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Abstract

:

In this study, a novel method for reducing the noise generated by single-phase claw-pole motors employed as refrigerator fan blowers is proposed. A single-phase claw-pole motor has the advantages of low manufacturing cost, easy manufacturing, and a high number of turns. However, in such motors, current delays occur owing to a high inductance; therefore, it is necessary to merge the back-electromotive force and current phases into the same phase using the phase advance method. Additionally, a single-phase motor exhibits dead torque and zero torque at an electrical angle of 180° owing to its electrical characteristics, and the dead torque deteriorates the average torque and torque ripple characteristics of the motor. In this study, a novel method is proposed to make the air gap asymmetrical by tilting the claw to reduce the noise generated by single-phase claw-pole motors. An asymmetric air gap allows the cogging torque to eliminate the dead torque caused by alignment torques, causing the torque ripple to decrease. To validate the effectiveness of the proposed method, the proposed model is compared with a base model via three-dimensional finite element analysis. Furthermore, the two models are manufactured and a noise test is conducted in an anechoic chamber to compare the noise difference between the two models.
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1. Introduction


Electric motors for home appliances have long been used in high proximity with humans. Motors for home appliances have to satisfy the established specifications of vibration and noise characteristics to ensure that the user does not feel discomfort while using them. Additionally, owing to mass production, the unit price of motors is also an essential factor in the stage of development [1,2,3,4]. Multi-phase motors exhibit better performance but are more expensive than single-phase motors. Therefore, single-phase motors are employed as fan blower motors in numerous applications [5]. Particularly, the single-phase claw-pole motor is one of the preferred fan blower motors owing to its low cost, easy manufacturing, and high number of turns. Recently, many studies on single-phase claw-pole motors have been conducted for reducing cogging torque. Methods for reducing cogging torque include the claw skew, magnet skew, auxiliary slot, and other things. However, these techniques can reduce the cogging torque of the motor, but do not dramatically improve the torque ripple. Even if the techniques presented in the latest published papers are applied, the minimum value of the torque waveform is still close to zero, which tends to make a large torque ripple [6,7].



In this study, we propose a novel design method to reduce the noise of single-phase claw-pole motors for refrigerator fan blowers. Despite the extensive applications of single-phase claw-pole motors, these motors have a critical limitation in that a dead torque point and zero torque point are inevitably generated owing to the electric characteristics of single-phase motors, and the current delay caused by a high number of turns leads to a negative torque without tuning the controller [8]. The negative torque not only substantially decreases the average torque of the motor, but is also a factor that increases the torque ripple, which causes noise and vibration in the motor. To remedy these shortcomings, a novel method is applied to the claw topology design of the single-phase claw-pole motor to reduce its torque ripple. The effectiveness of this proposed method is verified via noise measurements [9,10,11].




2. Characteristics of a Single-Phase Motor


2.1. Governing Equations of a Single-Phase Motor


The governing equations of a single-phase motor are shown below.


v = Ri + dλ/dt = Ri + Ldi/dt + e



(1)






Λ = Nϕ



(2)






Pout = ei



(3)






T = Pout/ωm = ei/ωm



(4)




where v, R, i, λ, and L are input voltage, phase resistance, phase current, magnetic flux linkage, and inductance. N means the number of turns, and ϕ denotes the magnetic flux. Pout and e are output power and back-electromotive force (back-EMF), respectively. T and ωm represent torque and mechanical angular velocity, respectively [12].



From the above equations, for constant power and torque, the back-EMF and phase current should take flat waveforms. In the case of a single-phase brushless direct current (BLDC) motor, the back-EMF alternates at an electrical angle of 180°, unlike in a direct current (DC) motor. Therefore, the single-phase BLDC motor can achieve constant output power and torque by exhibiting flat alternating waveforms of the back-EMF and phase current.



Figure 1 shows the relationship between the back-EMF, input voltage, input current, phase voltage, phase current, and torque in ideal conditions.




