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Abstract: This paper proposes a hybrid brushless wound-rotor synchronous machine
(HB-WRSM) with an outer rotor topology that can operate as a permanent magnet syn-
chronous machine (PMSM), as well as an HB-WRSM. In the first part, the existing brushless
wound-rotor synchronous machine (BL-WRSM) is modified into a hybrid model by intro-
ducing permanent magnets (PMs) in the rotor pole faces to improve the magnetic field
strength and other performance variables of the machine. In the second part, a centrifugal
switch is introduced, which can change the machine operation from HB-WRSM to PMSM.
The proposed machine uses an inner stator, outer rotor model with 36 stator slots and
48 poles, making the stator winding a concentrated winding. The HB-WRSM is utilized for
dual-speed applications such as washing machines that run at low speed (46 rpm) and high
speed (1370 rpm). For high speed, to have a better efficiency and less torque ripple, the
machine is switched to PMSM mode using a centrifugal switch. The results are compared
with the existing BL-WRSM. A 2D model is simulated using ANSYS Electromagnetics Suite
to validate the machine model and performance.

Keywords: brushless operation; finite element analysis (FEA); hybrid excitation harmonic
winding; outer rotor wound-rotor synchronous machine; washing machine

1. Introduction

Today’s electrical machines are extremely diverse in type and application, ranging
from direct-current machines of a few horsepower used in portable devices and household
appliances to MW-scale AC synchronous generators used in power plants that convert
natural potential energy into electrical energy. Permanent magnet (PM) machines have been
widely used in a variety of applications requiring a high power output performance due to
their high efficiency, excellent power factor, and high power density [1]. However, recent
challenges such as a high cost, scarcity, and risk of demagnetization have led researchers
to explore alternatives that use fewer or no PMs. The magnets used in the PM machines
contain rare earth materials (REMs) such as neodymium (Nd) and dysprosium (Dy), which
are increasingly vulnerable to supply risks and pose environmental concerns in their
production [2,3]. PM synchronous machines (PMSMs) face not only demagnetization issues
but also fixed magnetic fields.

An alternative to PM machines is a wound-rotor synchronous machine (WRSM),
which is a more cost-effective solution with a controllable rotor flux capability. WRSMs
feature rotors that contain copper windings as field windings, which require a separate
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power supply. Traditional WRSMs typically use slip rings and brushes to energize the rotor
main field windings. However, this approach results in power losses in the form of heat
and wasted energy, which can reduce the overall efficiency of the machine. In addition,
maintenance and sparking issues make the use of slip rings and brushes undesirable.
Despite these drawbacks, WRSMs offer several advantages, including the elimination of
expensive PMs, simple variable speed control, and the ability to adjust the field current.
These benefits allow for a higher efficiency under light-load conditions for variable-speed
operations. Unlike WRSMs that use brushes to transfer power to the rotor, brushless
WRSMs (BL-WRSMs) eliminate the need for brushes, reducing maintenance needs and
the risk of mechanical failure. The transition to brushless designs addresses the long-
standing need to eliminate brushes and slip rings from the system. In addition, the use of
concentrated windings in BL-WRSMs improves harmonic component control, resulting in
better performance and energy efficiency.

Previous studies have explored various machine topologies to enable a brushless oper-
ation through alternative stator winding configurations, inverter arrangements, and power
control strategies. Each approach offers distinct advantages and trade-offs in terms of system
performance, complexity, and cost. The impact of different stator winding designs on machine
behavior has been extensively analyzed [4-8], with particular focus on specialized configu-
rations such as open-end and semi-open stator windings [9,10]. These topologies, especially
when driven by coils operating at different frequencies, can generate magnetic motive force
(MMF) harmonics that support a brushless operation. However, they often require additional
stator coils and inverters, leading to increased system complexity and costs.

Alternatively, the use of single-, dual-, or multi-inverter systems has also been inves-
tigated to improve the performance and flexibility of brushless machines [10-14]. Some
researchers have proposed modified inverters that operate at different frequencies to opti-
mize system performance [15,16]. These inverters power harmonic windings and can be
operated independently or in combination. This approach improves operational flexibility
but increases complexity, weight, and cost due to the need for additional inverters. Other
topologies use thyristor switches, single-phase inverters, and rectifiers to regulate the
power injection for brushless operation [12,17,18]. Thyristor switches are used to control
the injected supply power for brushless operation, and rectifiers can also be used for the
same purpose. However, these components introduce increased power losses, system
complexity, and costs, making them difficult to implement in cost-sensitive applications.

