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Abstract:

Objective:

In this study, improvement of power density by applying novel shape of slit and notch to outer ribs of a rotor that reduces magnetic
flux leakage in outer rib and increases air-gap magnetic flux density for spe PMSM for a washing machine, was investigated.

Methods:

It is important that motors for home appliance require lower manufacturing cost, high power and high efficiency. In order to increase
power, rotor shape is re-designed. In the outer rib of the rotor, magnetic flux leakage occurs by permanent magnet and magnetic flux
is saturated which is one of the factors that reduces the power and efficiency. However, if the outer rib is designed to be too thin, the
permanent magnet may scatter during high-speed rotation. Therefore, a design considering permanent magnet scattering is necessary.
Motor for a washing machine has two operating points that washing mode at constant torque point and dehydrating mode at high-
speed point.

Conclusion:

For improvement of higher power density, 2-D finite elements analysis was performed to optimize the parameters of the shape of slit
and notch to increase the torque. The torque increases by optimizing width and length of slit shape and notch shape. Finally, with the
optimized parameters of shape of slit and notch, stack length was adjusted as per torque requirement for a washing machine motor
and power density increases considering the safe factor from stiffness analysis.

Keywords: Spoke-type PMSM, Ferrite permanent magnet, Magnetic flux leakage, Power density, High efficiency, Rotor shape,
Stack length.

1. INTRODUCTION

As energy efficiency becomes more important, the use of permanent magnet synchronous motor (PMSM) for home
appliances is more increased than conventional induction motors. Induction motors are used widely because of having
advantages of low cost and good robustness. However, it has lower efficiency than PMSM [1]. In the recent years, a
ferrite  permanent  PMSM having a  high power  density  has  been widely  used for  home appliance  washing machine
motors. The washing machine motor has different driving torques and speeds in the washing mode and the dehydrating
mode. Therefore, a motor that satisfies both the required torque in the washing mode and dehydrating mode should be
designed  [2].  A PMSM is  divided  into  SPMSM and IPMSM categories.  For  the  SPMSM, only  magnetic  torque  is
generated by permanent  magnets.  However,  the  IPMSM use magnetic  torque by permanent  magnet  and reluctance
torque  by inductance  difference  of d-axis and  q-axis [3,  4]. IPMSM is  used in  many industry  fields due to  the high
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efficiency and power density [5 - 8]. The spoke-type PMSM has a structure in which permanent magnets are inserted
into the rotor, and are classified into the IPMSM category [9]. Also, it has advantages of using both magnetic torque and
reluctance torque. In addition, as the spoke-type PMSM has a magnetic flux concentrating structure, it can improve the
power and replace the rare-earth permanent magnets with relatively inexpensive ferrite permanent magnet [10]. From
industrial point of view, the methods of reducing the volume of the motor in order to lower the manufacturing cost are
actively studied [11 - 14]. Even though, the power of ferrite PMSM is lower than the power of rare-earth permanent
magnet  because  of  its  lower  magnetic  density,  there  is  no  eddy  current  loss  on  permanent  magnet  due  to  the
characteristic of ferrite material, which means to minimize the total loss. The spoke-type PMSM has high harmonics
and distortion of  air-gap magnetic  flux density because the magnetic  flux are concentrated to direction of  rotating,
which generates the back-electromotive force (back-EMF), cogging torque and torque ripple [15, 16].

To increase power, it is necessary to modify the shape of the rotor. It can be expected that magnetic flux density
transmitting to the air  gap can increase by reducing magnetic flux leakage in the ribs.  When magnetic flux density
transmitting to the air gap should increase [17], power will increase. Furthermore, there is a method to increase the
torque by extending stack length. However, in case of the spoke-type PMSM, there is a case where the torque is not
improved with the increase in the axial length due to the axial magnetic flux leakage [12].

In this study, the shape of the rotor of the spoke-type PMSM for a washing machine was redesigned to improve the
power density by reducing leakage flux using 2-D finite element analysis (FEA). In the section 2, output characteristics
and design parameters of basic motor for a washing machine were analyzed. In section 3, the width and length of the slit
shape and notch shape were optimized to improve the torque and then satisfy the safe factor during high-speed rotation
by stiffness analysis. Finally, the power density increases by reducing the stack length in the final model to meet the
required output condition of the washing machine motor.

2. ANALYSIS OF THE SPOKE-TYPE PMSM FOR THE WASHING MACHINE

2.1. Design Conditions and Parameters

Table 1  shows the design condition of the basic model of the spoke-type PMSM for the washing machine. The
diameter of rotor is 60% of the diameter of the stator. The coil is 0.8 mm diameter of aluminum and teeth concentrated
winding was applied with a fill factor of 0.45.

