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ABSTRACT This paper proposes a novel simplified brushless wound field synchronous machine (BL~
WEFSM) topology based on an uncontrolled three-phase rectifier. The output of the rectifier is injected
into the common point of the star-connected three-phase armature winding. This arrangement develops an
armature MMF consisting of two components: the fundamental MMF, which is rotating in nature, and the
harmonic pulsating magnetic field, which induces the harmonic current in the specially designed harmonic
winding of the rotor. The induced harmonic current is rectified through the full-bridge rectifier, which excites
the main rotor field to achieve brushless operation and produce torque while interacting with the main
fundamental rotating field of the armature. The proposed brushless topology is simple as it involves a single
three-phase rectifier which does not require any complicated control strategy. Furthermore, this topology
is a cost-effective solution as compared to the conventional brushless WFSM topologies since it does not
require any additional hardware component except for a typical rectifier. In addition, the performance of the
proposed brushless topology is better than the existing three-phase rectifier-based brushless scheme in terms
of efficiency, output torque, and torque ripple. The proposed simplified BL-WFSM topology is validated
through 2-D finite element analysis (FEA) using JMAG-Designer 19.1 to obtain the output torque of the

machine.

INDEX TERMS Brushless, cost-effective operation, harmonic field excitation, WRSMs.

I. INTRODUCTION

Permanent magnet (PM) machines except for those using
ferrite magnets are not a preferred choice for the electrical
machine manufacturing industry, especially when consid-
ering the low-power density applications [1]. The cost of
rare-earth materials has recently hit new highs [2], [3]. This
motivated researchers to explore other options that require
no magnets. One of such candidates is a wound field syn-
chronous machine (WFSM) [4], [5]. However, this machine
requires brushes, slip rings, and additional exciters, which
make them unfavorable for small- and medium-scale power
applications [6], [7]. This encouraged researchers to work on
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different brushless topologies of WFSMs based on harmonic
field excitation techniques.

A brushless topology for WFSM based on zero-sequence
third-harmonic field excitation was proposed in [8]. As shown
in Fig. 1(a), this topology involves thyristor switches
attached in between the inverter and the armature winding
of the machine, which operates at zero-crossing of each
phase current. This arrangement results in a zero-sequence
third-harmonic current which generates a harmonic magnetic
field in the airgap to induce harmonic current in the harmonic
winding of the rotor to achieve brushless operation. The
implementation of this brushless topology requires a complex
control strategy and thyristor switches, which make it bulky
and costly.

In [9], the authors proposed a brushless topology that
required an extra winding to be installed in the stator
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FIGURE 1. BL-WFSM topologies proposed in (a) [9]; (b) [10]; (c) [11-12].

slots in addition to the main armature winding, to inject a in the airgap of the machine. As shown in Fig. 1(b), this
third-harmonic current and develop a third-harmonic MMF topology requires a modification in the machine structure
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and additional devices such as transformers and single-phase
double-conversion converters, which may not be a preferable
option for brushless operations in industrial applications.

In [10]-[12], the authors proposed brushless topologies
based on dual-inverter-based configurations. In [10], [11],
open-winding-pattern-based  dual-inverter-fed  brushless
topologies were proposed to generate an armature current
comprising fundamental and third-harmonic current compo-
nents. In these topologies, the fundamental current is used
to develop main field and the third-harmonic current is used
to generate pulsating harmonic magnetic field in the airgap.
The latter is used to induce harmonic current in the harmonic
winding of the rotor to achieve brushless operation. The
basic structure of these topologies is shown in Fig. 1(c).
In [13], the same armature current was obtained by alternately
operating two inverters. These inverters were attached in
parallel as shown in Fig. 1(d) and were phase-shifted by
—180° through thyristor switches, by turning them on and
off after the completion of each cycle. The adoption of two
inverters in these brushless topologies makes them costly and
bulky.

In [14], a simpler BL-WFSM scheme was proposed to
resolve the aforementioned issues. As shown in Fig. 2(a),
the stator of the machine contains two windings i.e., three-
phase main armature winding and a single two-pole exciter
winding. These windings were connected through an uncon-
trolled rectifier. As the current flows through the armature
winding, it is rectified through the rectifier to excite the
exciter winding of the stator simultaneously. This arrange-
ment generates two magnetic fields in the airgap, a four-pole
magnetic field rotating at synchronous speed caused by the
main armature current and a two-pole sub-harmonic pulsating
magnetic field generated through the exciter winding current.
The illustration of these magnetic fields is shown in Fig. 2(b).
On the other hand, the rotor of the employed machine model
is equipped with harmonic and field windings as shown in
Fig. 2(c). The two-pole pulsating magnetic field induces a
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harmonic current in the harmonic winding of the rotor which
is then rectified to excite the main field winding to generate
torque and achieve brushless operation. This topology offers
several advantages over conventional BL-WFSM topologies
such as simple machine structure, reduced drive size, low
cost, reduced volume, and minimum control complications.
Besides several advantages, some disadvantages associated
with this topology are low average torque, high torque ripple,
and low efficiency.