This work examines the design, analysis, and performance of a hybrid brushless
WRSM (HB-WRSM). This study seeks to offer a comprehensive understanding of the
present advancements in hybrid brushless machines and their potential for future growth
and utilization in industries such as renewable energy generation, electric vehicles, and
industrial automation [19,20]. The HB-WRSM provides several advantages over conven-
tional electric machines, such as a higher torque density, improved efficiency, and reduced
maintenance requirements. These advantages make it an ideal choice for a variety of
applications, including electric vehicles and industrial automation systems. The proposed
machine incorporates PMs on the rotor pole faces of a conventional BL-WRSM. By embed-
ding magnets in the outer rotor, the motor can operate at higher speeds, which broadens
its potential range of applications and solves the efficiency issues commonly observed in
BL-WRSMs [19]. This HB-WRSM configuration is particularly suitable for applications
that require different performance characteristics depending on the mode of operation,
such as washing machines (e.g., wash and spin modes). The washing machine controller
is assumed to limit the operating current and protect against short circuits that could
completely demagnetize the magnet [21]. The performance of the proposed HB-WRSM is
evaluated by comparing it with a BL-WRSM and conventional WRSM (C-WRSM) [22].
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2. The Latest Brushless Technology and Its Applications

WRSMs are a type of synchronous machine in which the rotor is equipped with
field windings supplied through brushes and slip rings. WRSMs have several advantages
over other types of electric machines. Notably, they do not require expensive permanent
magnets, which reduces the overall system cost and makes them suitable for a wide range of
applications. In addition, the controllability of the rotor excitation current allows for flexible
speed operation and improved efficiency under various load conditions from medium to
high speeds. Despite these advantages, WRSMs face several limitations. The biggest of
these is their reliance on brushes and slip rings, which introduces mechanical complexity,
increases maintenance requirements, and leads to additional power losses and a lower
overall efficiency.

2.1. The Latest Brushless Technology

In this section, we first provide a detailed analysis of the characteristics of HB-WRSMs
based on a comprehensive review of the literature on various brushless techniques explored
in previous research and commercial applications since 2015.

In [19], the authors proposed a brushless solution based on a modified inverter design
that utilizes time harmonics in contrast to the conventional approach. This approach allows
the armature winding to supply both fundamental and third harmonic current components.
However, it requires a complex inverter design and control technique. In [15], the author
proposed a brushless technique that incorporates additional thyristor switches connected
in parallel with the three-phase armature winding. These switches are activated at the
zero-crossing points of each phase current, generating a third harmonic component.

In [23], the three-phase supply currents to the stator windings are phase-shifted by
180 degrees. By continuously switching these currents through a thyristor during each
electrical period, a third harmonic component is generated. This harmonic component is
subsequently rectified using a diode, as illustrated in Figure 1a. In [24], a novel method to
switch between C-WRSM and BL-WRSM is implemented using a thyristor drive circuit;
however, this increases the cost and volume of the drive system, as shown in Figure 1b.
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Figure 1. Dual inverter topology: (a) schematic diagram; (b) dual-mode operation of BL-WRSM.

In [25], a BL-WRSM topology was proposed utilizing a three-phase rectifier. The stator
winding receives a standard three-phase current from the inverter, and the rectifier links
the output to the neutral of the Y-connected armature winding. This design generates an
additional third harmonic MMF component in the airgap, which is then used to induce an
harmonic voltage and current in the harmonic winding. This harmonic current, in turn,
drives the rotor field winding, allowing brushless operation, as shown in Figure 2.
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Figure 2. Uncontrolled three-phase rectifier-based BL-WRSM.

The literature review suggests that the WRSM is a strong candidate to replace PMSMs
because it provides comparable results on key performance metrics in comparisons between
the two machines. In [13], two inverters were used to supply three-phase currents to two
separate sets of stator windings. Based on this topology, a hybrid variant that incorporates
PMs to improve high-performance performance was introduced in [16]. This configuration
received some attention, leading to a new stator topology in [26], where two sets of stator
windings with different numbers of series turns were employed. This topology, however,
relied on a single inverter to supply a three-phase current to the stator windings, which
increased the control complexity and copper losses and consequently reduced the overall
efficiency compared to a C-WRSM. Shortly after, another hybrid variant with consequent
magnets on the rotor poles was introduced in [10], improving machine performance. Further
optimization of this machine topology was carried out using a genetic algorithm in [27].

