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ABSTRACT Permanent magnet (PM) machines have broad applicability and a rapid output rise due to their
good power factor, high efficiency, and power density. However, with the recent high cost, unavailability,
and demagnetization issues of PMs, the wound rotor synchronous machine (WRSM) is a better substitute
for permanent magnet machines for various applications in terms of price value and controllability. While
the WRSM contains issues such as regular maintenance and replacement of brushes and slip rings, this
paper introduces a brushless WRSM (BL-WRSM)with concentrated winding having 36 slots and 48 poles,
which generates fundamental component and a dominant sub-harmonic component of magneto motive
force (MMF). To achieve the brushless operation, the rotor has an additional winding called excitation
winding that is connected with the main field winding via a rectifier. This additional winding is used to
induce the electromotive force (EMF) by the sub-harmonic MMF component of the stator. The EMF is
converted to DC by the rectifier and fed to the main field winding. This BL-WRSM has been developed
for dual-speed applications such as washing machines. The machine has been tested for 46 rpm and
1370 rpm. The low-speed mode is for washing and the high-speed mode is for drying clothes. To validate
the performance and feasibility, an outer rotor BL-WRSM is designed. The performance was compared with
the conventional WRSM (C-WRSM). 2-D finite element analysis (FEA) simulation was conducted using
ANSYS Electromagnetic.

INDEX TERMS Brushless operation, brushless excitation, finite element analysis (FEA), outer rotor wound
rotor synchronous machine, dual speed operation.

I. INTRODUCTION

The role of electrical energy in our daily lives is immense, and
it has become a very important part of our lifestyle. It is dif-
ficult to imagine a world without electricity, as almost every
aspect of our lives depends on it. The importance of electricity
in modern-day living can be understood by measuring the
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standard of living based on the average amount of energy
consumed by residents, in commercial and industrial zones.

Electric machines play a crucial role in the generation,
transmission, and utilization of the generated energy. Two
major types of electric machines, permanent magnet (PM)
machines, and induction machines dominate the industry.
PM machines are mostly preferred due to their high power
density, high efficiency, and high performance in various
applications. In contrast, induction machines are known for
their ruggedness, dependability, and low maintenance.
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FIGURE 1. BL-WRSM with dual inverter topology.

However, the availability of PM materials such as
Neodymium iron boron (NdFeB) is becoming increasingly
scarce and expensive. Recent reports have shown that perma-
nent magnet material availability will decline as companies
shut down their manufacturing facilities for permanent mag-
nets [1]. Researchers are finding new and alternative ways
to make existing machine topologies more efficient, and one
such way is to convert a brushed machine into a brushless
one.

A. BRUSHLESS WOUND ROTOR MACHINES

A Wound Rotor Synchronous Machine (WRSM) is a type
of electric machine that has winding on the rotor called the
field windings. The slip rings and brushes are used to deliver
power to the rotor main field windings. WRSMs have several
advantages over other types of electric machines. One of the
most significant advantages of WRSMs is that they do not
require costly permanent magnets. This reduces the overall
cost of the machine and makes it more affordable for various
applications. Additionally, WRSMs offer variable speeds and
the ability to modify rotor excitation current, resulting in
better efficiency under low load conditions for variable speed
operations without flux weakening.

Although WRSMs offer several advantages over other
types of electric machines, they also have some challenges
and limitations. One of the significant challenges is the use of
slip rings and brushes to deliver power to the rotor windings.
The use of brushes and slip-rings leads to regular mainte-
nance, power loss, and reduction in efficiency.

In recent years, some topologies have emerged for the
brushless WRSM (BL-WRSM). A new topology was pre-
sented in [2] using the harmonic operation and sub-harmonic
method. Fig. 1 shows the topology introduced by [2]. Two
inverters were used to excite the stator’s distributed winding.
The difference in amplitude of the currents provided by both
inverters generated the sub-harmonic component. Based on
the topology of [2], multiple designs were introduced in [3],
[4], and [5]. In [3], the winding configuration was altered
to improve efficiency. In [4] the 8-pole model was designed
to overcome the problems associated with the 4-pole design.
In [5], a Pm-assisted model was introduced which improves
the developed torque of the machine.
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FIGURE 2. Requirements of washing machine’s motor [15].

To overcome the cost issues of dual inverter topology, dif-
ferent single inverter topologies which were also based upon
sub-harmonic BL-WRSM were introduced in [6], [7], [8], and
[9]. In [6] the machine has been developed for conventional
WRSM and BL-WRSM. In [7], the sub-harmonic is produced
by changing the number of turns in half of the slots of stator
winding. In [8], symmetrical stator winding distribution was
introduced for sub-harmonic BL-WRSM. In [9], the single
inverter brushless topology has been extended to the Vernier
machine.

