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Abstract

:

This paper proposes a current harmonic suppression strategy that combines harmonic synchronous rotating frame (HSRF) current feedback control and back-electromotive force harmonic (BEMFH) feedforward compensation to suppress the fifth and seventh current harmonics of a six-phase permanent magnet synchronous motor (PMSM). The current harmonics of six-phase PMSMs vary with the current due to manufacturing imperfections and the inverter nonlinearity effect. Using fixed-parameter BEMFH feedforward compensation cannot completely eliminate current harmonics. This paper integrates a closed-loop harmonic current control strategy, using HSRF in the differential mode of the six-phase PMSM rotor rotating frame to effectively mitigate current harmonic variations caused by load changes. The controller adapts a Texas Instrument microcontroller featuring encoder interfaces, complementary pulse width modulation (PWM), and analog–digital converters (ADC) to simplify the board design. The rotor angle feedback is provided by a 12-pole resolver in conjunction with an Analog Device resolver-to-digital converter (RDC). The specifications of the six-phase PMSM are as follows: 12 poles, 1200 rpm, 200 A (rms), and 600 V DC bus. The total harmonic distortion (THD) of the phase current for harmonics below the 21st order was reduced from 31.71% to 4.84% under the test conditions of 1200 rpm rotor speed and 200 A peak phase current. Specifically, the fifth and seventh harmonics were reduced from 29.98% and 9.72% to 2.74% and 1.21%, respectively. These results validate the feasibility of the proposed current harmonic suppression strategy.
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1. Introduction


Multiphase motors are extensively utilized in high-power applications, such as vehicle traction and marine propulsion power systems [1,2,3]. They enable scalability with relatively smaller power stage modules, provide fault tolerance [4,5], and easily adopt existing control strategies for three-phase drives [6].



The dual three-phase windings of six-phase PMSMs are neutral point isolated and asymmetric (30-degree split in spatial phase shifting), featuring lower torque ripple [7]. However, the machines suffer from significant current harmonics, due to the fifth and seventh voltage harmonics across the highly coupled dual three-phase winding. Current harmonics originate from the flux linkages and inductance due to the machine’s imperfections [8]. There are also voltage harmonics coming from the BEMF and the inverter’s nonlinearity [9]. Those voltage harmonics interact with leakage inductances between windings, leading to significant current harmonics [10]. For asymmetric six-phase PMSMs, the   6 n ± 1   (  n = 1 , 3 , 5 , …  ) harmonics are dropped upon leakage inductances, contributing to huge current harmonics [11]. The 5th and 7th harmonics are dominant and stator circulating, causing extra losses and occupying power stage ratings [12]. Current harmonics reduce efficiency and increase torque ripple, which consequently result in higher noise levels. The vector space decomposition (VSD) approach of six-phase PMSMs transforms the asymmetric dual three-phase coordinate system into the common mode (CM) and differential mode (DM). In this approach, the CM includes the fundamental frequency and the 11th, and 13th harmonics, while the DM contains the 5th and 7th harmonics [13,14]. In the rotor rotating frame, the fundamental frequency current in the CM is converted into the DC component, while the 11th and 13th current harmonics are converted in to the 12th current harmonic. The fifth and seventh current harmonics in the DM are converted to the sixth current harmonic [15].



There are BEMFH feedforward compensation strategies for current harmonic suppression in the stator frame, rotor rotating frame, and CM and DM mode [16,17,18]. However, these strategies cannot fully mitigate the impact of drive output nonlinearity and the variation in current harmonics caused by load changes in the motor. Another approach to suppressing current harmonics is the use of resonance controllers [9,19]. However, these methods require the speed feedback to adjust the resonance frequency, which can lead to poor frequency precision. Additionally, multiple resonance points may interfere with each other [17]. The HSRF current harmonic control method can curb current harmonics under the machines’ load variation and the drives’ output nonlinearity. The HSRF can be implemented in either the rotor rotating frame [20] or the stationary frame [21]. However, low-pass filters are needed to reject high frequency. The Virtual Multi-Three-Phase System eliminates low-pass filters [13], but still requires memory and time to replicate the delayed virtual multi-three-phase current feedback signals. The low-pass filter-based HSRF is easier to implement. The fifth and seventh current harmonics in the rotor rotating frame’s DM exist as the sixth current harmonic component. By utilizing the positive and negative sixth HSRFs and low-pass filters, the fifth and seventh current harmonics can be converted into DC components, implementing current harmonic control. Setting the current harmonic command to zero can suppress the current harmonics, thereby improving the limitations of BEMFH feedforward compensation.



This paper proposes a strategy that combines BEMFH feedforward and HSRF current feedback control, while retaining the traditional Clarke and Park transformation matrices from three-phase systems. Retaining the traditional Clarke and Park transformation allows the single six-phase machine system to be transformed into a dual three-phase machine system, thereby enhancing the flexibility of six-phase machine drive applications. The CM and the DM transformation enables VSD transformation. CM current harmonics are inherently attenuated by large impedances. As a result, HSRF current feedback control is implemented in DM only, significantly simplifying the design. Additionally, numerous dead time compensation techniques in three-phase systems can be applied to reduce the impact of drive output nonlinearity. The dead-time compensation can be implemented as feedforward compensation based on the phase current polarities [22]. For a more accurate dead-time model, the ON-state voltage drop from data sheets and dead-time effect estimator over the parasitic capacitance of the power stage are used [23]. A relatively easy option is the self-commissioning lookup table [24]. There is also a lookup table method based on the full-order observer current estimator error [25]. In this article, the self-commissioning lookup table is used.



