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Abstract

:

The common-mode voltage (CMV) generated by the switching operation of the pulse width modulation (PWM) inverter leads to bearing failure and electromagnetic interference (EMI) noises. To reduce the CMV, it is necessary to reduce the magnitude of dv/dt and change the frequency of the CMV. In this paper, the range of the CMV is reduced by using opposite triangle carrier for ABC and XYZ winding group, and the change in frequency in the CMV is reduced by equalizing the dwell time of the zero voltage vector on ABC and XYZ winding group of dual three phase motor.
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1. Introduction


Dual three phase motors have advantages such as reduced phase current rating, reduced torque ripple, high torque density, and improved reliability during fault. In particular, the dual three phase motor can easily be operated with the three phase inverter module, and is applied to propulsion systems such as trains, and ship and air transportation [1,2,3,4,5,6,7,8].



For dual three phase motor, the two sets of stator winding are arranged as the symmetric (0° or 60°) or the asymmetric (30°) structure. Asymmetric dual three phase motors shown in Figure 1 are preferred over symmetric dual three phase motors, because they can cancel the 6th order component torque ripple [4,5,9].



Pulse width modulation (PWM) inverters are widely used to enhance the variable speed control performance and efficiency of motors. The PWM operation causes a change of potential difference between stator neutral point and midpoint of the dc-link voltage, which is called common-mode voltage (CMV). Since the CMV causes bearing failure and undesirable electromagnetic interference (EMI), the reduction of the CMV is essential for improving the stability and life span of the motor. The motor shaft voltage is similar to the CMV, and the dv/dt current flows through bearing when the shaft voltage changes. The key factors to reduce the CMV are reduction of the magnitude of dv/dt and change frequency [7,8,10,11,12].



The method for reducing CMV in the inverter system is classified into hardware- and software-based methods. The hardware method is to use passive and active common-mode filters [13,14]. However, this method increases both the size and cost of the system due to the additional common-mode filters installed at the inverter input side [13] or between the inverter and motor [14].



The software-based CMV reduction methods are implemented by manipulating the PWM pattern of the inverter system. In the three-phase two-level inverter system, CMV can be reduced by methods such as remote state PWM (RSPWM) [15], near state PWM (NSPWM) [16], active zero state PWM (AZSPWM) [17], and phase-shifted carrier PWM (PSC PWM) [18]. In three-phase multi-level inverter systems such as three-level NPC inverter [19], five-level ANPC inverter [20], and MMC system [21], CMV elimination methods were accomplished by using only the voltage vectors that do not generate CMV. Several studies have been conducted to reduce or remove CMV in multiphase two-level inverter systems [7,8,22,23,24,25,26]. The papers in [7,8,26] proposed an algorithm to reduce or remove CMV by using PWM method in dual three phase motor. The authors in [7] analyzed the characteristics of the CMV according to the carrier method in the dual three phase motor and reduced the change frequency of CMV using sawtooth carrier. In [8], CMV is eliminated by shifting the PWM signals within the cycle of the switching frequency. In [26], CMV is reduced without using zero voltage vector. However, the voltage utilization in [7,8] was low because the algorithm of these papers is based on sinusoidal PWM (SPWM) [27].



In this paper, a CMV reduction method is proposed using space vector PWM (SVPWM) with whole voltage vector in dual three phase motor, as in Figure 1. To reduce the range of the CMV, the opposite triangle carrier is applied to ABC and XYZ winding groups. The change frequency of the CMV is reduced by synchronizing the dwell time of the zero voltage vector on the ABC and XYZ winding groups. The validity of the proposed method is verified through experimental results.




2. CMV in Dual Three Phase Motor


2.1. CMV in Dual Three Phase Motor


In three-phase two-level inverter, the pole voltage is Vdc/2 when the upper switch is On, and −Vdc/2 when the lower switch is On in each leg. The CMV of the three phase motor can be expressed as the average of the three phase pole voltages given by Equation (1).


Vcm_3ph = (VAN + VBN + VCN)/3



(1)




where VxN (x = A, B, C) is the pole voltage in each phase.



According to Equation (1) the CMV in the dual three-phase motor has a state of −Vdc/2, −Vdc/6, Vdc/6, and Vdc/2, based on the switching signals.