In [10] dual mode BL-WRSM has been introduced
in which, the machine works in induction mode and
synchronous mode.

In [11] and [12], higher harmonic components of the stator
MMF are utilized for the BL-WRSM. Both of these topolo-
gies utilize the third harmonic component of the stator MMF
for brushless excitation purposes. Higher harmonic topolo-
gies have been less utilized due to the concern of higher losses
compared to sub-harmonic topologies.

Until now, all the work done in the field of brushless exci-
tation requires either multiple inverters, switches or special
winding configurations to generate the harmonic component
in the stator MMF.

B. DUAL SPEED DIRECT DRIVE HOME APPLICATIONS

The worldwide market of home appliances is growing
steadily, principally in Latin America, China, Africa, East-
ern Europe, Southeast Asia, and the Middle East. Washing
machines are undoubtedly the most important home appli-
ances, used by billions of customers worldwide [13]. They
have had continuous and consistent technology development
while reducing energy consumption. The smart appliance
market generated revenue of 28.5 billion U.S. dollars world-
wide in 2020 and the Statista Digital Market Outlook
estimates that by 2025 this market will grow to 67.6 billion
dollars in revenue [14].

Washing machine operation is characterized broadly into
two main cycles: Wash Cycle and Spin Dry Cycle. During
the washing cycle, laundry is tumbled to create an effective
washing at around 50 to 60 rpm of drum speed. During
the spin dry cycle, the remaining water is extracted from
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FIGURE 4. Harmonic components of MMF FFT analysis.

the laundry by making use of centrifugal forces by run-
ning the drum at very high speeds of 800 to 1600 rpm [15].
The torque requirements also change during both cycles,
atorque of 15-20 Nm is required in the wash cycle and around
3-5 Nm in the dry cycle.

Switched reluctance motors (SRM) for washing machine
applications have been discussed in [16], [17], and [18].
In [16] reconfigurable winding topology has been proposed
to enhance the efficiency of the motor. In [17], T-Type Stator
Pole for stator has been introduced for performance improve-
ment. In [18], 2phase SRM for Bidirectional Starting has
been introduced. Apart from SRM, a Dual-Mechanical-Port
Dual-Excitation Machine based upon PM Vernier and PM
synchronous motor (PMSM) has been introduced.

In this paper, to reduce the costs of PMs as well as achieve
high torque and noiseless operation which is a major concern
in SRM, a new BL-WRSM has been introduced. A sim-
plified solution for the brushless excitation is proposed by
introducing the concentrated winding in the stator. The pole
slot combination chosen for the proposed machine inherently
possesses the sub-harmonic component that is required for
the rotor excitation.

In the next section, the proposed configuration of the
machine is discussed in detail. After that, the 2-D FEA
results and comparison with C-WRSM are drawn. Finally, the
conclusion is presented.

Il. PROPOSED BRUSHLESS TOPOLOGY
In this paper, a new winding topology has been used. The sta-
tor has three-phase winding placed in 36 slots with 48 poles.
The winding is double layered with a coil span of 1 slot. The
winding configuration of the proposed machine is shown in
Fig. 3.

The MMF generated by this winding arrangement in the
airgap has two dominant components i-e the fundamental
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component which has a harmonic order of 1 and the
sub-harmonic component which has a harmonic order of
0.5 as shown in Fig. 4.

Previously, some research has been carried out to reduce
the subharmonic and higher harmonic components in the
MMEF of fractional slot concentrated winding in AC machines
[20], [21].

As was seen in other brushless topologies [2], [3], [4],
[51, 6], [7], [8], [9], [10], [11], [12], some special circuitry
or stator winding topology was employed to achieve the
brushless operation, which needs additional space and cost.

But the proposed machine with 36 slots and 48 poles,
having concentrated winding, is chosen to utilize the
sub-harmonic component generated in its stator MMF. The
proposed machine does not need any additional inverter or
stator winding for the sub-harmonic generation it utilizes the
inherently developed sub-harmonic generated by the winding
arrangement employed.

The electric loading A is defined as linear current den-
sity around the air-gap circumference or the number of
ampere-turns around the air-gap and can be mathematically
expressed as per (1):

A = (2*m*Npy™*1) / (m*Dair) )]

where Npy is the number of phase turns, m is the number of
phases, Dyjg is the air-gap diameter, and / is the RMS value
of phase current which determines the IR losses that affect
the electric loading.

The magnetic loading is defined as the average air-gap
flux density and can be mathematically expressed as per
Equation (2):

= (#*2P) / ("D} xL) )

where P is the number of poles, L is stack length, and ¢ is
magnetic flux.