2.2. Actual Characteristics of a Single-Phase BLDC Motor


Although a single-phase BLDC motor can exhibit flat waveforms of the back-EMF in an ideal scenario, it can exhibit not only flat but also trapezoidal waveforms owing to its structural form. Thus, when back-EMF and input currents are multiplied, a dead point torque is generated at an electrical angle of 180° because zero crossing, which is the zero point of back-EMF, occurs inevitably.



The waveform of torque ripple is shown in Figure 2, when the trapezoidal waveform of the back-EMF and ideal waveform of the input current are applied to a single-phase BLDC motor.



As can be observed from Figure 2, the torque ripple is zero at 180° intervals; this causes vibrations and noise in single-phase BLDC motors.




2.3. Decomposition of Torque in a Single-Phase BLDC Motor


The torque components of single-phase claw-pole motors are mainly divided in two. These components are the alignment torque, which is generated owing to the interaction between the permanent magnet and input current, and the cogging torque, which is the difference in reluctance generated by the permanent magnet and electric steel of the stator [13].



The equation for these torque components is shown below.


T = Tal + Tco



(5)




where T denotes the torque, Tal is the alignment torque of interaction between the permanent magnet and input current, and Tco is the cogging torque of the difference in reluctance. The relationship of the torque in Equation (5) is shown in Figure 3.




2.4. Current Source Analysis of a Single-Phase Claw-Pole Motor


The waveforms of back-EMF, input current, torque, and cogging torque using finite element analysis are shown in Figure 4.



This result shows that the summation of the alignment and cogging torque is equal to torque. Further, the waveform of the output torque is the same as that shown in Figure 2.


T = ei/ωm +Tco



(6)








2.5. Voltage Source Analysis of a Single-Phase Claw-Pole Motor


Four switching elements are required to conduct a two-step BLDC motor control of the single-phase BLDC machine. The control of the single-phase BLDC motor using four switching elements is carried out in two stages, as presented in Figure 5.



In Figure 5, a positive current is applied to a motor coil in the case of Figure 5a. However, a negative current is applied to the motor coil in the case of Figure 5b. Therefore, positive and negative currents can be applied to the motor coil, and the product of the current and back-EMF generates torque, according to Equation (4).



Figure 6 shows the result of voltage source analysis using finite element analysis (FEA) for the single-phase claw-pole motor with a two-step controller. In Figure 6, the waveforms consist of back-EMF, input current, output torque, and cogging torque.



Figure 6b shows the waveform of the input current using voltage source analysis. Unlike other motors, as the winding direction of the single-phase claw-pole motor is around its axis, a higher number of turns can be wound on a single-phase claw-pole motor, which is an inherent advantage. Thus, when the number of turns is significant, a current lagging phenomenon occurs owing to the high inductance of the coil. The torque generated by the product of the current and back-EMF takes negative values at regular intervals, as shown in Figure 6c. Consequently, the negative torque reduces the average torque value [8].



To overcome this phenomenon, it is necessary to apply the current phase advance method, in which the phase of the current is same with the back-EMF by changing the switching time of the controller [14].



The waveforms of back-EMF, input current, torque, and cogging torque, to which the phase advance method is applied to achieve a single-phase claw-pole motor, are shown in Figure 7. In the case of applying the phase advance method, as the torque does not take a negative value, the average torque increases in comparison to the case where the phase advance method is not applied.





3. Novel Method of Reducing Torque Ripple for a Single-Phase Claw-Pole Motor


In the previous section, the reason why the single-phase motor inevitably exhibits dead torque points was analyzed, and the method of improving dead torque points by applying the phase advance method was elucidated. However, as only applying the phase advance method has a limited effect on reducing torque ripple, a novel topology was applied to a single-phase claw-pole motor to further reduce its torque ripple.



