machine model developed in JMAG-Designer version 22.2. Its performance
is compared to that of a conventional dual-armature winding-based brushless WRSM topology. Results show that the proposed
brushless WRSM topology achieves lower torque ripple, reduced losses, and higher efficiency than the conventional topology due
to its single-winding configuration.

Index Terms— Brushless operation, sub-harmonic field excitation, synchronous machines, wound field machines.

I. INTRODUCTION

IN RECENT years, wound rotor synchronous machines
(WRSMs) have attracted considerable attention due to the

absence of costly permanent magnets for their rotor field
excitation [1], [2], [3]. To take advantage of the adjustable
rotor field, the wound field synchronous machines have been
used at the expense of repeated maintenance due to brushes
and slip rings [2]. An extended-shaft arrangement is required
for the exciters and pilot exciters, to energize the rotor field
winding in a brushless synchronous machine [4]. However, this
arrangement cannot be used in a scaled-down application such
as an electric vehicle where the volume of the machine cannot
exceed a certain limit. To make a compact brushless wound
field synchronous machine an embedded excited or harmonic
excitation system needs to be investigated [5].

The harmonically excited brushless WRSM topologies oper-
ate by developing an additional harmonic field along with the
fundamental one, which induces current in an additional rotor
winding. This winding is connected in series with the rotor
field winding through a full-bridge diode rectifier [6]. The
rotor structure in these topologies depends on the order of
the harmonic field developed in the machine’s air gap. In [7],
a brushless WFSM based on the control of harmonic excitation
current in the stator windings was proposed. The control of the
harmonic excitation current generates a third-harmonic field in
the machine’s air gap. A harmonic current excited brushless
WFSM based on an open winding configuration was intro-
duced in [8] and [9]. These topologies require a dual-inverter
configuration to generate a third-harmonic field in the machine.
In [10], a brushless WFSM based on semi-open stator winding
was proposed. The inverter configuration in this topology
requires a higher number of power electronic switches to
generate both the fundamental and third-harmonic fields.
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Fig. 1. Conventional sub-harmonic-based brushless WRSM topologies
proposed in (a) [13] and (b) [14].

Similarly, in [11], a brushless WFSM with a double harmonic
stator winding was introduced. In this topology, one winding
generates the third harmonic field, while the second winding
is responsible for producing the fundamental rotating field.
A double third-harmonic current excitation principle for the
brushless operation of a WFSM is proposed [12]. In this
topology, two three-phase windings share a common star point.
One winding is powered by an inverter with six switches, while
the other is powered by an inverter with eight switches to
generate both fundamental and third-harmonic fields.

The rotor structure in these topologies requires three times
the harmonic winding poles to be placed on the rotor
periphery. Low-order harmonic fields enable a simplified rotor
structure, whereas high-order harmonic fields require a more
complex rotor design to achieve brushless operation.

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-3445-4276
https://orcid.org/0000-0002-0721-5800


8102306 IEEE TRANSACTIONS ON MAGNETICS, VOL. 61, NO. 9, SEPTEMBER 2025

Fig. 2. Proposed highly efficient self-excited brushless WRSM topology.

Fig. 3. Proposed armature winding configuration for the 8p48s machine
model.

In [13], a sub-harmonic brushless WRSM topology based
on a dual-inverter and dual-armature winding configuration is
proposed. This topology, as shown in Fig. 1(a), comprises two
equal halves of the armature winding, that is, WABC and WXYZ,
each with a separate star connection. Each half of the armature
winding is powered by a designated inverter. The magnitudes
of the input armature current, that is, IABC and IXYZ, are
not the same; however, their frequencies are identical. This
configuration develops sub-harmonic and fundamental fields
in the machine’s air gap when powered by the inverters.
However, the dual-inverter configuration increases the cost of
the machine system.

A cost-effective brushless WRSM, based on a single-
inverter and dual-armature winding configuration, is proposed
in [14]. In this topology, both windings [WABC and WXYZ,
as shown in Fig. 1(b)] are connected in series and have
a different number of poles. The XYZ winding has half
the number of poles compared to the ABC winding. This
arrangement develops both fundamental and sub-harmonic
fields in the machine’s air gap. This topology is referred to
as the conventional topology in this article.

