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Abstract: In this paper, a Dual Winding Flux Modulation Machine (DWFMM) is proposed for
variable speed application. The DWFMM is configured by adding windings to the Single Winding
Flux Modulation Machine (SWFMM), consisting of a master winding that drives the motor and a
slave winding that enables pole changing and performance enhancement. Through pole changing,
the DWFMM can operate as two different machines: a Vernier Machine (VM) for varying speeds
and torque operations and a Permanent Magnet Synchronous Machine (PMSM). In the VM mode,
flux enhancement is applied to improve torque, and in the PMSM mode, Flux Weakening is applied
to increase speed. The characteristics of the two different operating modes were analyzed using
the Finite Element Method (FEM) to validate the machine’s performance. Finally, the DWFMM
and SWFMM were designed and compared as variable speed application machines to confirm their
suitability and superiority.

Keywords: dual winding machine; flux modulation; permanent magnet synchronous motor; pole
changing; Vernier Machine

1. Introduction

Washing machines perform two operations: the washing operation and the dehydra-
tion operation. The washing operation is performed at low speeds with high torque, while
the dehydration operation is performed at high speeds with low torque. Permanent Magnet
Synchronous Machines (PMSM) have a high efficiency at high speeds but low efficiency at
low speeds, making them suitable for dehydration operations [1–3]. On the other hand,
Vernier Machines (VM) have a high efficiency at low speeds but a low efficiency at high
speeds, making them suitable for washing operations. In particular, VMs have what is
called a magnetic gearing effect, which provides high torque density and high efficiency at
low speeds [4–7]. Due to these advantages, extensive research has been conducted, and
various topologies have been proposed.

A Single Winding Flux Modulation Machine (SWFMM) was introduced for a variable
speed range operation [8]. The SWFMM operates in two modes, VM and PMSM, depending
on the change in the rotor pole number caused by the magnetization direction of the Low
Coercive Force permanent magnets (LCF PM) [9–18]. However, controlling the magnetiza-
tion direction of only the LCF PM in the SWFMM with continuous Permanent Magnets
was somewhat challenging. To improve the controllability of the LCF PM magnetization
direction in the SWFMM, a Consequent Pole structure was proposed for the SWFMM [19].

The Consequent Pole structure is applied by replacing one of the two permanent
magnets with iron. Therefore, in the SWFMM, half of the LCF PM and half of the High Co-
ercive Force permanent magnets (HCF PM) are replaced with iron [20]. As a result, the gap
between the magnets widens, and the total number of magnets decreases, which improves
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the controllability of the LCF PM magnetization direction. Additionally, the Consequent
Pole structure reduces machine costs while maintaining sufficient torque density [21,22].
However, in the SWFMM with the Consequent Pole structure, the reduction in magnets and
the increase in iron result in an increased terminal voltage [23,24]. Consequently, this leads
to inverter capacity limitations and high power consumption issues, ultimately causing
speed limitations.

In this paper, a Dual Winding Flux Modulation Machine (DWFMM) for a variable
speed application machine is proposed and explained in Section 2. The DWFMM enhances
flux in the VM mode and weakens flux in the PMSM mode more effectively than the
SWFMM by adding windings to the SWFMM. The working principles of flux enhance-
ment in the VM mode and Flux Weakening in the PMSM mode within the DWFMM are
detailed in Section 3. Finally, a performance analysis of the DWFMM using the Finite
Element Method (FEM) is presented, and the advantages of the DWFMM are validated in
comparison with the SWFMM in washing and dehydration operations in Section 4.

2. Machine Topologies

Figure 1 shows the topology of the SWFMM. The SWFMM uses two types of perma-
nent magnets: HCF PM and LCF PM. Additionally, a Consequent Pole structure is applied,
replacing half of the HCF PM and LCF PM with iron. As a result, the gap between the two
magnets widens, forming a closed circuit for the LCF PM, which renders magnetization
control easier. However, as the amount of magnets decreases, the magnetomotive force
(MMF) of the air gap also reduces by half. On the other hand, due to the Consequent
Pole structure, the permeance and modulated waves of the machine increase, resulting
in an air gap flux density similar to that before applying the Consequent Pole structure.
Additionally, the reluctance torque increases due to the salient pole-type rotor structure.
Consequently, the torque characteristics relative to the cost improve, and the controllability
of the pole changing becomes easier.
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Figure 1. Topology of SWFMM: (a) cross-sectional view; (b) topology.