This paper proposes a simplified brushless WFESM topol-
ogy by employing an uncontrolled customary three-phase
rectifier that injects the output current to the common point
of the star-connected three-phase armature winding. This
arrangement generates a harmonic MMF in addition to the
main armature MMF in the air gap of the machine. This
harmonic MMF in turn generates the harmonic current in
the harmonic winding of the machine, which is rectified
to inject DC current to the rotor field winding through a
full-bridge rectifier placed in between the harmonic and field
windings. The interaction of the rotor and main rotating
armature fields produces torque. The proposed simplified
BL-WFSM topology is validated through 2-D finite element
analysis (FEA) and its performance is compared with the
existing three-phase rectifier-based BL-WFSM topology in
terms of average output torque, torque ripple and efficiency.
In addition, unlike the existing three-phase rectifier-based
topology, the proposed topology does not require any addi-
tional winding to be installed with the main armature winding
in the stator slots of the machine, which makes it even simpler
compared to the existing topology.

Il. OPERATING PRINCIPLE

The proposed simplified BL-WFSM topology and the
employed 4-pole, 24-slot machine model are shown
in Figs. 3(a) and (b), respectively. The stator and rotor
winding configurations are presented in Fig. 4. The three-
phase stator winding is star-connected with 100 number
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FIGURE 2. (a) Existing three-phase rectifier-based BL-WFSM topology, (b) airgap magnetic fields illustration, and (c) 2-D

layout of the machine.

of turns per phase. The harmonic and field windings are
connected through a full-bridge diode rectifier. The harmonic
winding is installed on the each of the rotor sub-teeth and
is having 25 number of turns. However, the field winding
is wound around each of the rotor main teeth. The number
of turns for the field winding of the machine are 250. The
armature winding of the machine is supplied with a bal-
anced three-phase current, as shown in Fig. 5(a). An uncon-
trolled customary three-phase rectifier whose one terminal
is grounded, whereas the second terminal is attached to the

8640

common point of the star-connected armature winding of the
machine is employed. The rectifier is supplied with 1,,, I,
and I, currents. The output of the rectifier (Ig) is shown in
Fig. 5(b). This gives rise to the composite armature current as
shown in Fig. 5(c). Fig. 6(a) shows the sum of the armature
currents which indicates that unlike a balanced three-phase
supply, the sum of the armature currents for the proposed
BL-WFSM is not zero. Furthermore, the magnitude of the
sum of the three-phase armature currents is the same as the
output of the rectifier, that is, 0.82 A. This indicates that a
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harmonic current that is equal to the output of the rectifier is currents behave differently from each other after the injec-
generated for the armature winding through this arrangement. tion of the rectifier output current. This behavior of the
The assumption is also verified by plotting one phase of input and armature currents for one phase of the machine is
input and armature currents which shows that the same-phase shown in Fig. 6(b).
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FIGURE 5. (a) Three-phase input; (b) rectifier output; and (c) armature
winding currents.

As the armature winding is symmetrical, full-pitched, and
concentrated, the MMF generated through each phase of the
armature current i,, ip, and i can be calculated as below:

1
MMF, = iuNy1(sin 6 + 3 sin 36;)

. . 27 1 .
MMF}, = ipNy |sin(@s — T) + 3 sin 36

w1
MMF, = i.N,| {sin(@s + ?”) + 5 sin 39s} (1)

Here Ny = %%’
where N is the number of winding turns per phase, 65 is
the spatial electrical angle and w is the electrical angular

frequency.
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The three-phase armature currents can be calculated as
below:

i, = I sin(wt) + 1,

. ) 2
ip = I sin(wt — ?) + 1,

. . 2
i. = I sin(wt + ?) + 1, 2)

where /] is the fundamental current and I, is the injected
harmonic current in the armature winding.

By combining equation (1) and (2), and adding MMFs
generated by three-phase armature currents, we have (3)—(6),
as shown at the bottom of the next page.

From the above equation, it can be observed that the MMF
generated by the armature winding is comprising of two com-
ponents: the fundamental rotating MMF and the spatial fixed
pulsating MMF caused by the injected harmonic current.
These magnetic fields are generated at the same time in the
airgap of the machine but are not coupled because of different
operating frequencies [15]. When the rotor rotates at the
same speed as that of the fundamental rotating field i.e., syn-
chronous speed, the magnitude of the induced back-EMF in
the harmonic and field windings of the machine will be zero.
However, under such a condition the spatial fixed pulsating
MMF generates back-EMF in the harmonic winding of the
machine. If 6 is the angle of the initial position of harmonic
winding, the spatial position of harmonic winding will be
0; = wt + 69, as the rotor rotates at the synchronous speed.
The flux of each winding pole, in this case, can be calculated
as:

3
Y = npPeNpi {511 cos(wt — 6;) + I, sin 305}

3
= npPyNy1 {511 cos by + I, sin(Bwt + 390)} @)

where 7, is the harmonic winding number of turns, and P, is
the airgap permeance.

