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        Abstract



        
          Object:


          This paper proposes an outer rotor and spoke-type permanent magnet synchronous motor (outer rotor spoke-type PMSM) to increase the power density compared to the inner rotor spoke-type permanent magnet synchronous motor(inner rotor spoke-type PMSM) used in washing machines.

        


        
          Method:


          In order to investigate the output characteristics of the Outer Rotor Spoke-type PMSM, comparison and analysis were conducted on three models of 16-poles/9-slots, 20-pole/9-slots and 22-poles/9-slots. Compare models were conducted with the limited condition which applies the same current density, phase voltage limit, and stator. The final model was optimized based on the model with the best output characteristics among three compare models.

        


        
          Conclusion:


          Finally, output characteristics are compared between compare models and the final model.
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      1. INTRODUCTION


      In the past, electric motors for washing machines delivered torque between the motor and the load through torque transmission mechanisms such as belts and gears. However, the electric motors for washing machines recently have been changed into a Direct Drive system (DD system) which can be driven by directly connecting a motor and a load. When a torque transmission mechanism is used, there are problems such as deterioration of washing ability, energy loss, increase of noise and belt wear due to mechanical loss occurring in the torque transmission mechanism occur [1]. On the other hand, the DD system is simple in torque transmission structure, and it is possible to achieve low noise, low vibration, and small size [2-4]. In addition, in case of an emergency, the brake must operate quickly. In a washing machine using a torque transmission mechanism, an indeterminate element such as a slip in a belt during a rapid brake occurred. However, the DD system does not require a complicated mechanical structure, so it can operate quickly by controlling the brake mode.


      Electric motors for washing machine using a DD system mainly use a permanent magnet synchronous motor using a rare earth permanent magnet because high power density is required for a washing motor [5]. However, rare earth permanent magnet has price instability and disadvantage that it is relatively expensive compared to non-rare permanent magnets. Therefore, studies on designing motors with high power density using non-rare-earth permanent magnets are underway [6-10]. For example, there is Switched Reluctance Motor (SRM) [11-14] which rotate at a reluctance torque without using a permanent magnet and Interior Permanent Magnet Synchronous Motor (IPMSM) [15, 16] which permanent magnets are radially inserted into a rotor. It has a higher power density than a permanent magnet motor with a non-magnetic flux concentrating structure like a surface permanent magnet synchronous motor (SPMSM) because it has a magnetic flux concentrating structure [2, 17-19].


      The torque of motors increases in proportion to the number of poles [20]. Therefore, most motors can increase power density by selecting the number of poles in motor considering the switching frequency of the controller. In the inner rotor spoke-type PMSM, it is difficult to increase the number of poles structurally because the rotor is located inside the stator. On the other hand, if the rotor of the spoke-type PMSM is designed outside the stator, degree of freedom of the poles increases, so that power density of the motor can be increased.


      This paper proposes an outer rotor spoke-type PMSM with higher power density than the inner rotor spoke-type PMSM used in conventional washing machines.


      In Chapter 2, overall load characteristics of the base model used as a washing machine motor were analyzed. As a model of the inner rotor spoke-type PMSM, the load-speed torque curve including two operation regions of washing mode and spinning mode is presented. Also, the detailed design specifications and power density per volume of the base model are presented.


      In Chapter 3, outer rotor spoke-type PMSM design with the same load demand characteristics as the base model was carried out. Three models of 16-poles / 9-slots, 20-pole / 9-slots, and 22-poles / 9-slots with different poles were proposed for compare models. Where, three compare models have the same magnetomotive force, and the magnitude of the rotor and the stator are the same. In the washing mode and spinning mode, two operation areas of the washing machine, the output characteristics of the three compare models were compared through FEM analysis and the model with the highest power density was selected.


      In Chapter 4, the final model was optimized based on the model with the best output characteristics among three compare models. Through this, the final model with maximum power density while satisfying load requirements is presented.

    


    
      

      2. SPECIFICATIONS OF EXISTING MODELS


      It is necessary to analyze the load characteristics and design specifications of the motor used in the conventional washing machine. The base model motor was selected as inner rotor spoke-type PMSM with 8-poles and 12-slots as shown in Fig. (1). The selected motor for washing machine has two load characteristics as a washing mode at 580 rpm and a rotating mode at 15660 rpm. These characteristics are determined by load torque that static frictional force of the laundry while the motor is stopped and the time variation of the angular velocity. In the washing mode, relatively low speed and higher torque operation are required because it is necessary to remove some dust and detergent in the laundry. However, in the spinning mode, the high-speed low-torque operation is required for removal of moisture in the laundry.