The novel method was applied to make the air gap asymmetrical by tilting the claw so that cogging torque occurred asymmetrically. In this method, the aim is to make the asymmetric cogging torque have a positive value for every 180° electrical angle. Since the alignment torque caused by the permanent magnet and current becomes zero torque at an electrical angle of 180°, the positive cogging torque can increase the torque, which is generated by the summation of the alignment and cogging torques, such that it attains a positive value at that angle. A comparison between the stator claw topologies with and without applying the novel design is shown in Figure 8.



The waveforms of the cogging torque obtained via FEA for each model are shown in Figure 9. In Figure 9a, it can be seen that the base model and symmetric claw model exhibited zero torque at a mechanical angle of 45°, which is equal to an electrical angle of 180° in an eight-pole machine. Therefore, the summation of the alignment and cogging torques was equal to zero at a mechanical angle of 45°. In contrast, the novel asymmetric claw model did not exhibit zero torque at a mechanical angle of 45°, as shown in Figure 9b. Thus, the summation of the alignment and cogging torques was not equal to zero at a mechanical angle of 45°. The torque ripple was reduced by this method [15].




4. Modeling and Analysis of the Asymmetric Model


4.1. Optimal Size of the Asymmetric Air Gap


In order to find the optimal size of the asymmetric air gap, a case study with the design variable was carried out. The design variable is shown in Figure 10.



The design variable, x, was chosen 0.3 mm from where the manufacturing tolerance was secured to 0.5 mm, where the fill factor was able to be maintained. In order to minimize torque ripple of the motor, the target parameter was set as the maximum cogging torque that boosts the minimum torque value. Except for the variable, all other conditions were the same. The maximum value and waveform of the cogging torque for each value of the variable are shown in Table 1 and Figure 11, respectively.



According to the results of Table 2, the size of the asymmetric air gap was selected as 0.5 mm. The modeling of the proposed model was carried out with a 0.5 mm asymmetric air gap, and the simulation result of it was compared with the base model.




4.2. Specifications and Three-Dimensional Modeling


The modeling and analysis of the base and novel models with FEA were carried out. To consider structural characteristics, three-dimensional (3D) modeling and analysis with FEA were executed. Transient analysis was performed to reflect the voltage source analysis. The design specifications and topologies are shown in Table 2 and Figure 12, respectively [16].




4.3. Analysis Results Using the Finite Element Method


In accordance with the specifications in Table 2, the modeling for the proposed model shown in Figure 12 was performed, and characteristic analysis using 3D FEA was conducted. Additionally, the result of this analysis was compared with that of the base model.



First, a no-load analysis was carried out to examine the back-EMF and cogging torque. The waveforms obtained via the no-load analysis are shown in Figure 13 and Figure 14.



The root mean square (RMS) and peak values of the back-EMF in the base model were 7.49 and 10.63 V, respectively. In the proposed model, the RMS value of the back-EMF was 7.47 V, and its peak value was 9.28 V. The peak-to-peak value of the cogging torque was 1.9 mNm in the base model and 11.7 mNm in the proposed model. From this result, it can be observed that although the proposed model exhibited a higher peak-to-peak value of the cogging torque compared to that of the base model, this did not pose a problem because of the improved characteristics of the torque and torque ripple in this case. Figure 15 shows the magnetic flux density in the no-load condition.



Subsequently, the characteristics were analyzed in the load condition. The characteristics of the input current, input voltage, and torque ripple using the phase advance method were evaluated in both models. The waveforms of the input voltage, input current, and torque ripple are shown in Figure 16, Figure 17 and Figure 18, respectively. DC 10 V was used as the input voltage, and the phase advance method was also used to minimize the torque ripple in both models. The lead angle for the phase advance was electrical angle 22.5°. From the result of the load analysis, the RMS values of the input currents in two models were 211 mA and 281 mA, respectively.