The CMV in each winding groups of the dual three phase motor has the same shape as a three-phase motor, and is expressed as Equation (2).


Vcm_ABC = (VAN + VBN + VCN)/3



(2)






Vcm_XYZ = (VXN + VYN + VZN)/3








where Vcm_ABC, Vcm_XYZ, and VxN (x = A, B, C, X, Y, and Z) are the CMV in ABC winding group, CMV in XYZ winding group, and pole voltage in phase x.



Similar to the three phase motor, the state of the CMV in each winding group of the dual three phase motor is −Vdc/2, −Vdc/6, Vdc/6, and Vdc/2. The CMV in dual three phase motor can be expressed as the average of the CMV in each winding group [8].


Vcm = (Vcm_ABC + Vcm_XYZ)/2



(3)







Hence, the state of the CMV in dual three phase motor is −Vdc/2, −Vdc/3, −Vdc/6, 0, Vdc/6, Vdc/3, and Vdc/2, as per Equation (3).




2.2. CMV According to the Carrier Method


Figure 2 shows the CMV characteristics according to the carrier method in the dual three phase motor. Figure 2a shows the CMV characteristics applied to the same triangle carrier waveforms on ABC and XYZ winding groups. Since the change of the CMV occurs at the intersection of the carrier and reference of pole voltage (Vxn*), the change frequency of the CMV during one switching cycle is 6 times in each winding group, and the state of the CMV in each winding group is −Vdc/2, −Vdc/6, Vdc/6, and Vdc/2. Therefore, the state of the CMV in the dual three phase motor is −Vdc/2, −Vdc/3, −Vdc/6, 0, Vdc/6, Vdc/3, and Vdc/2, and the change frequency of the CMV is 12 times according to Equation (3).



Figure 2b shows the CMV characteristics applied to the opposite triangle carrier waveforms on ABC and XYZ winding group. An explained above, the state of the CMV in each winding group is −Vdc/2, −Vdc/6, Vdc/6, and Vdc/2. However, since the CMV waveforms of ABC and XYZ has an opposite form, the state of the CMV in the dual three phase motor is −Vdc/6, 0, Vdc/6, because the magnitude of CMV in ABC and XYZ winding group offset each other. However, the change frequency of the CMV in dual three phase motor is 12 times, which is equal to the change frequency of the CMV when same triangle carrier is used.




2.3. Relationship between Change Frequency of CMV and Dwell Time in Zero Voltage Vector


When using opposite triangular carrier, the CMV is Vdc/6 in region ②, ④, ⑩, and ⑫ of Figure 2b, –Vdc/6 in region ⑥, and ⑧ of Figure 2b, and 0 in the remaining area. Area ②, and ⑫ of Figure 2b consist of an active voltage vector (100) in ABC winding group and zero voltage vector (111) in XYZ winding group. Region ④, and ⑩ of Figure 2b consist of an active voltage (110) in ABC winding group and XYZ winding group. Region ⑥, and ⑧ of Figure 2b consist of an active voltage (110) in ABC winding group and zero voltage vector (000) on XYZ winding group. If the dwell time of the zero voltage vector in ABC and XYZ winding group is the same, the CMV in region ②, ⑥, ⑧, and ⑫ of Figure 2b can be removed, and the CMV occurs only in region ④, and ⑩. Therefore, the characteristics of the CMV is changed from Figure 2b to Figure 3, and the change frequency of CMV is reduced from 12 to 4 during one switching frequency. This paper proposes a control method that reduce the change frequency of CMV by using synchronization of dwell time in zero voltage vector of ABC and XYZ winding group.





3. Reduction of Change Frequency of CMV by Synchronization of Dwell Time in Zero Voltage Vector


3.1. Analsis of the Dwell Time of Zero Voltage Vector


If the dwell time of the zero voltage vector in ABC and XYZ winding group is the same as shown in region ① and ⑦ of Figure 3, the CMV generated by the difference of the dwell time in zero voltage vector shown in region ②, ⑥, ⑧, and ⑫ of Figure 2b can be removed. The dwell time of the zero voltage vector in ABC and XYZ winding group is obtained from the space vector diagram of the dual three phase motor shown in Figure 4 which has a total of 12 regions classified 30°.