2.2. Dual Speed Applications

The ever-increasing need for electrical energy, along with environmental concerns,
has raised the demand for variable-speed drives in low-cost, high-volume applications
such as electric fans, washing machines, and home appliances. Currently, many of these
applications use simple constant-speed drives, resulting in a degraded efficiency. They can
benefit from variable-speed operation, which offers significant energy savings, increased
dependability, and provides better process control. The main reason variable-speed drives
have not penetrated such cost-sensitive applications is that they are more expensive than
fixed-speed drives [28].

Washing operations can be separated into two major cycles: the wash cycle and the
spin-dry cycle. During the washing cycle, the drum rotates at a relatively low speed,
between 50 and 60 rpm, allowing clothes to tumble for effective cleaning. In contrast, the
spin-dry cycle involves removing residual water from the laundry by utilizing centrifugal
forces, achieved by drying the drum at higher speeds, typically from 800 to 1600 rpm [29].
The torque requirements differ significantly between the two cycles: the wash cycle de-
mands a torque of approx. 15-20 Nm, while the spin-dry cycle requires a lower torque of
around 3-5 Nm, as illustrated in Figure 3 [30].

Conventional washing machines were driven using belts, which generated significant
losses and noise. The first direct-driven motor for washing machines was developed
by Fisher and Paykel Appliances Ltd., Auckland, New Zealand [31]. The commercial
model released in 2004 was a 36-slot, 48-pole PM machine operating at 1100 rpm [31].
Since then, the external rotor 36-slot, 48-pole configuration has been used by various
manufacturers [32]. Figure 4a—d show different brands employing the 36/48 topology with
segmented rotor magnets.
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Figure 3. Typical washing machine requirements.

(© (d)

Figure 4. Stator and rotor structure of 4 commercial washing machines: (a) Samsung 36-slot/48-pole
external rotor model; (b) LG 36-slot/48-pole external rotor model; (¢) Whirlpool 36-slot/48-pole
external rotor model; (d) Whirlpool Maytag 36-slot/48-pole external rotor model.

3. Simulation Results

The proposed machine uses an outer rotor, inner stator design with a novel winding
topology. The 2D diagrams of the baseline machines are shown in Figure 5. In the proposed
HB-WRSM design, the stator is equipped with three-phase windings placed in 36 slots, and
it features 48 poles with PMs on the rotor pole faces, as shown in Figure 5c.

Rotor core Rotor core Rotor core

Stator core Stator core Stator core

Armature winding \ Armature winding Armature winding
%

Field winding

Figure 5. Structure of the 3 baseline machines: (a) C-WRSM; (b) BL-WRSM; (c¢) HB-WRSM.
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For brushless operation, the stator must be equipped with specialized windings that
produce MMF to excite the rotor’s main field winding. Thus, the rotor is designed with
two sets of windings: one referred to as the harmonic or excitation winding, and the other
as the main field winding. Although various techniques for achieving brushless operation
have been proposed, as in the literature review, the brushless operation technique used in
this study is shown in Figure 6 to provide better clarity for the reader.

Stator —— Three-phase currents
supplied to stator
~z Ir
i : Fundamental )
Al I"ga p MMF Harmonic MMF
i L
Field Excitation Harmenic

Voltage Induction

@ A 4

AC harmonic
current

Rotor +—— | DC field current

t Diode

rectification

Figure 6. Working principle of BL-WRSM.

To achieve brushless operation in the proposed topology, the stator three-phase wind-
ing is fashioned to be a double-layer concentrated winding, as shown in the winding
configuration diagram in Figure 7. The number of poles in the field winding should match
that of the stator’s fundamental MMF component, which is 48 poles. With a 48-pole funda-
mental component, the excitation winding needs to have 24 poles, as illustrated in Figure 5.
The rotor excitation winding pole pitch is two times that of the field winding as it intercepts
the 0.5th harmonic airgap magnetic field.

Slot #1

Figure 7. Stator winding configuration.