However, of the two operating modes of the SWFMM, the terminal voltage increased
during the high-speed PMSM operation. Additionally, while the torque characteristics are
excellent relative to the cost, the torque itself decreased. To address these shortcomings,
the DWFMM in Figure 2 was proposed. In the DWFMM, windings were added between
the modulation poles of the SWFMM, and the windings added between the modulation
poles are referred to as the slave windings. In this paper, the power for the two additional
operating modes proposed is supplied through the slave windings. The windings in the
existing slots are referred to as the master windings [25]. The master windings drive the
motor using three phases. The slave windings perform pole changing and variable flux
control. The variable flux control of the slave windings allows for additional operation in
Flux Enhancing and Flux Weakening. By using the modulation poles, the DWFMM has
36 slots and features 12 pole pairs each of HCF PM and LCF PM, totaling 24 pole pairs. The
HCF PM has a high coercive force, so to prevent the unintended demagnetization of the
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LCF PM, the size of the LCF PM is kept larger than that of the HCF PM. Additionally, the
DWFMM uses concentrated windings, resulting in 12 pole pairs. The detailed parameter
values of the two machines are shown in Table 1.
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Table 1. Key parameters.

Parameter
Machine Type Unit SWFMM

VM/PMSM
DWFMM

VM/PMSM

Rotor outer diameter mm 142 142
Air gap length mm 1 1

Stator outer diameter mm 125 125
Stator inner diameter mm 88 88

Stack length mm 24 24
No. of slot - 36 36

PM pole pairs - 24/12 24/12
HCF PM grade - NdFeB NdFeB
LCF PM grade - AlNiCo 9 AlNiCo 9

3. Pole Changing

The DWFMM has two operating modes: VM and PMSM. At low speeds, the DWFMM
operates as a VM. For the machine to operate as a VM, Equation (1) must be satisfied.

Zr= Zs − p (1)

where Zr is the number of rotor pole pairs, Zs is the number of slots, and p is the number
of armature winding pole pairs.

When the DWFMM is operating in VM mode as shown in Figure 3a, the magnetization
direction of both the HCF PM and the LCF PM must be the same. Zr should have 24 pole
pairs. Therefore, the operation of the VM satisfies Equation (1) since Zr, Zs, and p become
24, 36, and 12, respectively. At high speeds, the proposed DWFMM operates as a PMSM. In
order for the proposed DWFMM to operate as a PMSM, Equation (2) must be satisfied.

Zr = p (2)

When operating as a PMSM at high speeds, the magnetizing directions of the HCF
PM and LCF PM should be opposite to each other, as illustrated in Figure 3b. Under these
conditions, Zr has 12 pole pairs. Therefore, when operating as a PMSM, Zr and p both
become 12 pole pairs, satisfying Equation (2). In other words, by changing the magnetiza-
tion direction of the magnets, the number of pole pairs is altered, thereby switching the
operation mode from VM to PMSM.
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Contrary to constant magnets or HCF PM, LCF PM exhibits a non-linear hysteresis
curve, as shown in Figure 4. Initially, the operating point of the LCF PM on the machine is
located between points A and B. When the operating point moves below the knee point,
irreversible demagnetization occurs, and the flux density of the LCF PM changes along
the recoil line curve. The operating point of the LCF PM on the machine is then located
between points C and I, resulting in a reduction in the flux density of the LCF PM. However,
if a further current in the direction opposite to the magnetization direction, or a negative
current, is applied, the operating point can be moved to point D. At that time, the flux
density of the LCF PM is zero. If an additional sufficient current is applied in the opposite
direction of the initial magnetization of the permanent magnet, the operating point of the
LCF PM moves to point F, and the magnetic flux density is between points F and G. This
process is called pole changing, and it transitions the machine from the VM operation to the
PMSM operation. The method for changing from the PMSM operation to the VM operation
is the opposite of the previous method.
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When the LCF PM is positioned between the slave windings, the pole changing
proceeds. At that time, the LCF PM forms a closed circuit. Figure 5 shows that the DWFMM
initially operates in the VM mode at a speed of 50 RPM. The slave winding of the DWFMM
is supplied with a negative DC of 50 A for pole changing, and the pole-changing current is
applied twice. Afterward, the DWFMM transitions from the VM operation to the PMSM
operation, as shown in Figure 5, and this can be confirmed through the waveform of the
back electromotive force (EMF).