Table 1. Design condition of the basic model for washing machine.

Design condition Value Design condition Value
Diameter of stator [mm] 83 Stacking length [mm] 46
Diameter of rotor [mm] 50 Rated phase current [Arms] 2.2

Pole/Slot 8/12 Current density [Arms/mm
2] 4.3

Ratio of gear 11.6:1 DC-Link voltage [V] 310

2.2. Analysis of Required Output Condition and Characteristic of the Basic Model

The washing machine has a gear with a ratio of 11.6:1, as shown in Table 1, connected to the spoke-type PMSM.
Table 2 shows the required output condition of the spoke-type PMSM for the washing machine.

Table 2. Required output of the spoke-type PMSM.

-
Value

Washing mode Dehydrating mode
Torque [Nm] 1.12 0.80
Speed [rpm] 3480 8584

Efficiency [%] 90.8 93.7
Power [W] 408 731

Power density [W/kg] 326.66 585.26

On the washing mode, a pulsator of the washing machine rotates at 300 rpm when the spoke-type PMSM rotates at
3480 rpm. For dehydrating mode, a washing machine tub rotates at 740 rpm when the spoke-type PMSM rotates at
8584 rpm. The required torque should be 1.12 Nm for washing mode and 0.80 Nm for dehydrating mode. The back-
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EMF should not exceed the voltage limit of 161 V by the DC link according to Table 1. Fig. (1) shows the torque-speed
curve of the constant power characteristic of the basic model.

Fig. (1). Torque and speed curve of spoke-type PMSM for a washing machine.

In this paper, the stator shape is not modified and the rotor shape is re-designed to reduce the manufacturing cost
and improve the power density. Fig. (2a) presents the basic model and Fig. (2b) shows the distribution of magnetic flux
density  at  3480  rpm.  It  is  well  known  factor  that  magnetic  flux  leakage  decreasing  the  power  and  the  efficiency
occurred and saturated on the inner rib and outer rib in shown the Fig. (2b). Hence, this is a method of improving the
torque by reducing the magnetic flux leakage, while satisfying the rotor stiffness at high-speed.

Fig. (2). Basic model of the spoke-type PMSM for a washing machine.

3. RE-DESIGN OF ROTOR WITH SLIT SHAPE AND NOTCH SHAPE FOR IMPROVEMENT OF POWER
DENSITY

3.1. A Method of Applying the Shape of Slit and Notch

Fig. (3) shows the parameters of slit shape and notch shape. Parts of re-design are divided into two parts, one is slit
shape and another one is notch shape. First, making the groove with the slit shape applied to the outer rib. Second,
making the groove of the notch shape at both ends of the permanent magnet with thickness of 5 mm.

In case of slit shape grooves,  and  are the width and length of the slit shape applied to the outer rib portion,
respectively.  The  slit  shape  width  is  in  the  radial  direction  from the  end  of  the  rotor  to  the  center  of  the  rotor.  In
addition, the slit shape length is on both sides with respect to the center of the permanent magnet. The next step is to
make the groove of the notch.

(a) 1/4 period model.                         (b) Distribution of magnetic flux density.  

① ②
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Fig. (3). Design variables of the slit shape and the notch shape.

Shape, so that  is the center of the notch shape and 0.5 mm away from the end of the permanent magnet.  and 

denote  inner  length  and  outer  length  of  the  notch  shape,  respectively,  centered  on  the  center  of  notch  shape.  
represents the notch shape width from the end of the rotor to the center of the rotor in the radial direction.  indicates
the inner rib, which is also the area where magnetic flux leakage and magnetic flux density saturation occur.

In order to increase torque, the inner rib of the rotor was partially removed. This is because the torque increases by
removing the inner rib, which affects magnetic flux leakage [18]. The re-design of the rotor flowchart is shown in Fig.
(4).

Fig. (4). Flow chart of optimizing shape of slit and notch.

ⓒ ⓘ ⓞ

ⓦ
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First, we optimize the width and length of the slit shape to improve the torque under the condition that the safe
factor is 1.3 or more. Second, the width, inner length, and outer length of the notch shape were optimized when both the
safe factor and the torque improvement are satisfied in the same design. In order to improve the power density with the
optimized shape of slit and notch, stack length is reduced to meet the required torque and output condition of the spoke-
type PMSM for a washing machine. The formula for the safe factor of the motor is expressed in Eq. (1). The ultimate
stress of the electric steel sheet used for the washing machine motor is 467 MPa.