A highly efficient brushless WRSM topology, as shown
in Fig. 2, is proposed in this article. This topology is based on
a single inverter and a single-armature winding configuration.
A new armature winding (WABC), which combines single- and
double-layer winding arrangements, is designed to develop
both the fundamental and a suitable magnitude of the
sub-harmonic magnetomotive force (MMF) component in the
machine’s air gap. The rotor of the machine is equipped

Fig. 4. (a) Inverter currents. (b) Airgap MMF. (c) FFT plot of airgap MMF.

with a harmonic winding (WH ) and a field winding (WF ),
connected in series through a full-bridge diode rectifier. The
sub-harmonic field rotates at a sub-synchronous speed and
induces a harmonic current in the rotor’s harmonic winding,
which is rectified to excite the rotor field winding, thus
achieving brushless operation for WRSM.

The proposed brushless WRSM topology uses a sin-
gle current-controlled voltage source inverter, making it
more cost-effective compared to the brushless topology [13].
Additionally, its single-winding configuration offers lower
copper losses and higher efficiency compared to the topology
in [14]. The operation of the proposed brushless WRSM
topology and its comparative performance analysis with
the conventional topology, focusing on lower torque ripple,
reduced losses, and higher efficiency, are discussed in subse-
quent sections.
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Fig. 5. Simplified illustration of the operating principle.

Fig. 6. Design flowchart of the study.

II. PROPOSED TOPOLOGY AND OPERATING PRINCIPLE

The proposed highly efficient, self-excited brushless WRSM
topology employs a novel armature winding configuration
that combines single- and double-layer winding arrangements,
as shown in Fig. 3. This configuration is designed for a three-
phase, eight-pole, forty-eight-slot (8p48s) machine model and
is developed using a traditional double-layer winding with a
winding factor of 0.933, a coil span of five slots, and a pole
pitch of six slots. The winding is then adapted to include a
single-layer configuration for four slots per phase, resulting
in 12 slots with single-layer and 36 slots with double-layer
configuration. The developed winding configuration involves
two pole pairs with a double-layer configuration and two pole
pairs with a combination of single-layer and double-layer
winding arrangements. When the inverter supplies a current
of 4 A (peak) per phase, as shown in Fig. 4(a), this new
armature winding generates an MMF in the machine’s airgap,
depicted in Fig. 4(b).

The input armature winding currents are given by

IA = I cos(ωt)

IB = I cos
(

ωt −
2π

3

)
IC = I cos

(
ωt +

2π

3

)
(1)

Fig. 7. 2-D layout of the (a) conventional and (b) proposed WRSM models.

where I is the peak phase current and ω is the angular
frequency.

The fast Fourier transform (FFT) of this MMF reveals
both a fundamental component and a suitable sub-harmonic
MMF component with an amplitude of around 12.21% of
the fundamental. A simplified illustration of these developed
airgap flux components is given by

F =
3

2π

[
Nf If cos(ωt − θ) + Ns Is cos

(
ωt − θ

2

)]
(2)

where If and Is represent the peaks of the fundamental and
sub-harmonic current components, respectively. Nf denotes
the number of turns per phase for the pole pairs with
a double-layer winding pattern, while Ns represents the
number of winding turns per phase for the pole pairs
with a combination of single-layer and double-layer winding
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TABLE I
PARAMETERS OF MACHINE MODELS

Fig. 8. Flux linkages for the conventional and proposed WRSM models.

arrangements. The variable θ corresponds to the rotor angular
position.

The rotor of the machine comprises two types of wind-
ings: 1) a four-pole harmonic winding and 2) an eight-pole
field winding. These windings are connected in series through
a full-bridge diode rectifier.

The flux linkage for the harmonic winding can be calculated
as follows:

λh =
3Nh

2π
Pg

[
Nf If cos(ωt − θ) + Ns Is cos

(
ωt − θ

2

)]
(3)

where Nh is the harmonic winding number of turns, Pg is
the airgap permeance, and λh is the harmonic winding flux
linkage.

The sub-harmonic field is not synchronized with the field
winding and is captured by the rotor winding with the same
number of pole pairs. Neglecting the effect of the fundamental
field on the four-pole harmonic winding, the induced voltages
can be expressed as follows:

eh =
3Nh

4π
ωPg Ns Is sin

(
ωt − θ

2

)
(4)

Fig. 9. Flux density distribution plot for the (a) conventional and (b) proposed
WRSM models.

where eh denotes the induced voltage in the rotor harmonic
winding.

These induced voltages are rectified to excite the eight-pole
rotor field winding. Equation (4) shows that the magnitudes
of the induced harmonic winding and rectified field winding
voltages depend on the winding turns of pole pairs having
the combination of single-layer and double-layer winding
arrangements. Fig. 5 presents a simplified illustration of the
operating principle, while the design flowchart of the study is
provided in Fig. 6.