Machines 2024, 12, 535 5 of 11

Machines 2024, 12, x FOR PEER REVIEW 5 of 11 
 

 

initially operates in the VM mode at a speed of 50 RPM. The slave winding of the DWFMM 
is supplied with a negative DC of 50 A for pole changing, and the pole-changing current 
is applied twice. Afterward, the DWFMM transitions from the VM operation to the PMSM 
operation, as shown in Figure 5, and this can be confirmed through the waveform of the 
back electromotive force (EMF). 

  
Figure 5. Pole changing of DWFMM for VM to PMSM. 

Conversely, Figure 6 shows that the DWFMM changes from the PMSM operation to 
the VM operation. The slave winding is supplied with twice 50 A DC for pole changing. 

 
Figure 6. Pole changing of DWFMM for PMSM to VM. 

In addition, Figure 7 shows that the magnetization direction of the LCF PM is 
changed from the VM operation in Figure 7a to the PMSM operation in Figure 7b through 
pole changing. 

 

(a) (b) 

Figure 7. Magnetization direction of LCF PM for VM to PMSM: (a) VM; (b) PMSM. 

  

Figure 5. Pole changing of DWFMM for VM to PMSM.

Conversely, Figure 6 shows that the DWFMM changes from the PMSM operation to
the VM operation. The slave winding is supplied with twice 50 A DC for pole changing.
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In addition, Figure 7 shows that the magnetization direction of the LCF PM is
changed from the VM operation in Figure 7a to the PMSM operation in Figure 7b through
pole changing.
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3.1. Flux Enhancing in VM

The DWFMM performs Flux Enhancing to improve torque compared to the SWFMM’s
VM operation. Figure 8 shows the Magnetic Equivalent Circuit of Flux Enhancing in the
DWFMM’s VM operation. For HCF PM and LCF PM, assuming that the steel laminated to
the rotor and stator in the open circuit has infinite permeability and no leakage magnetic
flux, the magnetic flux of VM can be expressed as Equation (3):

ϕVM=
FHM

(
2Rg + Rr + Rs + RLM

)
+ FLM

(
2Rg + Rr + Rs + RHM

)
(2Rg + Rr + Rs + RHM)

(
2Rg + Rr + Rs + RLM

) (3)
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where ϕVM, FHM, FLM, Rg, Rr, Rs, RHM, and RLM are the magnetic flux of VM, MMF of
HCF PM, LCF PM, reluctance of air gap, rotor, stator, HCF PM, and LCF PM, respectively.
According to the magnetic flux lines of the VM, when DC flows through Coil 3 of the slave
winding, the magnetic flux increases. The added magnetic flux by DC for Flux Enhancing
can be expressed as Equation (4).

ϕDC=
2FDC

(
2Rg + Rr + Rs + RLM

)
+ 2FDC

(
2Rg + Rr + Rs + RHM

)
4(2Rg + Rr + Rs + RHM)