The dwell time of region ① in Figure 2b is determined by the relationship between maximum reference pole voltage in ABC winding group and Vdc/2, and the dwell time of region ⑦ in Figure 2b is determined by the minimum reference pole voltage in ABC winding group and −Vdc/2. The reference of the phase voltage for obtaining the reference of pole voltage on ABC winding group can be defined by Equation (4).


Vas* = Vmcosθ = Vabcs_max*



(4)






Vbs* = Vm cos(θ − 120°) = Vabcs_mid*










Vcs* = Vm cos(θ − 240°) = Vabcs_min*











The offset voltage of the ABC winding group in Figure 4 region 1 to apply SVPWM is equal to Equation (5).


Vabc_offset = −(Vabcs_max* + Vabcs_min*)/2 = −(Vas* + Vcs*)/2



(5)







The reference pole voltage in ABC winding group is obtained by adding the reference of the phase voltage and the offset voltage given by Equation (6).


Van* = (Vas* − Vcs*)/2 = Vabcn_max*



(6)






Vbn* = Vbs* − (Vas* + Vcs*)/2










Vcn* = (Vcs* − Vas*)/2 = Vabcn_min*











The magnitude of the maximum and minimum value of the reference of pole voltage is the same, but the sign is opposite as shown in Equation (6). Thus, the dwell time in zero voltage vector is twice as much as the region ① in Figure 2b. The dwell time in zero voltage vector in Figure 4 region 1 can be obtained using the maximum reference pole voltage in ABC winding group.



The dwell time of the zero voltage vector in dual three phase motor is twice the size of the dwell time of region ① in Figure 2b, which is larger than the maximum reference pole voltage and smaller than Vdc/2. Therefore, the dwell time in zero voltage vector can be obtained as Equation (7).


Vdc/2:(Vdc/2 − Vabcn_max) = TS/2:T0_abc/2



(7)






T0_abc = 2*Ts (Vdc/2 − Vabcn_max*)/Vdc










  = Ts *   (  V dc    −    3   V m    cos ( θ   −   30 ° ) ) /  V dc   








where Ts, T0_abc, and Vm are the time of one switching frequency, dwell time in zero voltage vector in ABC winding group, and maximum value of the reference phase voltage, respectively.



In Figure 4 region 1, the dwell time of the zero voltage vector in XYZ winding group can be obtained using Equation (8), which is derived from Equations (4)–(7).


   T  0 _ xyz     =   Ts *   (  V dc    −    3   V m    cos θ ) /  V dc   



(8)







The dwell time of the zero voltage vector in ABC and XYZ winding group in Figure 4 region 1 is Equations (7) and (8), which can be generalized as shown in the Equation (9).


   T 0    =   Ts *   (  V dc    −    3   V m  α ) /  V dc   



(9)




where α is the same as Table 1.




3.2. The Compensation Time in Zero Voltage Vector for CMV Reduction


As shown in Table 1, the dwell time of the zero voltage vector between ABC and XYZ winding group is different, so change frequency occurs 12 times in one switching period as shown in Figure 2b. If the dwell time of the zero voltage vector in ABC and XYZ winding group is the same as Figure 3, the change frequency of CMV can be reduced from 12 to 4 times during one switching frequency. However, the difference of the dwell time in zero voltage vector of ABC and XYZ winding group in Figure 4 region 1 is expressed by


      T  0 _ gap 1     =    T  0 _ abc 1     −    T  0 _ xyz 1       =   Ts *   (  V dc    −    3   V m    cos ( θ   −   30 ° ) ) /  V dc    −   Ts * (  V dc    −    3   V m    cos   ( θ   −   30 ° ) ) /  V dc       =    3   T S     V m  { ( 1   −    3  / 2 )   cos θ   −   sin θ / 2 }     



(10)




where T0_gap1, T0_abc1, and T0_xyz1 are difference of dwell time in zero voltage vector on ABC and XYZ winding group in Figure 4 region 1, dwell time in zero voltage vector on ABC and XYZ winding group, respectively.



Generalizing the difference of the dwell time in the zero voltage vector is the same as the Equation (11).


   T  0 _ gap     =    T  0 _ abc     +    T  0 _ xyz     =    3   T S     V m     T  0 _ err   / 2  



(11)




where the magnitude of T0_err is the same as the one given in Table 2, and it can be expressed by Figure 5.