      [image: ]
Fig. (1)

      Inner rotor spoke-type PMSM (Base Model).

      The load demand speed torque curve is shown in Fig. (2). PMSM typically have a wide operating range through voltage controls and field weakening control. Voltage control is executed below rated speed and field weakening control is implemented above-rated speed. The base model drives maximum torque up to 580 rpm through the voltage control which increases the impressed voltage to the rated voltage in proportional to the speed. If the impressed voltage reaches the voltage limit at the rated speed, the voltage control becomes impossible because the voltage can be no longer be increased in proportion to the speed. Therefore, the magnetic flux gradually decreases through the field weakening control and the constant power region is performed as the speed increases. The base model requires a constant torque region of 1.634 Nm at rated speed of 580 rpm through voltage control in the washing mode. In the spinning mode requiring a high-speed operation, the torque of 0.291 Nm is required at 15660 rpm by weak field weakening control.


      [image: ]
Fig. (2)

      Torque-Speed curve of the washing machine.

      The design specifications and design data of the base model are shown in Tables 1 and 2. The power density of base model is 0.186 W/cm3 for washing mode and 0.895 W/cm3 for the spinning mode. In addition, the base model used a ferrite magnet, and the phase voltage limit is selected as 161 V considering space vector pulse width modulation (SVPWM).


      
        Table 1 Motor design specification.


        
          
            
              	Contents

              	Washing

              	Spinning
            

          

          
            
              	Speed [rpm]

              	580

              	15660
            


            
              	Torque [Nm]

              	1.63

              	0.29
            


            
              	Power [W]

              	99.25

              	477.57
            


            
              	DC Bus Voltage [V]

              	310
            


            
              	Rated Voltage [V]

              	161
            


            
              	Rated Current [Arms]

              	2.3
            


            
              	Volume [cm3]

              	533.47
            


            
              	Power Density [W/cm3]

              	0.186

              	0.895
            

          
        


      


      
        Table 2 Motor design data.


        
          
            
              	Contents

              	Value
            

          

          
            
              	Number of Slots

              	12
            


            
              	Number of Poles

              	8
            


            
              	Number of Turns

              	90
            


            
              	Slot Area [mm2]

              	225
            


            
              	Current Density [Arms/mm2]

              	4.59
            


            
              	Rotor Diameter [mm]

              	60
            


            
              	Stator Diameter [mm]

              	134
            


            
              	Air-gap width [mm]

              	0.75
            


            
              	Core length [mm]

              	46
            

          
        


      


      Recently, research on achieving small-sizing and cost competitiveness of washing machines is continuously ongoing. The motor design that to reduce the volume while meeting the same output can reduce material cost and achieve the goal of miniaturization and weight reduction of the product. In the next chapter, the design to increase power density with the same material as the base model was conducted.

    


    
      

      3. DESIGN OF OUTER ROTOR SPOKE TYPE PMSM


      In this chapter, three compare models are designed and analyzed by using outer rotor spoke-type PMSM to increase power density compared to the base model. Outer rotor spoke-type PMSM has more freedom to use poles than inner rotor spoke-type PMSM. Since the torque of the PMSM has a characteristic proportional to pole-pair number as shown in Equation (1), the torque can be increased as pole pairs number increases. So, compared and analyzed the output characteristics of three models with a different number of poles.


      
        
          	[image: ]

          	(1)
        

      


      Where, Pn is the Pole-pair number, Ψa is No-load flux linkage, id and iq is the current of d-axis and q-axis, Ld and Lq is the inductance of d-axis and q-axis, respectively.


      The design of outer rotor spoke-type PMSM was conducted according to the number of poles of the permanent magnet. The number of poles of the permanent magnet can be selected up to 22 poles considering the switching frequency. Therefore, compare models were selected for outer rotor spoke-type PMSM with 16-poles/9-slots (Model 1), 20-pole/9-slots (Model 2), 22-poles/9-slots (Model 3), and the current density and phase voltage were fixed to be the same value.


      
        

        3.1. Three Types of Compare Models


        Compare models have common design specifications as shown in Table 3 to analyze the output characteristics. The ferrite magnet was used in the base model was used for the compare models. It is also analyzed in the washing and spinning mode considering the operating characteristics of the washing machine. In the washing mode, the compare models were analyzed to have the same magnetomotive force. In addition, the current density was selected to be 4.59 Arms/mm2 considering the slot area, the phase current, and the number of turns in order to make the current density the same as the base model.