The average torque of the base model was 11.4 mNm, and that of the proposed model was 11.0 mNm. The peak-to-peak value of the torque on the base model was 19.2 mNm and on the proposed model was 9.0 mNm. From the results, it can be seen that these models satisfied the target design specifications. In the case of torque ripple, the base model exhibited a value of 168.4%, which did not satisfy the target design specification. However, the proposed model exhibited a torque ripple of 81.9%, which satisfied the target design specification. Figure 19 shows the magnetic flux density of the two models in the load condition.



As a result of the novel design, the torque ripple was reduced by 86.5% in the proposed model compared to that in the base model.



In addition, the torque waveform of each model was compared based on the frequency domain using fast Fourier transform (FFT). The comparison of torque waveform using FFT is shown Figure 20.



As the result of FFT analysis of the torque waveform, the first harmonic of the proposed model was significantly reduced compared to the base model. The second and third harmonics of the proposed model were higher than the base model, but the difference was not significant. Considering that the first harmonic of the base model was considerably higher than that of the proposed model, it was confirmed that the base model took higher fluctuation of the torque than the proposed model. Therefore, the base model was more vulnerable to noise and vibration than the proposed model.





5. Experimental Test Result


The purpose of reducing the torque ripple is the minimization of the noise of the claw-pole motor. Therefore, the base and proposed models were manufactured, and the noise was evaluated using a microphone in an anechoic room. The manufactured proposed model and experimental environments are shown in Figure 21 and Figure 22, respectively [17].



To validate the motor manufactured based on the proposed design, the FEA analysis result of the cogging torque and the corresponding experimental result were compared. The result of this comparison is shown in Figure 23.



By comparing the shapes of the waveforms, it was confirmed that the proposed model was well manufactured. The analysis result for the value of the peak-to-peak cogging torque was 12.3 mNm, and its measured result was 14 mNm. Next, the noises generated by the base and proposed models were measured, and the results were compared. The experimental criteria were as follows:




	
The measurement was performed with a microphone in a completely enclosed anechoic chamber.



	
The measurement distance was 30 cm from the motor.



	
The measurement was carried out by attaching the fan to the motor.



	
The measurement was performed from the front, rear, and side of the motor.








The noise measured from the front of the motor was 41.427 dB for the base model, whereas that of the proposed model was 39.675 dB, which was an approximately 1.75 dB decrease in noise. In the case of the noise measured from the rear, the base model generated 40.516 dB, and the proposed model generated 37.984 dB. Thus, the proposed model decreased the noise by approximately 2.53 dB. Finally, on the side of the motor, the noise of the base model was measured as 38.753 dB, and that of the proposed model was 36.483 dB. In this case, the proposed model decreased the noise by approximately 2.27 dB. Thus, the noise generated by the proposed model was lower than that generated by the base model in all cases of the experiment. The results of this experiment are shown in Figure 24.




6. Conclusions


In this study, a novel design for reducing the noise generated by single-phase claw-pole motors was proposed. The torque of single-phase claw-pole motors comprises magnetic alignment and cogging torques, of which the magnetic alignment torque inevitably becomes zero at an electrical angle of 180°; to address this issue, a novel method for substantially increasing the magnetic alignment torque at an electrical angle of 180° was proposed. The proposed method is to tilt a stator claw to make the cogging torque positive at an electrical angle of 180°.



Three-dimensional modeling and FEA were conducted to analyze the base and proposed models. The torque ripple of the proposed model was reduced by 86.5% compared to the base model. In addition, FFT analysis of torque waveform was conducted. As a result of the FFT analysis, the first harmonic of the base model as considerably higher than the proposed model, and it was confirmed that the base model was vulnerable to noise and vibration compared to the proposed model.



These models were manufactured to conduct noise measurement experiments. Consequently, it was confirmed that the noise generated by the proposed model was lower than that generated by the base model in the front, rear, and side. Thus, the effectiveness of the proposed method was confirmed.