For brushless operation, the stator MMF must generate two sets of dominant frequency
components: a fundamental component with an harmonic order of 1 and a sub-harmonic
component with an harmonic order of 0.5. As shown in Figure 6, the stator windings of
the proposed machine are capable of generating this sub-harmonic component without
the need for additional stator windings and /or additional inverters. As evidenced in the
literature review, some papers have used additional inverters and switching devices to
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generate the desired harmonic components to achieve brushless operation, whereas this
paper uses only one inverter and one set of concentrated three-phase stator windings.
The airgap harmonic field spectrum of a machine can be derived from its winding
function, which represents the spatial distribution of conductors relative to the pole pitch.
This function captures the collective contribution of all conductors across the machine’s
airgap. By applying a Discrete Fourier Transform (DFT), typically implemented via the
Fast Fourier Transform (FFT) algorithm, the winding distribution can be decomposed into
its harmonic components, as illustrated in Figure 8 [33]. Figure 8 shows that the 0.5th-order
sub-harmonic component of the proposed machine is higher than the fundamental (1st-
order) component. The rotational speed of the sub-harmonic component in the air gap is

given as below:
ns  120f
”s(h):ﬁ:h*p @

where 7,;,) represents the rotating speed of the harmonic component, 7, is the fundamental
synchronous speed, & is the harmonic number, f is the supplied frequency, and p is the number
of poles. Using (1), the synchronous speeds of both the fundamental and sub-harmonic
components are shown in Table 1. The fundamental synchronous speed will be 150 rpm when
using the 48 poles in the proposed model at a fundamental frequency of 60 Hz. Observing
the 0.5th-order sub-harmonic component in Figure 8, the rotating speed of the sub-harmonic
component is 300 rpm, which is twice the speed of the fundamental component.

Table 1. MMF components and their rotating speeds.

Fundamental Harmonic Order Number of Poles Synchronous
Frequency Speed

60 Hz 0.5 24 150 r/min
60 Hz 1 48 300 r/min

-
N
1

-
o
1

Magnitude (Ampere-turns)
>
1

05 1 2 2535 4 5 5565 7 8 8595 10
Harmonic Order

Figure 8. Three-phase MMF harmonic spectrum.

The fundamental MMF component seen by the rotor manifests as a DC component,
while the sub-harmonic MMF appears as an AC component. To utilize this time-varying
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magnetic flux and generate an induced voltage, the rotor is equipped with an additional
winding for field excitation. The voltage induced in the excitation winding is rectified via a
rotating rectifier mounted on the rotor, producing a DC current that energizes the rotor’s
field windings. A diagram of the rotor circuit, showing both the main field winding and
the harmonic/excitation winding, is presented in Figure 9.

} §Z D3 SIZ Diode (D1)

YIIMS
[esnjLua))

Field
winding

ZIS D4 Z|SD2
L

Grgu nd

Surpum
JIUOULIE ]

Figure 9. HB-WRSM rotor circuit.

The design parameters of the proposed HB-WRSM topology and the C-WRSM and
BL-WRSM are summarized in Table 2. As mentioned earlier, the proposed machine is used
in a dual-speed washing machine, which initially operates in the washing mode at 46 rpm
(18.4 Hz) and then switches to the drying mode at 1370 rpm (548 Hz). Therefore, the torque
output and field current generation are different in both modes, which will be discussed in
later sections.

Table 2. Key parameters of the baseline machines.

C-WRSM  BL-WRSM HB-WRSM

Parameter Unit Value
Number of slots - 36 36 36
Field winding poles - 48 48 48
Harmonic winding poles - - 24 24
Stator OD/ID mm 265/186 265/186 265/186
Rotor OD/ID mm 308/267 308/267 308/267
Air-gap length mm 1 1 1
Axial length mm 24 24 24
Washing mode speed r/min 46 46 46
Drying mode speed r/min 1370 1370 1370
Frequency in washing mode Hz 18.4 18.4 18.4
Frequency in drying mode Hz 548 548 548
Number of magnets - - - 48

Magnet material - - - NdFe30
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4. Machine Performance Analysis

To evaluate the performance of the proposed HB-WRSM, 2D FEA simulations were
conducted using ANSYS Maxwell software (Ver. 2022 R2). The simulations were performed
with a time step of 1.2 ms, and an automated mesh with a maximum element length of
6 mm was applied. The output torque and power losses were obtained directly from the
simulations, while the input power and efficiency were calculated analytically via post-
processing. The main performance metrics are the output torque and current generated
in the rotor field winding. The performance of two existing topologies (i.e., C-WRSM and
BL-WRSM) has been simulated and presented in [34], and the results are compared with the
simulation results of the HB-WRSM proposed in this study. For fair comparison, the input

power and all other machine parameters have been kept the same for both the C-WRSM
and BL-WRSM.

4.1. No-Load Performance

Figure 10a,b show the no-load voltage waveforms simulated at 46 rpm for the C-WRSM
and the HB-WRSM. As for field winding excitation, a field current of 5.83 A is required to
produce a no-load voltage of approximately 10.2 Vrms. In the case of the HB-WRSM with
PM excitation only, the same voltage level is achieved, as shown in Figure 10b.