        
          Table 3 Common design considerations.


          
            
              
                	Contents

                	Value
              

            

            
              
                	Rotor Diameter [mm]

                	134
              


              
                	Stator Diameter [mm]

                	98
              


              
                	Magnet Material

                	7BE 0.38T
              


              
                	Iron Core Material

                	50PN1300
              


              
                	Coil

                	Aluminum
              


              
                	Air-gap width [mm]

                	0.75
              


              
                	Slot Area [mm2]

                	222.22
              


              
                	Rated Current [Arms]

                	5.3
              


              
                	Number of Turns

                	88
              


              
                	Current Density [Arms/mm2]

                	4.59
              

            
          


        


        For the first model design, the 16P 9S model was selected as shown in Fig. (3). For the sensitivity analysis, detailed design variables were determined as Slot opening width of Rotor (Wrso), Slot opening width of Stator (Wsso), Teeth width of Rotor (Wrt), Teeth width of Stator (Wst), Shoes high of Stator (d1), Shoes high of Rotor (d2), and the values having a maximum output characteristic were derived.


        Model1 has the same motor diameter as the base model and has selected a stack length of 28 mm in order to have the same power. As mentioned above, the design of Model 2 and Model 3 was used same stator shape with Model 1 to compare the power characteristics for the same magnetomotive force. First, Model 2 and Model 3 are Progressed detail design of rotor shape which can have maximum torque according to pole number. Next, stack length that can have the same power as the base model was analyzed, and obtained values ​​of 28 mm and 17 mm, respectively.


        [image: ]
Fig. (3)

        Detailed design specification of Model1.

        Table 4 shows the detailed design specification to have a maximum power of three compare models and shows the stack length to have the same power as the base model. Fig. (4) shows compare models based on Table 4.


        
          Table 4 Detailed design specification.


          
            
              
                	Contents

                	Model1

                	Model2

                	Model3
              

            

            
              
                	Slot opening width of Rotor [mm]

                	8.2

                	6

                	4.5
              


              
                	Teeth width of Rotor [mm]

                	6.5

                	5.6

                	5.8
              


              
                	Shoes high of Rotor [mm]

                	3

                	2

                	2.5
              


              
                	Slot opening width of Stator [mm]

                	7.5
              


              
                	Teeth width of Stator [mm]

                	5.2
              


              
                	Shoes high of Stator [mm]

                	3.9
              


              
                	Stack Length [mm]

                	28

                	28

                	17
              

            
          


        


        [image: ]
Fig. (4)

        Three models of outer rotor spoke-type PMSM.
      


      
        

        3.2. Structural Characteristics of Compare Models


        In the case of inner rotor spoke-type PMSM, a structure for preventing the scattering of the permanent magnet during high-speed rotation is required because of the permanent magnet inserted in the rotor. On the contrary, outer rotor spoke-type PMSM has a structure that the rotor is surrounded by the insulator and the housing as shown in Fig. (3) so that it has an advantage which is no need to design a structure to prevent scattering.


        For the proposed outer rotor spoke-type PMSM, an insulator is essential. Fig. (5a) shows the results obtained by converting the insulator part into an iron core material. If the insulator is replaced by a yoke as shown in the Fig. (5a), the magnetic flux concentrates at the yoke portion having a higher magnetic permeability than the air gap. It becomes impossible to concentrate the magnetic flux into the air gap and a large amount of leakage magnetic flux is generated along the yoke. Fig. (5b) is the result of the analysis considering the insulator as shown in this paper. Since the thickness of the insulator is thicker than the thickness of air gap, the magnetic flux passes through the air gap having a small magnetic reluctance. This means that an insulator having a relatively large magnetic reluctance can have a high torque by limiting the flow of magnetic flux to be directed to the outside and directing the concentrated magnetic flux towards the air gap. Therefore, in the case of the outer rotor spoke-type PMSM, the insulator must be included in the housing and the analysis must be performed in consideration of the insulator. In this paper, 5[mm insulator and 5 mm housing were designed, and the precise analysis was performed considering the leakage flux that can occur in the housing.


        [image: ]
Fig. (5)

        Flow of magnetic flux with insulator and iron core.
      