(
2Rg + Rr + Rs + RLM

) (4)

where ϕDC and FDC are the magnetic flux and MMF by DC. Figure 9 shows the increase
in magnetic flux with the DC of the SWFMM and DWFMM. The magnetic flux by DC of
Equation (4) was added to the magnetic flux of the VM of Equation (3), and accordingly,
the magnetic flux was increased in Flux Enhancing. By excluding FDC from the equation
for ϕDC, the magnetic flux becomes identical to the magnetic flux of the SWFMM, making
the Zero Flux the same as the flux of the SWFMM.
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Also, Figure 10 shows that the magnetic flux density of the LCF PM increases before
and after Flux Enhancing in VM. If the DC of Flux Enhancing does not match the magnetic
flux line of the VM operation of the DWFMM, demagnetization of the LCF PM may result,
which may decrease the performance of the DWFMM. Therefore, Flux Enhancing is partially
performed for the demagnetization of the LCF PM.
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3.2. Flux Weakening in PMSM

Generally, the back EMF is proportional to speed. In the PMSM mode operation of
the SWFMM, which is used at high speeds, the machine has a high terminal voltage. This
high terminal voltage necessitates the use of a high-capacity inverter and leads to speed
limitations. The DWFMM uses a slave winding to lower the terminal voltage by using
flux weakening in the PMSM. Figure 11 shows the Magnetic Equivalent Circuit during the
PMSM operation of the DWFMM. The magnetic flux of the PMSM can be expressed as
Equation (5).

ϕPMSM=
FHM + FLM

(2Rg + Rr + Rs + RHM + RLM)
(5)

where ϕPMSM is the magnetic flux of the PMSM. The DC for flux weakening flows through
slave winding coil 1 and 2 in the opposite direction to the magnetic flux line. The added
magnetic flux by DC for flux weakening can be expressed as Equation (6).

ϕDC=
2FDC

(2Rg + Rr + Rs + RHM + RLM)
(6)

Machines 2024, 12, x FOR PEER REVIEW 7 of 11 
 

 

flux line of the VM operation of the DWFMM, demagnetization of the LCF PM may result, 
which may decrease the performance of the DWFMM. Therefore, Flux Enhancing is par-
tially performed for the demagnetization of the LCF PM.  

 

(a) (b) 

Figure 10. Magnetic flux density of LCF PM with Flux Enhancing in VM: (a) Zero Flux; (b) Flux 
Enhancing. 

3.2. Flux Weakening in PMSM  
Generally, the back EMF is proportional to speed. In the PMSM mode operation of 

the SWFMM, which is used at high speeds, the machine has a high terminal voltage. This 
high terminal voltage necessitates the use of a high-capacity inverter and leads to speed 
limitations. The DWFMM uses a slave winding to lower the terminal voltage by using flux 
weakening in the PMSM. Figure 11 shows the Magnetic Equivalent Circuit during the 
PMSM operation of the DWFMM. The magnetic flux of the PMSM can be expressed as 
Equation (5).  𝜙௉ெௌெ = ிಹಾାிಽಾ(ଶோ೒ାோೝାோೞାோಹಾାோಽಾ)  (5) 

where 𝜙௉ெௌெ   is the magnetic flux of the PMSM. The DC for flux weakening flows 
through slave winding coil 1 and 2 in the opposite direction to the magnetic flux line. The 
added magnetic flux by DC for flux weakening can be expressed as Equation (6). 𝜙஽஼ = ଶிವ಴(ଶோ೒ାோೝାோೞାோಹಾାோಽಾ) (6) 

 
Figure 11. Magnetic Equivalent Circuit of flux weakening in PMSM. 

Accordingly, Figure 12 shows the magnetic flux is lowered and the terminal voltage 
is reduced during flux weakening in the PMSM. Similar to Flux Enhancing, Zero Flux is 
the same as the flux of the SWFMM. 

Figure 11. Magnetic Equivalent Circuit of flux weakening in PMSM.

Accordingly, Figure 12 shows the magnetic flux is lowered and the terminal voltage is
reduced during flux weakening in the PMSM. Similar to Flux Enhancing, Zero Flux is the
same as the flux of the SWFMM.