Voltage (V)
b & b o w o ©
Voltage (V)

0 5 10 15 20 25 30 35 40 45 50 55

0 5 10 15 20 25 30 35 40 45 50 55
Time (ms) Time (ms)

(a) (b)
Figure 10. No-load back-emf voltage waveforms: (a) C-WRSM; (b) HB-WRSM with PM excitation only.

4.2. Washing Mode Performance

Figure 11a—c present the simulated torque waveforms for the C-WRSM, BL-WRSM,
and HB-WRSM, respectively. In the C-WRSM, the torque waveform exhibits a reduced
torque ripple due to the minimal impact of the tooth harmonic fields. In contrast, the torque
waveform of the BL-WRSM shows a significant ripple, largely attributed to the current
ripple in the rectified field current supplied by the harmonic winding. The field winding
currents generated in the HB-WRSM, as shown in Figure 11d, contribute to additional
losses in both the windings and the machine’s core.
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Figure 11. Torque waveforms: (a) C-WRSM in washing mode; (b) BL-WRSM in washing mode;
(c) HB-WRSM in washing mode; (d) field current waveform of HB-WRSM.

To mitigate torque ripple and losses in the BL-WRSM, magnets are added to the rotor
pole faces. This modification reduces the dependence on harmonic excitation, resulting in a
lower torque ripple and reduced copper losses during the washing mode. The efficiency of
the HB-WRSM during the washing mode increases from 35.35% to 50.02%, and the average
torque reaches the highest value of the three designs.

Figure 12a shows that the flux density of the HB-WRSM in wash mode remains below
1.5 T, which is an acceptable level for most magnetic core regions. Figure 12b shows the
mesh plot of the HB-WRSM. The mesh settings are the same for the other models.

(a) (b)

Figure 12. HB-WRSM (a) flux density contour in washing mode, (b) mesh plot.
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Torque (Nm)

4.3. Dry-Mode Performance

Figure 13a—c show the simulation torque waveforms in drying mode at 1370 rpm for
the C-WRSM, BL-WRSM, and HB-WRSM,, respectively.

Torque (Nm)
Torque (Nm)

4_NMWWWNWN\NWWNW\‘W
2 1 24

T T T
275 280 285 290
Time (ms)

(@)

T T T T T
295 300 275 280 285 290 295 300
Time (ms)

T T T T
275 280 285 290 295 300
Time (ms)

(b) ()

Figure 13. Torque waveforms in dry mode: (a) C-WRSM; (b) BL-WRSM; (c) HB-WRSM.

As can be seen in the figures, the torque waveform of the C-WRSM in drying mode
meets the average torque requirements, with excellent torque ripple performance. However,
the torque waveform of the BL-WRSM in Figure 13b shows significant torque ripple due
to the field current, similar to that in Figure 11d. As shown in Table 3, the torque ripple
further increases at higher speeds due to the interaction between the fundamental magnetic
field and the field current.

Table 3. Comparison of average torque and torque ripple.

Fundamental

Washing Mode Dry Mode Washing Mode Dry Mode

Frequency

Torque [Nm] Torque Ripple [%]

C-WRSM
BL-WRSM
HB-WRSM

17.14 3.37 522 8.81
16.39 3.04 25.12 39.77
19.41 5.46 7.86 93.0

When the HB-WRSM operates in dry mode at 1370 rpm, the electromagnetic induc-
tion level increases, resulting in a higher rotor current and a corresponding increase in
copper losses. The additional copper loss, amounting to 254.5 W, significantly reduces the
machine’s efficiency to 67.7%, as shown in Table 3.

Figure 14 shows the flux contour plot of the HB-WRSM in dry mode, revealing elevated
saturation levels in the rotor tooth and pole shoe areas. This saturation is attributed to the
combined fluxes generated by both the rotor magnets and harmonic excitation. Although
the average torque of the HB-WRSM is approx. 60 to 80% higher than the other two designs,
the required output torque in dry mode is below 5 Nm, a level that can be achieved by
magnet torque only. As a result, the HB-WRSM operates in dry mode as a PMSM without
harmonic excitation by utilizing the centrifugal switch in Figure 13 that disconnects the
harmonic winding from the field winding.
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Figure 14. HB-WRSM flux density contour in dry mode.