As the proposed simplified brushless WFSM topology is
based on an uncontrolled three-phase customary rectifier,
I,, will be equal to Iz which is pulsating DC output of the
rectifier. The magnitude of the harmonic winding back-EMF
is given by [15]:

EMFy, = 18n,P¢Ny1 1,0 cos(3wt + 36p) (8)

where EMF}, is the induced back-EMF in the harmonic wind-
ing.

The induced harmonic voltages are rectified using a full-
bridge rectifier, to generate the DC current for the rotor field
winding and develop the rotor main field. This field generates
torque as soon as it interacts with the main armature field,
thereby achieving the proposed simplified brushless opera-
tion for the WFSM.

IIl. FINITE ELEMENT ANALYSIS

To wvalidate the operation of the proposed simplified
BL-WFSM topology and to obtain its electromechanical per-
formance for the comparison with the existing three-phase
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FIGURE 6. (a) Sum of three-phase armature winding currents and (b) input, armature, and rectifier output currents.

rectifier-based BL-WFSM topology, finite element analy-
sis (FEA) was performed. Two 4-pole, 24-slot machine mod-
els with different armature winding configurations are used
for this purpose. The specifications of the machine models

are listed in Table 1. The winding pattern employed for the
existing three-phase rectifier-based BL-WFSM topology is
presented in Fig. 7. As shown in the figure, the rotor wind-
ing configuration of the proposed and existing BL-WFSM

MMF 4c (65, i) = MMF, + MMF), + MMF, 3)

1
Ny1 {sin(@s) + 3 sin 36; ¢ {I; sin(wt) + I}

i 27 1 . . 27
= | +Ny1 §sin(fs — ?) + 3 sin 36 ¢ 1 I sin(wt — ?) + I “4)

. 2m 1 . . 2
+Ny1 ysin(fs + ?) + 3 sin 36 ¢ {1 sin(wt + ?) + I,

I

. . . 27 . 2
sin(wt) sin(fy) + sin(wt — ?) sin(fy — T)

_ 2 2
= N1 + sin(er + ?”) sin(0, + T”) ®)
+1,, sin 36
3
= EllN(pl cos(wt — 6y) + 1,Ny1 sin 36; (6)
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after a span of six slots. These half-filled slots are filled with
the exciter winding in the existing three-phase rectifier-based

FIGURE 8. Flux density distribution plots for the (a) existing, and BL-WFSM tOP_OIOgY
(b) proposed three-phase rectifier-based BL-WFSM topologies. Both machines were operated at a constant speed

of 1800 rpm and supplied with a current of 10 A (peak).
topologies is the same, however, the armature winding of the A 4-pole, double-layered armature winding with a winding
proposed topology is altered by keeping two slots half-filled factor of 0.933 was employed for the investigated machine
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TABLE 1. Machines Specifications.

Attribute Existing BL-WFSM Topology Proposed BL-WFSM Topology
Rated power 4 kW 4 kW
Rated speed 1800 rpm 1800 rpm
Frequency 60 Hz 60 Hz
Stator outer/inner diameter 130/80mm 130/80 mm
Air gap 0.5 mm 0.5 mm
Rotor diameter 79 mm 79 mm
Rotor main/sub-teeth 4/8 4/8
Harmonic/Field winding 25/250 25/250
number of turns
Armature winding number 100 100
of turns
Exciter winding number of 100 --
turns
Stack length 90 mm 90 mm
bHarmonic Current Field Current

Current (A)
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FIGURE 10. Induced harmonic and field currents for (a) existing, and (b) proposed three-phase rectifier-based

BL-WFSM topologies.

models. The simulations were performed for 2s. The flux den-
sity distribution plots of the simulated existing and proposed
three-phase rectifier-based BL-WFSM models are shown
in Fig. 8(a) and (b), respectively. These plots show that the
existing BL-WFSM operates under a saturation level of 2.6 T
whereas the proposed machine topology operates below the
saturation level of 2.4 T. The flux linkages for the existing

VOLUME 9, 2021

and proposed topologies are presented in Fig. 9(a) and (b),
respectively. Fig. 10(a) and (b) illustrates the induced har-
monic current in the harmonic winding and the rectified field
current in the field winding of the existing and proposed
machine models. These figures show that the average magni-
tude of the rectified field current for the existing BL-WFSM
topology is around 1.56 A. However, the magnitude of the

8645



IEEE Access

S. S. H. Bukhari et al.: Simplified BL-WFSM Topology Based on a Three-Phase Rectifier

30

254

204

Torque (Nm)

o

0.0 0.5 1.0 1.5
Time (s)

(2)

30

20

Torque (Nm)

10

0

B MWWWWWNWWM
20
15

; T
0.0 0.5 1.0 15
Time (s)

(b)

20

FIGURE 11. Output torque of the (a) existing, and (b) proposed BL-WFSM topologies.