      
        

        3.3. Performance Comparison and Analysis


        In order to confirm the power density of compare models, the design was conducted to satisfy the load demand output characteristics by adjusting the Stack Length (Lstk) with the same motor diameter. Figs. (6 and 7) show the torque waveforms of base model and compare models in the washing and spinning mode based on the FEM analysis. The dotted line in black indicates torque waveform of the base model, and the solid line shows the torque waveforms in the compare models.


        [image: ]
Fig. (6)

        Torque characteristic at washing mode.

        [image: ]
Fig. (7)

        Torque characteristic at spinning mode.

        Table 5 shows the magnetic flux density saturation in the core by d-axis alignment of the compare models. Model1 shows proper magnetic flux saturation below 1.8 T in both operating modes. However, Model 2 and Model 3 can be seen that the stator and the rotor are partially saturated during the washing mode. The assumption can be made that the stator shape for Model1 is suitable under the same condition of the stator but for the rotor to generate more magnetic flux than Model1.


        
          Table 5 Magnetic flux density maps at washing mode and spinning mode.


          
            
              
                	

                	Model1

                	Model2

                	Model3

                	Magnetic flux density
              

            

            
              
                	Washing Mode

                	[image: ]

                	[image: ]

                	[image: ]

                	[image: ]
              


              
                	Spinning Mode

                	[image: ]

                	[image: ]

                	[image: ]
              

            
          


        


        Fig. (8) schematically shows 3D designs of the base model and the compare models. The stack lengths of the compare models are 28 mm for Model 1 and Model 2, and 17 mm for Model 3. This means that as the number of poles increases, it becomes possible to design a motor with higher air gap flux density. The detailed results of the FEM analysis are shown in Table 6. The calculation of CMPD / BMPD shows the increase rate of how much the power density of compare models (CMPD) is increased compared to the power density of the base model (BMPD). Model1 and Mode2 show 137% increase compared to Base Model and Model3 increase about 226%. Also, in the case of torque ripple, it is confirmed that in the washing mode, it becomes bigger in order of Model 1, Model 2, Base Mode l, Model 3. And it is confirmed that in the spinning mode, it becomes bigger in order of Model 2, Model 1, Base Model, Model 3. Especially, the torque ripple ratio of Model 3 was significantly reduced compared to the base model.


        [image: ]
Fig. (8)

        3D models of base model and compare models.

        
          Table 6 FEM analysis results of the Base Model and compare models.


          
            
              
                	Contents

                	Base Model

                	Model 1

                	Model 2

                	Model 3
              


              
                	Washing

                	Spinning

                	Washing

                	Spinning

                	Washing

                	Spinning

                	Washing

                	Spinning
              

            

            
              
                	Phase current [Arms]

                	2.3

                	2.3

                	5.3

                	3.3

                	5.3

                	3.9

                	5.3

                	2.8
              


              
                	Current Density [Arms/mm2]

                	4.9
              


              
                	Current phase angle [deg]

                	7

                	80

                	13

                	63

                	6

                	64

                	0

                	63
              


              
                	Stack Length [mm]

                	46

                	28

                	28

                	17
              


              
                	Average torque [Nm]

                	1.634

                	0.291

                	1.665

                	0.298

                	1.662

                	0.291

                	1.663

                	0.297
              


              
                	Torque ripple ratio [%]

                	9.32

                	67.32

                	21.26

                	106.05

                	18.27

                	193.37

                	3.06

                	27.96
              


              
                	Power Density [W/cm3]

                	0.186

                	0.895

                	0.256

                	1.240

                	0.256

                	1.206

                	0.421

                	2.032
              


              
                	(C.M.PD - B.M.PD)

                /B.M.PD [%]

                	100

                	100

                	137.63

                	138.55

                	137.63

                	134.75

                	226.34

                	227.04
              

            
          


        


        (a) Base Model (b) Model1 (c) Model2 (d) Model3

      

    


    
      

      4. FINAL MODEL


      This chapter deals with the design to improve the output characteristics for Model 3 as specified in Chapter 3. Model3 reduced the diameter of the stator from 98 mm to 95 mm to increase the magnetic loading. The optimum design was performed to increase the teeth width of the rotor and reduce the teeth width of the stator through sensitivity analysis about detailed design specifications. Fig. (9) shows the shape of Model3 and final model, and Table 7 shows detailed design specifications of the final model.


      [image: ]
Fig. (9)

      Shape of Model3 and Final Model.

      
        Table 7 Detailed design specification of Final Model.