To reduce the change frequency of CMV, the dwell time of the zero voltage vector in ABC and XYZ winding group has to be identical. The difference of the dwell time in zero voltage vector of the ABC and XYZ winding group is equally distributed to the dwell time in zero voltage vector of ABC and XYZ winding group.


T0_abc_comp = T0_abc − T0_gap/2



(12)






T0_xyz_comp = T0_xyz − T0_gap/2



(13)




where T0_abc_comp, and T0_xyz_comp are dwell time in zero voltage vector of ABC and XYZ winding group in which the compensation voltage is included in order to reduce the CMV.



In order to reduce the range of CMV of the dual three phase motor, the opposite triangle carrier is used on ABC and XYZ winding group. When the opposite triangle carrier is applied, the change frequency of CMV occurs 8 times due to discordance of the dwell time in zero voltage of ABC and XYZ winding group. Using the analysis and compensation of the dwell time in zero voltage vector of ABC and XYZ winding group, change frequency is removed since it is generated by a mismatch of dwell time of zero voltage vector as shown in Figure 3.




3.3. Overall Configuration of the Proposed Method


The overall proposed control method is illustrated in Figure 6. The speed controller consisting of PI controller is located in the outer loop of the current controller. The speed controller outputs the q-axis reference current (ieqs*) to the input of the current controller in order to control the torque of the dual three phase motor [28]. The q-axis reference current is equally divided into q-axis reference current for ABC (ieqs1*) and XYZ (ieqs2*) winding group. The d-axis reference current (ieds*) that controls the magnetic flux of the ABC (ieds1*) and XYZ (ieds2*) winding group is 0. Each dq-axis current controller adopted a PI controller. The current controllers output the reference of dq-axis voltage. The electric angle for classification calculates angle by using PLL on reference of ABC phase voltage. The classification of the reference pole voltage in ABC and XYZ winding group uses an electric angle. The maximum and minimum values of the reference pole voltage are classified by using the electrical angle. The compensation voltage to reduce the CMV is calculated by using the maximum and minimum reference of pole voltage.





4. Experimental Set-Up and Results


Figure 7 is an MG experimental set used to verify the proposed method, and the main parameters of the dual three phase motor are given in Table 3. The dc link voltage for the PWM inverter is generated by a diode rectifier. The phase voltage is injected to the dual three phase motor by using each inverter module. The control board is based on the DSP TMS320c28346 manufactured by Texas Instruments located in Dallas, Texas, USA. In the three-phase motor for load, the dc link voltage is 700V produced by the PWM converter, the torque control of load motor is carried out using PWM inverter.



Figure 8 shows the CMV before and after applying the CMV reduction algorithm during one switching frequency. Vcm_ABC is the voltage between the ABC neutral point and the bottom of the DC link voltage, Vcm_XYZ is the voltage between the XYZ neutral point and the bottom of DC link voltage, and Vcm is the average of Vcm_ABC and Vcm_XYZ [7]. The range of the CMV in each winding group before applying the CMV reduction algorithm is Vdc as shown in Figure 8a, and remains the same after applying the CMV reduction algorithm as shown in Figure 8b. The change frequency of CMV after applying CMV reduction algorithm is reduced from 12 to 4.



Figure 9 is the dq-axis current waveform before and after applying the CMV reduction algorithm when the dual three phase motor is controlled to 1kW. In Figure 9, ieqs is the sum of ieqs1 and ieqs2, ieds is the sum of ieds1 and ieds2. Before applying the CMV reduction algorithm, ieds is controlled to 0, but after applying the CMV reduction algorithm, ieds has a current ripple of about 1A. The 12th harmonic ripple of ieds after applying proposed method is caused by compensation voltage. The torque component ieqs is controlled to 5.4A, and the control characteristics are similar before and after applying proposed algorithm.



After applying the CMV reduction algorithm, the d-axis current ripple is increased, but the speed of the dual three phase motor is the same before and after applying the algorithm as shown in Figure 10.