The supply currents to stator phases A, B, and C are given
to the machine comprised of equation (3), equation (4), and
equation (5) respectively as written mathematically below:

Iy = I* Sin2xft + 6) 3)
L =I*SinQnft — 4w /3 +0) 4
I3 = I SinQ2nft — 21w /3 +6) 5)

The speed with which the sub-harmonic component of
MMF rotates in the airgap is given by (6) as below.
ng 1207

h o hXp ©

Ng(hy =
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FIGURE 6. 2-D model of the proposed machine.

where ng) represents the rotating speed of the harmonic
component; ng is the fundamental synchronous speed; h is
the harmonic number, f is the supplied frequency, and p is
the number of poles. Taking into consideration our proposed
model of 48 poles and assuming a 60 Hz frequency, the
fundamental synchronous speed will be equal to 150 rpm.
As we can observe the sub-harmonic component at the har-
monic order of 0.5 in Fig. 4, its rotating speed will be equal
to 300 rpm which is twice the speed of the fundamental
component. This higher speed of rotation of the sub-harmonic
component has the capability to be induced on the rotor as the
rotor turns in synchronism with the fundamental component
of MMF. To achieve this induction, the rotor needs to have a
special winding called excitation winding. Once the voltages
are induced in the excitation winding of the rotor, are rectified
with the help of the rotating rectifier which is installed on
the rotor. The rectified DC current is fed to the rotor field
winding. The stator and rotor circuit diagram is shown in
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Fig. 5(a). The stator has three-phase concentrated winding
fed by a 3 phase current source inverter. The rotor has two
windings, field winding and excitation winding. The diode
rectifier circuit is connected between the excitation winding
and the field winding. The rotor circuit is shown in Fig. 5 (b).

The 2-D model employed for the proposed machine has
been shown in Fig. 6 and its parameters are tabulated in
Table 1. The machine has an outer rotor design where the
stator is on the inner side.

The proposed machine has been employed to be used in a
dual-speed application such as a washing machine. In wash-
ing machines, the washing cycle is conducted at 46 rpm while
the drying cycle is conducted at 1370 rpm.

It can be noticed from Fig. 6 that the excitation winding is
placed in half of the slots of the rotor only. This is because
the sub-harmonic component of harmonic order 0.5 has to be
induced in the excitation winding. If the stator MMF’s fun-
damental component represents 48 poles, then the excavation
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TABLE 1. Proposed machine parameters.

Parameter Units Values

Slots - 36
Field Winding Poles - 48
Harmonic Winding Poles - 24
Stator OD/ID mm 265.0/186.0
Rotor OD/ID mm 308.0/267.0
Air-gap length mm 1
Axial length mm 24
Washing Mode Speed rpm 46
Drying Mode Speed rpm 1370
Frequency @ washing mode Hz 18.4
Frequency @ drying mode Hz 548

—o—InducedVoltage(Winding_A) [V]
—o— InducedVoltage(Winding_B) [V]
—0— InducedVoltage(Winding_C) [V]

Induced Voltage [Vrms]

60 120 180 240 300 360

Electrical Angle [Deg]
(a)

Fundamental (18.4Hz) = 14.53, THD= 1.16%

Mag (Fundamental)

Harmanic order

(b)

FIGURE 7. No-Load Analysis (a) Back-EMF @ 46 rpm with 5.83 A field
current. (b) Harmonic Components.

winding has to be 24 poles (half of the fundamental com-
ponent poles). The field winding has to be of the same pole
number as that of the fundamental component of stator MMF
i.e., 48 poles.

Ill. 2-D FINITE ELEMENT ANALYSIS

To examine the performance of the proposed machine, it has
been simulated using 2-D FEA employing Ansys electro-
magnetic Software. Also, a conventional WRSM (C-WRSM)
model without using the brushless technique was designed
whose field windings are fed with the DC current directly.
The input power and all other machine parameters for
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C-WRSM and the proposed BL-WRSM are kept the same
for legitimate comparison.

A. NO-LOAD ANALYSIS

Firstly the WRSM is simulated in a no-load mode where
only the field winding on the rotor is excited by DC current.
The field current value is 5.83 A. The no-load analysis was
performed at 46 rpm which is the washing mode speed. The
no-load voltages are shown in Fig. 7(a) and its harmonic com-
ponents are shown in Fig. 7(b). The RMS value of 10.3 V was
achieved. The total harmonic distortion (THD) in the voltage
was 1.16% which can be calculated using the Fig. 7(b).

B. WASHING MODE PERFORMANCE

For washing mode, the proposed machine and C-WRSM are
simulated at 46 rpm. The output torque of the C-WRSM
and proposed BL-WRSM are shown in Fig. 8-a and 8-b,
respectively.