As a future plan, we will study the 2D equivalent modeling of a single-phase claw-pole motor with asymmetric air gap. This is for fast analysis and optimization by using a quasi-2D equivalent circuit for a single-phase claw-pole motor that requires 3D analysis due to its structural characteristics.
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Figure 1. Relationship between parameters of a single-phase BLDC motor in ideal conditions. 
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Figure 2. Relationship among the trapezoidal back-EMF, ideal direct current, and torque ripple. 
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Figure 3. Relation among alignment, cogging, and output torque. 
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Figure 4. Current source analysis of a single-phase claw-pole motor using finite element analysis: (a) waveform of back-EMF; (b) waveform of input current; (c) waveform of torque; (d) waveform of cogging torque. 
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Figure 5. Current flow direction due to switch conduction: (a) Step 1: Tr1 and Tr’ conduction; (b) Step 2: Tr2 and Tr2’ conduction. 
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Figure 6. Voltage source analysis of the result of a single-phase claw-pole motor using finite element analysis: (a) waveform of back-EMF; (b) waveform of input current; (c) waveform of torque; (d) waveform of cogging torque. 
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Figure 7. Voltage source analysis of the result of a single-phase claw-pole motor using finite element analysis with the phase advance method: (a) waveform of back-EMF; (b) waveform of input current; (c) waveform of torque; (d) waveform of cogging torque. 
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Figure 8. Topology comparison between the base and proposed model: (a) base model; (b) proposed model. 
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Figure 9. Comparison of cogging torque between the base and proposed model: (a) base model; (b) proposed model. 
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Figure 10. Selection of the design variable. 
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Figure 11. Waveform of the cogging torque for each design variable. 
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Figure 12. Stator and rotor topologies of the proposed model: (a) stator; (b) rotor. 
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Figure 13. Comparison of back-EMF waveforms: (a) base model; (b) proposed model. 
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Figure 14. Comparison of cogging torque waveforms: (a) base model; (b) proposed model. 
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Figure 15. Magnetic flux densities of the base and proposed models in the no-load condition (left side, stator, rotor, and legend are shown): (a) base model; (b) proposed model. 
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Figure 16. Comparison of the input voltage waveforms of the base and proposed models: (a) base model; (b) proposed model. 
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Figure 17. Comparison of the input current waveforms of the base and proposed models: (a) base model; (b) proposed model. 
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Figure 18. Comparison of the torque waveforms of the base and proposed models: (a) base model; (b) proposed model. 
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Figure 19. Magnetic flux densities of the base and proposed models in the load condition (left side, stator, rotor, and legend are shown): (a) base model; (b) proposed model. 
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Figure 20. FFT analysis of the torque waveforms of the base and proposed models. 
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Figure 21. Photograph of the manufactured model: (a) top view; (b) side view. 
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Figure 22. Experimental environment. 
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Figure 23. Cogging torque comparison between analysis and measurement results: (a) analysis result (base model); (b) test result (base model); (c) analysis result (proposed model); (d) test result (proposed model). 
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Figure 24. Experimental result of noise test between the base and proposed models: (a) base model (front); (b) proposed model (front); (c) base model (rear); (d) proposed model (rear); (e) base model (side); (f) proposed model (side). 
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Table 1. Optimization of the asymmetric air gap.






Table 1. Optimization of the asymmetric air gap.





	
Parameter

	
Variable (x) (mm)




	
0.3

	
0.4

	
0.5






	
Max. Cogging Torque (%)

	
6.26

	
7.05

	
7.88
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Table 2. Specifications of the target motor.






Table 2. Specifications of the target motor.





	Category
	Value





	Motor type
	Claw-pole



	Number of phases
	Single phase



	Number of poles
	8 poles



	Motor diameter (mm)
	41



	Stator height (mm)
	12



	Rotor height (mm)
	12.6 (Magnet overhang)



	Air-gap length (mm)
	0.35



	Magnetic flux density of magnet
	0.28



	Target average torque (mNm)
	11.0



	Target torque ripple (%)
	Less than 100
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