        
          
            
              	Contents

              	Model 3

              	Final Model
            

          

          
            
              	Rotor Diameter [mm]

              	134
            


            
              	Stator Diameter [mm]

              	98

              	95
            


            
              	Air-gap width [mm]

              	0.75
            


            
              	Slot Area [mm2]

              	444.44

              	388.9
            


            
              	Slot opening width of Rotor [mm]

              	4.5

              	7.5
            


            
              	Slot opening width of Stator [mm]

              	7.5

              	3.5
            


            
              	Teeth width of Rotor [mm]

              	5.8

              	5.4
            


            
              	Teeth width of Stator [mm]

              	5.2

              	5.7
            


            
              	Shoes high of Stator [mm]

              	3.9

              	3.3
            


            
              	Shoes high of Rotor [mm]

              	2.5

              	1.8
            

          
        


      


      At rated speed, Model 3 was able to show that partial saturation occurred at the stator teeth. To improve this, the teeth width of the stator was increased from 5.2 mm to 5.7 mm. Also, the shape of the rotor and shoes of the stator were optimized to solve the magnetic flux saturation. Fig. (10) shows the degree of the magnetic flux saturation of the final model and shows the stable magnetic flux density values of magnetic flux density in the rotor and stator.


      [image: ]
Fig. (10)

      Magnetic flux density maps of Final Model at washing and spinning mode.

      Fig. (11) shows the torque waveform of base model and final model at washing mode 580 rpm and Fig. (12) shows the torque waveform at spinning mode 15660 rpm. The final model satisfied the average torque values of the base model in both modes. The torque ripple ratio of the final model is about 2.6% in the washing mode and about 9.7% in the spinning mode. So, its performance is much higher than the base model.


      [image: ]
Fig. (11)

      Torque Characteristic of the Final Model.

      [image: ]
Fig. (12)

      Torque Characteristic of the Final Model.

      The final model has the same output as the base model at the while the volume is greatly reduced to 211.54 cm3, making it possible to design as shown in Fig. (13). This effectiveness increases power density by 154% when the washing machine motor is designed by outer rotor spoke-type PMSM. Table 8 shows the detailed FEM analysis results of the final model.


      [image: ]
Fig. (13)

      3D models of Base Model and Final Model

      
        Table 8 FEM analysis results of the Final Model.


        
          
            
              	Contents

              	Base Model

              	Final Model
            


            
              	Washing

              	Spinning

              	Washing

              	Spinning
            

          

          
            
              	Phase current [Arms]

              	2.3

              	2.3

              	5.2

              	2.8
            


            
              	Current Density [Arms/mm2]

              	4.59
            


            
              	Current phase angle [deg]

              	7

              	80

              	4

              	59
            


            
              	Current Density [Arms/mm2]

              	4.59

              	4.59
            


            
              	Stack Length [mm]

              	46

              	15
            


            
              	Average torque [Nm]

              	1.63

              	0.29

              	1.64

              	0.29
            


            
              	Torque ripple [%]

              	9.32

              	67.32

              	2.63

              	9.70
            


            
              	Power [W]

              	99.25

              	477.57

              	99.79

              	483.53
            


            
              	Volume [cm3]

              	533.47

              	211.54
            


            
              	Power Density [W/cm3]

              	0.186

              	0.895

              	0.472

              	2.286
            


            
              	(F.M.PD - B.M.PD)/ B.M.PD [%]

              	100

              	100

              	253.76

              	255.42
            

          
        


      

    


    
      CONCLUSION


      In this paper, an outer rotor spoke-type PMSM was proposed to design a DD motor with high power density compared to the inner rotor spoke-type PMSM used as a washing machine motor. Three compare models of Model1(16-poles/9-slots), Model2(20-poles/9-slots) and Model 3(22-poles/9-slots) were designed with the same number of slots and different combinations of poles. Among the three comparative models, Model3 had the highest output density characteristics. However, Model 3 showed considerable flux saturation at the stator teeth due to the conditions of using the same stator. So, the flux saturation problem is solved by increasing the stator tooth width, and the final model which can have the maximum power density through the sensitivity analysis of a detailed design specification is derived. As a result, the final model was able to design an outer rotor spoke-type PMSM with power density increase of more than 250% compared to the base model. In addition, the torque ripple ratio of the final model has 2.63% and 9.7% in the washing mode dehydration mode, respectively. Based on the above results, it is considered that the use of outer rotor spoke-type PMSM in the field of home electric appliances and DD motors requiring high torque will be a useful method for lightening the product.
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