Figure 13 shows the magnetic flux density of the LCF PM before and after Flux
Weakening, and in Figure 13b, the magnetic flux density decreases.
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4. Comparison of Performance for Washing Machine

Generally, the washing operation is performed at a low-speed operation. Therefore,
the SWFMM and DWFMM are operated as a VM. In this case, the SWFMM is designed
targeting a typical washing machine, and the parameters of the SWFMM are those of the
washing machine. Accordingly, the SWFMM and DWFMM are compared at 50 RPM, the
typical speed used for washing operation. Figure 14 shows that the torque of the DWFMM
is higher than that of the SWFMM during low-speed operation. The average torque value
of the SWFMM was 16.05 Nm. Also, the DWFMM used a DC of 5 A for Flux Enhancing in
the VM, and the average torque value was 16.87 Nm. The torque value increased by about
4.91% compared to the SWFMM. Due to the low-speed operation, the DWFMM terminal
voltage was very low, about 65 Vpk. This means that it is independent of the inverter rating
limit when operating the washing operation. In addition, the torque can be improved by
adjusting the magnetic flux according to the DC value. Table 2 shows the FEM results for
the washing operation of the two machines.

Table 2. FEM analysis results and comparison in washing operation.

Machine Type
Operating Mode Unit SWFMM

VM
DWFMM

Flux Enhancing

Speed Rpm 50 50
Master Current A 1.7 1.7
Slave Current A - 10

Torque Nm 16.08 16.87
Rate of Increase Torque % - 4.91
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The dehydration operation of washing machines is generally performed at high speeds.
Therefore, both the SWFMM and DWFMM operated as the PMSM. The two machines were
compared at a typical speed of 1400 RPM used for dehydration operation. Figure 15 shows
that the phase voltage of the DWFMM is lower than that of the SWFMM during high-speed
operation. The terminal voltage of the SWFMM is 681 Vpk, while the phase voltage of
the DWFMM is 449 Vpk. As a result of comparing the two machines, the terminal voltage
was reduced by about 34%. In addition, terminal voltage can be adjusted according to the
value of the DC for Flux Weakening. Reducing the phase voltage can lower the inverter
rating, increasing the maximum speed. Table 3 shows the FEM results for the dehydration
operation of the two machines.
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Figure 15. Terminal voltage comparison of SWFMM and DWFMM for dehydration operation
(1400 RPM).

Table 3. FEM analysis results and comparison in dehydration operation.

Machine Type
Operating Mode Unit SWFMM

PMSM
DWFMM

Flux Weakening

Speed Rpm 1400 1400
Master Current A 1.5 1.5
Slave Current A - 10

Terminal Voltage Vpk 681 449
Rate of Decrease Voltage % - 34.06

5. Conclusions

In this paper, we propose a topology of the DWFMM for performance-enhanced
variable speed application machines. The DWFMM is a dual winding machine that uses
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the master winding in the slots of the SWFMM and the slave winding in the modulation
poles. The master winding is for the general operation of the machine, while the slave
winding serves two purposes. First, it performs the pole-changing operation to switch
between the Vernier Mode and the PMSM Mode of the DWFMM. Second, it adjusts the
flux in both modes by either enhancing or weakening it. The proposed DWFMM was
analyzed using FEM analysis and evaluated through a comparison with the SWFMM
under the same application conditions. In the Vernier Mode, the DWFMM utilized Flux
Enhancing, resulting in increased torque during the washing operation compared to the
SWFMM. Additionally, in the PMSM Mode, the DWFMM employed Flux Weakening,
which resulted in a lower phase voltage during the dehydration operation compared to the
SWFMM. This indicates that the DWFMM can operate with a smaller capacity inverter or
at higher speeds. The DWFMM could be suitable for next-generation washing machines
and variable speed application machines that meet these requirements. Future research
should focus on Deterministic Design Optimization and Robust Design Optimization
processes to enhance the performance and efficiency of the model. The optimization model
should target parameters such as the magnetization degree, torque, and efficiency of the
permanent magnets. Moreover, based on the optimized model, it is necessary to conduct
studies to verify the control accuracy of pole changing by controlling the position of the
LCF PM using an encoder. This involves deriving magnetization rate calculation formulas
based on back EMF waveforms and magnitudes and proving the control accuracy through
pole-changing experiments.
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