4.4. Performance Comparison

The average output torque and torque ripple for each topology are compared in Table 3.
The HB-WRSM topology demonstrates improved torque in both the washing and drying
modes. However, a notable increase in torque ripple is also observed, particularly during
the drying mode. To address this issue, a fourth operational mode, referred to as the PMSM
mode, will be introduced in the machine.

5. PMSM Operation Mode

To mitigate the high torque ripple observed in the HB-WRSM in dry mode, a centrifu-
gal switch is introduced into the machine’s main electrical circuit, as shown in Figure 9.
This switch allows the harmonic windings to be isolated from the main field windings,
effectively de-energizing the rotor windings. This switch is activated when the washing ma-
chine is switched from a low-speed washing mode to a high-speed dry mode at 1370 rpm.
When the machine switches to dry mode, the switch disconnects the windings, and the PMs
embedded in the rotor poles solely generate rotor flux. In this configuration, the machine
operates as a PMSM.

In this section, we present the results obtained for the HB-WRSM topology when
operating in PMSM mode only at 1370 rpm. Figure 15 shows the flux contour plot of the
HB-WRSM operating as a PMSM in dry mode, with lower saturation levels in the rotor
tooth and pole shoe regions compared to Figure 14. The observed torque in dry mode
is shown in Figure 16. The torque ripple is significantly reduced to 20.24%, compared
to 91.24% for the HB-WRSM configuration. Therefore, the machine achieves optimal
performance in PMSM mode during the drying phase.

Figure 15. PMSM flux density contour in dry mode.
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Figure 16. Torque waveform in dry mode during PMSM mode.

The average torque of the proposed HB-WRSM in PMSM mode is reduced by 10%, yet
it remains significantly higher than the two conventional designs, exceeding the C-WRSM
and BL-WRSM by 46% and 62%, respectively. In addition, the efficiency of the proposed
machine configuration is greatly enhanced, increasing from 67.68% to 92.48%, largely due
to the reduced losses in the rotor windings and the machine’s core.

Table 4 provides a detailed comparison of performance metrics across all machine
topologies. The overall performance of the proposed HB-WRSM with PMSM mode enabled
outperforms the conventional WRSMs in all key metrics, including average torque, torque
ripple, and efficiency.

Table 4. Performance comparison of the three machine topologies.

C-WRSM BL-WRSM HB-WRSM PMSM
Parameter Mode
Wash Dry Wash Dry Wash Dry Dry
Average torque [Nm] 17.14 3.37 16.34 3.03 19.41 5.47 491
Torque ripple [%] 5.22 8.81 25.12 39.77 7.86 93.0 20.0
Harmonic current [A] 0 0 5.70 3.63 1.78 10.86 0
Field current [A] 5.83 4.16 6.26 4.87 1.85 13.64 0
Output power [W] 82.54 484.25 78.90 435.80 93.46 783.87 704.13
Core loss [W] 1.62 18.72 1.45 11.59 1.17 86.32 23.76
Rotor copper loss [W] 41.12 20.93 55.48 31.99 4.87 254.46 0
Stator copper loss [W] 87.33 33.48 87.33 33.48 87.33 33.48 33.48
Efficiency [%] 38.82 86.87 35.35 84.97 50.02 67.68 92.48

6. Conclusions

This research introduced a novel HB-WRSM topology designed to deliver optimal
performance at two distinct operating speeds for washing machines: a low-speed washing
mode and high-speed drying mode. This study evaluated whether the HB-WRSM outper-
forms the C-WRSM and BL-WRSM at both operating points. To minimize torque ripple
and copper losses, the HB-WRSM can function as a PMSM mode during drying operation.
To achieve this, the HB-WRSM was redesigned to operate as a hybrid brushless system
when a centrifugal switch is closed and transition to a PM synchronous machine when the
switch is open.

One of the key advantages of the proposed HB-WRSM is its use of an inherent sub-
harmonic magnetic field as an excitation source, which allows for reduced permanent
magnet content, while increasing excitation levels at low speeds to achieve the necessary
high torque. In drying mode, the rotor windings are disconnected via the centrifugal
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switch, eliminating copper losses, with permanent magnets providing sufficient excitation
to achieve the required low torque.

Future research will focus on reducing torque ripple and losses through optimized
or novel design strategies employing advanced techniques. Cost optimization may also
be explored by incorporating a consequent-pole rotor configuration. Although transient
phenomena—such as torque and current fluctuations during speed transitions—are critical
to the overall performance, they have not yet been thoroughly investigated. Future work
will therefore include detailed transient analyses and a comprehensive optimization across
all the considered cases to enhance efficiency and dynamic performance.
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