The efficiency of the dual three phase motor inverter system before and after applying the CMV reduction algorithm can be calculated through the relationship between inverter input and motor output. The input of the inverter is measured by using the DC side voltage and current with the help of the WT 3000 power analyzer manufactured by Yokogawa as shown in Figure 11. The input power of the inverter before applying the CMV reduction algorithm is 1.09 kW, and input power of the inverter after applying the CMV reduction algorithm is increased to 1.11 kW. The output power of the dual three phase motor is 1kW before and after applying the CMV reduction algorithm. The output power of the dual three phase motor is calculated through the Back-emf constant and speed. The efficiency of the dual three phase motor inverter system before and after applying the CMV reduction algorithm is 91.48% and 90.00%, respectively. The reason for the decrease in efficiency after applying the CMV reduction algorithm is that the distortion of current occurred due to the compensation voltage injected to the reference pole voltage.




5. Conclusions


This paper proposed the CMV reduction algorithm using SVPWM in a dual three phase motor. The opposite triangle carrier was used to reduce the range of the CMV. To reduce the change frequency in CMV, the dwell time of the zero voltage vector in ABC and XYZ winding group was equaled. The change frequency of CMV was decreased by 66% and verified through experiment. The d-axis current ripple was increased, but the characteristics of the q-axis current were similar before and after applying the algorithm. Therefore, the speed characteristic of the dual three phase motor was confirmed to be the same.
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Figure 1. Topology of the dual three phase two level inverter system. 
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Figure 2. Common-mode voltage (CMV) in dual three phase motor according to carrier applied SVPWM. (a) Same triangle carrier; (b) Opposite triangle carrier. 
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Figure 3. The switching method to reduce the change frequency of CMV. 
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Figure 4. The space vector diagram of dual three phase motor with division of region. 
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Figure 5. T0_err according to electric angle. 
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Figure 6. Proposed total control block diagram. 
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Figure 7. Experimental configuration for dual three phase motor. 
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Figure 8. Experimental results of CMV. (a) Before applying proposed algorithm; (b) After applying proposed algorithm. 
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Figure 9. Experimental results of dq-axis current. (a) Before applying proposed algorithm; (b) After applying proposed algorithm. 
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Figure 10. Experimental results of speed. (a) Before applying proposed algorithm; (b) After applying proposed algorithm. 






Figure 10. Experimental results of speed. (a) Before applying proposed algorithm; (b) After applying proposed algorithm.



[image: Energies 14 00282 g010]







[image: Energies 14 00282 g011 550] 





Figure 11. Experimental results of input power in inverter system. (a) Before applying proposed algorithm; (b) After applying proposed algorithm. 
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Table 1. α according to the region.






Table 1. α according to the region.





	
Region

	
ABC Winding Group

	
XYZ Winding Group






	
1

	
cos(θ − 30°)

	
cosθ




	
2

	
cos(θ − 60°)




	
3

	
cos(θ − 90°)




	
4

	
cos(θ − 120°)




	
5

	
cos(θ − 150°)




	
6

	
cos(θ − 180°)




	
7

	
cos(θ − 210°)




	
8

	
cos(θ − 240°)




	
9

	
cos(θ − 270°)




	
10

	
cos(θ − 300°)




	
11

	
cos(θ − 330°)




	
12

	
cosθ
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Table 2. T0_err according to the region.






Table 2. T0_err according to the region.





	Region
	T0_err
	Region
	T0_err





	1
	(1 −    3   /2)cosθ − sinθ/2
	7
	(−1 +    3   /2)cosθ + sinθ/2



	2
	(1 −    3   /2)(cosθ − sinθ)
	8
	(1/2 +    3   /2)(cosθ − sinθ)



	3
	cosθ/2 − (1 −    3   /2)sinθ
	9
	−cosθ/2 + (1 −    3   /2)sinθ



	4
	−cosθ/2 − (1 −    3   /2)sinθ
	10
	cosθ/2 + (1 −    3   /2)sinθ



	5
	(−1/2 −    3   /2)(cosθ − sinθ)
	11
	(1/2 −    3   /2)(cosθ + sinθ)



	6
	(1 +    3   /2)cosθ − sinθ/2
	12
	(1 −    3   /2)cosθ + sinθ/2
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Table 3. Main parameters in dual three phase motor.






Table 3. Main parameters in dual three phase motor.





	Rated speed
	300 rpm
	Stator resistance
	0.434 Ω



	Switching frequency
	6 kHz
	Stator inductance
	0.0141 mH



	DC link voltage
	540 Vdc
	Back-emf constant
	0.393 V/rpm
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