The average value of torque achieved in C-WRSM is
17.14 Nm with a torque ripple of 5.22%. Whereas, the aver-
age achieved in the BL-WRSM is 16.3891 Nm and a torque
ripple of 25.12 %. The reason for the higher torque ripple
in the proposed BL-WRSM is the pulsations in the rectified
DC current provided to the field winding. Fig. 9 shows the
rectified field current for BL-WRSM at 46 rpm. The flux
density plot of the BL-WRSM at 46 rpm is shown in Fig. 10.
The flux density of the core is less than 2 T.

C. DRYING MODE PERFORMANCE
For the drying mode both the C-WRSM and BL-WRSM are
simulated at 1370 rpm.

VOLUME 11, 2023
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FIGURE 10. Flux Density Plot for BL-WRSM @ 46 rpm.

The output torque of the C-WRSM and proposed
BL-WRSM at drying mode is shown in Fig. 11-a and 11-b,
respectively.

For the drying mode, the average value of torque achieved
in C-WRSM is 3.37 Nm with a torque ripple of 8.81%.
Whereas, the average achieved in the BL-WRSM is 3.03 Nm
and a torque ripple of 39.7 %. Fig. 12 shows the rectified field
current for BL-WRSM at 1370 rpm. The flux density plot
of the BL-WRSM at 1370rpm is shown in Fig. 13. The flux
density of the core is less than 2 T.

From Table 2, we can see that the proposed BL-WRSM
has reduced average torque, higher torque ripple, and less
efficiency compared to C-WRSM, in both modes of opera-
tion. The average torque of CWRSM for washing and drying
modes is 17.14 Nm and 3.37 Nm respectively. While, for
the BL-WRSM, the average torque for washing and drying
modes is 16.34 Nm and 3.03 Nm. We can see that the
BL-WRSM has achieved the required torque but its torque
reduced from the CWRSM. The reason behind this reduction
in torque is the fact that CWRSM gets rotor power from
an external DC power source while the BL-WRSM’s rotor
does not require any external power source and rotor power
is induced from the stator’s MMF. Also, the rectified field
current in the BL-WRSM shown in Fig. 9 and Fig. 12 has
ripples while for the CWRSM, pure DC current is supplied
to the rotor field current. This fact also reduces the average
torque of the machine. The advantage of using the brushless
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FIGURE 12. Field Current for BL-WRSM @ 1370 rpm.

topology is the avoidance of brush replacement, maintenance,
and sparking. Furthermore, in future studies, optimization of
BL- WRSM will be conducted to improve its performance.

For the BL-WRSM, a single-phase bridge rectifier will
cost less than 5 USD. In comparison, for a CWRSM, a DC
power source, brushes, and slip rings will be used. Addition-
ally, the main disadvantage of CWRSM is the maintenance
required for the brushes and slip rings which will add to
the recurring cost. The cost comparison of active material is
presented in table 3. The converter/drive for both, the pro-
posed and conventional machines will almost be of the same
size as there is no significant change in the input and output
powers.

For the rare earth PMSM, the efficiency in washing mode
(46rpm) is 47% while for the drying mode (1370rpm) is 83%.
We can see that the efficiency of PMSM is better than the
proposed BL-WRSM at washing mode but at drying mode,
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FIGURE 13. Flux Density Plot for BL-WRSM @ 1370 rpm.

TABLE 2. Performance comparison.

CWRSM BL-WRSM
e U ebine S Mehs S
Torque Nm  17.14 3.37 16.34 3.03
Torque ripple % 5.22 8.81 25.12 39.77
\lfv?rigli?lglgurrent A ) . 37 3.63
:&ﬂgnﬂmdi“g A 583 416 626 487
Rotor copper loss W 41.12 2093 5548 31.99
Stator copper loss W 87.33 33.48 87.33 33.48
Efficiency 1] 38.82 86.87 35.35 84.97

TABLE 3. Cost comparison of active material.

Parameter CWRSM BL-WRSM
Rotor Copper Used (kg) 0.209 0.31

Stator Copper Used (kg) 1.085 1.085

Total copper used (kg) 1.294 1.395

Steel laminations (kg) 343 343

(rotor + stator)

Total active material (kg) 4.724 4.825
Copper Cost, USD 9.058 9.765
Lamination Cost, USD 3.43 343

the proposed BL-WRSM is more efficient. Also, the rare
earth PMSM has a higher cost than the proposed BL-WRSM.

IV. CONCLUSION

A new brushless topology based on concentrated winding
arrangement has been introduced in this paper. A 36-slot,
48-pole model was introduced. The machine was simulated
for dual-speed operation at 46 rpm and 1370 rpm. The pro-
posed topology achieved the desired torque at both speeds
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but its performance lags behind the C-WRSM. Nevertheless,
the advantage of using such kind of machine is the avoidance
of brushes that require regular maintenance, cause sparking,
and create noise. In the future, this topology will be further
analyzed and optimized for better performance.
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