III. ELECTROMAGNETIC ANALYSIS

For the electromagnetic analysis and comparative perfor-
mance assessment aimed at lowering torque ripple, minimizing
losses, and enhancing efficiency, two machine models, shown
in Fig. 7(a) and (b), were developed using 2-D finite-element
analysis (FEA) in JMAG-Designer version 22.2. The structural
parameters of these machines are presented in Table I. The
conventional WRSM model includes two serially connected
armature windings, named ABC and XYZ, with 30 and
10 turns per phase, respectively. An input armature current
of 4 A (peak) per phase, as shown in Fig. 4(a), is supplied to
the armature winding of both the conventional and proposed
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Fig. 10. Rotor currents for the (a) conventional and (b) proposed WRSM
models.

brushless WRSM models. These currents generate fundamen-
tal and sub-harmonic fields in the machines’ air gaps.

Figs. 8 and 9 show the flux linkages and magnetic flux
density distribution plots for the conventional and proposed
brushless WRSM models, respectively. These figures demon-
strate that both models operate under a saturation level
of 1.4 T. The four-pole sub-harmonic field induces a harmonic
current in the rotor’s harmonic winding, which is then rectified
to excite the eight-pole rotor field winding.

The induced harmonic and rectified field winding cur-
rents for the conventional and proposed brushless WRSM
topologies are presented in Fig. 10(a) and (b), respectively.
The magnitudes of the induced harmonic and rectified field
winding currents are approximately the same for both models:
1.9 A (rms) for the harmonic current and 2.3 A (average) for
the rectified field winding current.

The electromagnetic interaction between the main stator
and rotor fields generates torque. The developed torque for
the conventional and proposed brushless WRSM models is
10.68 and 10.7 nm, with torque ripples of 19.57% and 16.9%,
respectively. The output torque of the models is presented
in Fig. 11(a) and (b).

To calculate the losses and efficiency of the conventional
and proposed WRSM models, a loss study was conducted in
JMAG-Designer to evaluate the core losses of both machines.
Copper losses were calculated based on the resistance of the
windings and the current flowing through them during opera-
tion. Fig. 12(a) presents the stator and rotor copper and core
losses for both WRSM models, while Fig. 12(b) shows the
total losses along with input and output power.

Fig. 11. Output torque for the (a) conventional and (b) proposed WRSM
models.

TABLE II
FEA RESULTS

The results indicate that the stator core losses for the
conventional and proposed models are 40.25 and 40.33 W,
respectively, while the rotor core losses are 10.57 and 10.78 W,
respectively. The stator copper losses for the conventional
brushless WRSM model are calculated to be 52.8 W; however,
for the proposed topology, the stator copper losses are reduced
to 39.6 W which is 13.2 W lower than the conventional
topology due to its single-armature winding configuration.
Since the harmonic and field winding currents are identical for
both models, the harmonic and field winding copper losses are



8102306 IEEE TRANSACTIONS ON MAGNETICS, VOL. 61, NO. 9, SEPTEMBER 2025

Fig. 12. For the conventional and proposed brushless WRSM models.
(a) Stator and rotor core and copper losses. (b) Total input power, output
power, and losses.

also the same: 3.57 W for the harmonic winding and 5.25 W
for the field winding.

The total input power for the conventional and pro-
posed models is approximately 1119.8 and 1108.3 W,
respectively, while the output power for both models is
1007.3 and 1008.7 W, respectively. Based on these results,
the efficiency of the conventional topology is calculated to
be 89.95%, while the proposed brushless WRSM model
achieves an efficiency of 91.1%. These results are further
presented in tabular form in Table II.

IV. CONCLUSION

In this article, a highly efficient, self-excited topology for the
brushless operation of WRSM was proposed. A novel armature
winding, combining single- and double-layer configurations,
was designed to generate a sub-harmonic MMF component in
addition to the fundamental MMF in the machine’s air gap.
The theory and operation of the machine were validated using
2-D FEA.

The performance of the proposed topology was compared
with that of the conventional cost-effective dual-armature
winding-based brushless WRSM topology, focusing on torque
ripple, losses, and efficiency. These results suggest that
the proposed topology offers 2.67% low torque ripple,

11.47% lower losses, and 1.06% higher efficiency compared to
the conventional topology, due to its single-armature winding
configuration. With its reduced armature winding losses, the
proposed topology could serve as a promising alternative for
high-power applications.
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