(1)

3.2. Re-Design of the Rotor with Slit Shape and Analysis of the Torque

In order to optimize the slit shape applied to the outer rib portion, optimization was performed for the width of the
slit shape at first. For reference, the outer rib width of the base model is 0.5 mm. As stated forehead, the width of the slit
shape has the direction that enters the center of the rotor in the radial direction from the end of the rotor. Simulation test
was carried out and the torque was obtained by changing the slit shape width from 0 mm to 0.35 mm. In this case, the
slit  shape  length  is  fixed  at  4  mm.  Fig.  (5a)  shows  that  the  torque  at  3480  rpm  increases  as  the  slit  shape  width
increases.

Fig. (5). Torque at 3480rpm by various width and length of slit shape.

It  can be seen that  a  tendency that  the  air-gap magnetic  flux density  transmitted to  the  air  gap increases  as  the
leakage magnetic flux decreases. Fig. (5b) shows the torque according to the change of the slit shape length with the slit
shape width of 0.33 mm optimized in previous step. As the slit shape length increases, the torque increases, but at 7
mm, the torque tends to decrease. The reason is that when the slit shape length is 7 mm, magnetic resistance increases
that affect of the magnetic flux transmitted to the air-gap. Therefore, when the slit shape length is 6 mm, the maximum
torque can be determined to be 1.29 Nm at 3480 rpm. In Fig. (6), the torque on dehydrating mode is 0.80 Nm @ 8584
rpm and the back-EMF is 161.0V, satisfying both the required output conditions.

In the stiffness analysis, maximum stress occurs around the corner of ribs when a rotor is rotating at high speed.
Thickness  of  the  ribs  should  be  appropriate  thickness  that  the  permanent  magnet  is  prevented  from  scattering.
Considering the safe factor, the actual stress is 391.1 MPa is shown in Table 3 when the slit shape width is 0.34 mm. It
means that the safe factor is 1.19, which cannot meet the required safe factor of 1.3. On the another hand, the slit shape
width of 0.33 mm meets the required safe factor and the torque is 1.27 Nm at 3480 rpm. For the result of stiffness
analysis with the optimized slit shape, the actual stress is 313.36 MPa at 8584 rpm as shown in Fig. (7) and the safe
factor is 1.49.

(a) Torque at 3480 rpm by various slit shape width.  (b) Torque at 3480 rpm by various slit shape length. 

Ultimate Stress
Safe Factor

Actual Stress
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Fig. (6). Torque at 8584 rpm with optimized slit shape.

Table 3. Result of stiffness analysis by 0.33 mm and 0.34 mm of slit shape width.

0.33 mm of slit shape width 0.34 mm of slit shape width
Actual Stress [MPa] 313.36 391.10

Safe factor 1.49 1.19

Fig. (7). Result of stiffness analysis at 8584 rpm with the optimized slit shape.

3.3. Re-Design of the Rotor with Notch Shape and Analysis of the Torque

In the 3.2 session, we optimized the width and length of the slit shape and the torque improved by 15.2% compared
to the base model.  As a final shape, additional torque enhancement was carried out by adding a notch shape to the
optimized slit shape. The inner length of notch shape was fixed at 1 mm to optimize the width of notch shape. Fig. (8a)
shows the torque along the changes of the notch shape width.
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Fig. (8). Torque at 3480 rpm by various width and inner length of notch shape.

A  constant  torque  of  1.29  Nm  at  3480  rpm  was  obtained  with  the  notch  shape  width  of  0.1  mm  to  0.5  mm.
However,  when the notch shape width is  0.6 mm, the torque increases to 1.30 Nm at  3480 rpm and saturates.  The
reason for the increase in torque at the notch shape width of 0.6 mm is that the area of the outer rib related to the q-axis
inductance decreases as shown in Table 4. When the notch shape width is 0.6 mm, the inductance difference is found to
be between the d-axis and q-axis, which generates the reluctance torque, and the reluctance torque decreases according
to Eq. (2). In contrast to the reluctance torque phenomenon, the magnetic torque is analyzed to be relatively larger than
the reluctance torque as the air gap magnetic flux linkage increases.

Table 4. Inductance changes by notch shape width.

Notch shape width [mm] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Inductance of d-axis [H] 13.55 13.23 13.57 13.56 13.49 13.54 13.57
Inductance of q-axis [H] 17.06 16.95 17.06 17.06 16.96 16.70 16.57

Ld-Lq [H] -3.51 -3.73 -3.49 -3.50 -3.47 -3.16 -3.00

(2)

Where P is the number of magnetic poles, ψa is the linkage flux by the permanent magnets, id is the current of d-
axis, iq is the current of q-axis, Ld is the inductance of d-axis, and Lq is the inductance of q-axis.