TABLE 2. Comparative performance analysis.

Attribute

Existing BL-WFSM Topology

Proposed BL-WFSM Topology

Average output torque
Torque ripple
Efficiency

11.29 Nm
81.92%
88.84%

20.15 Nm
51.30%
96.83%

same current for the proposed topology is 1.58 A. The out-
put torque of the existing and proposed machine models is
shown in Fig. 11(a) and (b), respectively. The magnitude of
the average torque of the existing three-phase rectifier-based
BL-WFSM topology under steady-state is approximately
11.29 Nm with a torque ripple of 81.90%. On the other
hand, the output torque of the proposed machine topology
is 20.15 Nm with a ripple of 51.30%. The efficiency of the
existing machine topology is calculated as 88.84% whereas
the calculated efficiency of the proposed topology is 96.83%.
These results indicate that the output torque of the pro-
posed machine is around 78.47% higher than the existing
three-phase rectifier-based BL-WFSM topology. In addition,
the torque ripple for the proposed topology is decreased by
around 30.6% when compared to the existing topology. Fur-
thermore, the efficiency of the proposed topology is 7.99%

8646

higher than the existing BL-WFSM topology. A compar-
ative performance analysis between the existing and pro-
posed three-phase rectifier-based BL-WFSM topologies is
presented in Table. II.

To investigate the behavior of the existing and proposed
machine models under no-load condition, simulations are car-
ried out for one cycle using 1 A field current. The magnitude
of the induced voltage for the existing machine topology
under the no-load condition is around 270.48 Vs as pre-
sented in Fig. 12(a). Fig. 12(b) shows the induced voltages of
the proposed machine model under a no-load condition which
is around 361.95 V,,,,s. The harmonic contents of the induced
voltages for the existing and proposed topologies are shown
in Fig. 12(c). The total harmonic distortion (THD) of the
induced voltages for the existing and proposed BL-WFSM
topologies during the no-load conditions is calculated as

VOLUME 9, 2021
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TABLE 3. Comparative performance analysis under No-Load condition.

Attribute Existing BL-WFSM Topology Proposed BL-WFSM Topology
Induced Voltage 270.48 Vs 361.95 Vs
THD 24.53% 25.05%
Cogging torque 0.61 Nm 0.59 Nm
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FIGURE 12. Induced voltages under no-load condition for (a) existing,
and (b) proposed BL-WFSM topologies, and (c) harmonic contents of the
induced voltages.

24.53%, and 25.05%, respectively using equation (9):

\/V22+V32+V42+V52+ ...... + V2
Vi

THD =

©))
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FIGURE 13. Cogging torque for the (a) existing, and (b) proposed
three-phase rectifier-based BL-WFSM topologies.

where V7 is the fundamental component and V, is the nth har-
monic component of the induced voltage.

The magnitude of the cogging torque for the existing and
proposed WFSM topologies is 0.61 Nm and 0.59 Nm as
shown in Fig. 13(a) and (b), respectively. This comparative
performance analysis under a no-load condition is provided
in Table. III.

IV. CONCLUSION

A simplified brushless WFSM topology was proposed in this
paper. The proposed topology was based on a rectifier; its out-
put was injected into the common point of the star-connected
armature winding. This arrangement generated a harmonic
MMF that is used to induce a harmonic current in the har-
monic winding of the rotor. The induced harmonic current
was rectified to generate a DC current for the rotor field exci-
tation and achieves brushless operation. FEA was conducted
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for a 4-pole, 24-slot machine model to realize the idea and
obtain the output torque of the machine. The average output
torque of the machine was found to be 20.15 Nm with a torque
ripple of 51.30%.

The proposed topology was compared with the exist-
ing three-phase rectifier-based BL-WFSM topology which
showed that the output torque is increased up to 78.47%,
torque ripple is decreased to 30.6% and efficiency is increased
to 7.99% for the proposed topology when compared to the
existing BL-WFSM topology.

The proposed BL-WFSM topology was based on a cus-
tomary uncontrolled three-phase rectifier that did not require
any complex hardware and control mechanisms. Thus,
it proved to be the simplest and most cost-effective brushless
topology compared to the other brushless topologies reported
in the literature.
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