Therefore,  the notch shape width of  0.6 mm is  the optimal  value,  and torque is  analyzed through various outer
lengths of the notch shape in the next step. In Section 3.2, when the slit shape length is 7 mm or more, the magnetic
resistance is increased affecting the flow of magnetic flux transmitted to the air-gap and the torque decreased. In a
similar trend, when the outer length of the notch shape is simulated from 0 mm to 0.5 mm, the change in torque is not
apparent,  so  the  notch  shape  outer  length  of  0  mm is  determined.  For  the  next  step,  Fig.  (8b)  shows  the  result  of
optimizing the inner length of the notch shape with the optimized width and outer length of the notch shape. When the
inner  length  of  the  notch  shape  is  0.5  mm,  the  torque  is  1.30  Nm  at  3480  rpm  and  saturated.  The  torque  on  the
dehydrating mode is 0.80 Nm at 8584 rpm and the back-EMF is satisfied as 160.7 V.

Fig. (9) shows the final model with the optimized slit and notch shape. Comparision of torque between the basic and
final model is shown in Fig. (10). The torque improved 16% from 1.12 Nm to 1.30 Nm. The result of stiffness analysis
at 8584 rpm, the dehydrating mode of the final model is shown in Fig. (11). As a result of the stiffness analysis of the
final model, the actual stress is 330.83 MPa and the safety factor is 1.4, satisfying the requirement of 1.3.

(a) Torque at 3480 rpm by various notch shape width.                               (b) Torque at 3480 rpm by                                 
                            

various notch shape
 inner length. 
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Fig. (9). Final optimized model of spoke-type PMSM for a washing machine.

Fig. (10). Torque of final model compared with the basic model.

Fig. (11). Result of stiffness analysis of the final model.
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3.4. Decreasing Stack Length for the Requirement of the Spoke-Type PMSM for a Washing Machine

In Sections 3.2 and 3.3, the shape of slit and notch were optimized and the torque increases to 1.30 Nm at 3480 rpm,
which is increased to16% as compared to the basic model. In order to enhance the power density, it is necessary to
reduce  the  stack  length  of  the  final  model  to  meet  the  output  requirements  of  the  motor  for  a  washing  machine.
Reducing the stack length can improve the power density and save manufacturing costs. The required torque of the
washing machine motor is 1.12 Nm at 3480 rpm and 0.80 Nm at 8584 rpm, as shown in Table 2. Fig. (12) represents the
torque analysis by varying the stack length to obtain the the required torque.

Fig. (12). Torque of Final model at 3480 rpm by various stack length.

The spoke-type PMSM generates the magnetic torque and the reluctance torque. When the stack length reduces, the
torque decreases linearly as follows [19];

(3)

Where Kw is the winding factor, Bg1 is the fundamental wave magnitude of air-gap magnetic flux density, ac is the
electric loading, Dg is the diameter of air gap, Lstk is the stack length, Ga1 is fundamental wave magnitude of relative air-
gap permeance.

The final stack length satisfying the required output of the spoke-type PMSM for a washing machine is 40 mm,
which is 6 mm smaller than the basic model. The output characteristics of the basic model and the final model is shown
in Table 5. The power density of the final model on the washing mode was improved by 15% and the efficiency by
0.7% compared with the basic model. The power density on the dehydration mode was improved by 14.5% and the
efficiency was improved by 0.2%.

Table 5. Comparing output characteristic with the basic model and the final model.

-
Basic model Final model

Washing mode (3480rpm) Dehydrating mode (8584
rpm) Washing mode (3480rpm) Dehydrating mode (8584

rpm)
Stack length [mm] 46 46 40 40

Torque [Nm] 1.12 0.80 1.12 0.81
Power density [W/kg] 326.66 585.26 375.72 670.38

Efficiency [%] 90.8 93.7 91.5 93.9
Phase back-EMF [Vpeak] 106.4 160.7 98.9 160.7

2 2 2 3
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CONCLUSION

In this study, 2-D finite elements analysis was performed to reduce magnetic flux leakage and to improve the torque
by applying the novel shape of the slit and notch to outer rib portion of the rotor. With the optimized slit shape and
notch shape, the stack length reduces for the requirement of the output characteristic for a washing machine motor and
the power density improved. The redesigned rotor shape improved the torque by 16% by applying a slit shape and notch
shape to the outer rib portion. In addition, the power density is improved by 15% by optimizing the stack length to
match the required output of the washing machine motor.

For further research,  the novel rotor shape obtained through this study would be actually manufactured and the
output will be verified by performing actual tests.
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