The rest of this paper is organized as follows: Section 2 depicts the CM and DM of a six-phase PMSM. Section 3 presents the CM and DM current controller with BEMFH feedforward compensation and HSRF current feedback control. Section 4 shows the simulation and test results.




2. CM and DM of a Six-Phase PMSM


The stationary and rotor rotating frames of six-phase PMSMs include the abc, xyz,   α β a  ,   α β x   and dq axes, as shown in Figure 1. The   α a  -axis is aligned with the a-axis, whereas the   α x  -axis is aligned with the x-axis. This arrangement allows for the use of Park and Clarke matrices for the dual three-phase system. The Park transformation and inverse transformation matrices for the abc-axis and the xyz-axis are


      T  θ a   =      cos  θ a      sin  θ a        − s i n  θ a      cos  θ a       ,     T  θ a     − 1   =      cos  θ a      − sin  θ a        s i n  θ a      cos  θ a                 T  θ x   =      cos  θ x      sin  θ x        − s i n  θ x      cos  θ x       ,     T  θ x     − 1   =      cos  θ x      − sin  θ x        s i n  θ x      cos  θ x           



(1)




where   θ a   is the abc-axis rotor angle aligned with the permanent magnet flux linkage,   θ x   =    θ a  − π / 6  .



The dual dq-axis model of an asymmetric six-phase PMSM with balanced winding, isolated neutral points, and BEMFH [18] is


          v  d a        v  q a       =  R s       i  d a        i  q a       +   d  d t         λ  d a        λ  q a       +     0    −  ω r        ω r    0          λ  d a        λ  q a       +      e  d a − h        e  q a − h                     v  d x        v  q x       =  R s       i  d x        i  q x       +   d  d t         λ  d x        λ  q x       +     0    −  ω r        ω r    0          λ  d x        λ  q x       +      e  d x − h        e  q x − h           



(2)






          λ  d a        λ  q a       =       L d   i  d a   +  M d   i  d x   +     λ  ′   m         L q   i  q a   +  M q   i  q x        ,       λ  d x        λ  q x       =       L d   i  d x   +  M d   i  d a   +     λ  ′   m         L q   i  q x   +  M q   i  q a            



(3)






             e  d a − h        e  q a − h       =  ω r      λ  ′   m   (   h 5       − sin ( 6  θ a  +  δ 5  )       − cos ( 6  θ a  +  δ 5  )      +  h 7       − sin ( 6  θ a  +  δ 7  )       cos ( 6  θ a  +  δ 7  )                +  h 11       − sin ( 12  θ a  +  δ 11  )       − cos ( 12  θ a  +  δ 11  )      +  h 13       − sin ( 12  θ a  +  δ 13  )       cos ( 12  θ a  +  δ 13  )       )                   e  d x − h        e  q x − h       =  ω r      λ  ′   m   (   h 5       sin ( 6  θ a  +  δ 5  )       cos ( 6  θ a  +  δ 5  )      +  h 7       sin ( 6  θ a  +  δ 7  )       − cos ( 6  θ a  +  δ 7  )                +  h 11       − sin ( 12  θ a  +  δ 11  )       − cos ( 12  θ a  +  δ 11  )      +  h 13       − sin ( 12  θ a  +  δ 13  )       cos ( 12  θ a  +  δ 13  )       )      



(4)




where v, i, and  λ  are the voltage, current, and flux linkage, respectively;   ω r   is the rotor electrical angle velocity;   R s  ,   L d  ,   L q  ,   M d  ,   M q  , and      λ  ′   m   are the stator resistance, d-axis inductance, q-axis inductance, d-axis mutual inductance, q-axis mutual inductance, and permanent magnet flux linkage, respectively; and   h n   and   δ n   are the nth harmonic magnitudes and phase angles respectively, where n = 5, 7, 11, 13.



The dual dq-axis model can be transformed into the CM and DM models. The CM and DM models originate from the VSD matrix, which can decompose multi-three-phase systems into multiple harmonic subspaces [13,14]. The CM and DM models can be obtained from the dual dq-axis model as


       f  d  +       f  d  −      =  T  p n        f  d a        f  d x       ,       f  q  +       f  q  −      =  T  p n        f  q a        f  q x        



(5)




where f represents v, i, and  λ . The superscripts + and − denote the CM and DM, respectively. The CM and DM transformation and inverse transformation matrix are


   T  p n   =   1 2       1   1     1    − 1      ,     T  p n     − 1   =     1   1     1    − 1       



(6)







The CM and DM of Equations (2)–(4) can be obtained as


          v  d  +       v  q  +      =  R s       i  d  +       i  q  +      +     0    −  ω r        ω r    0          λ  d  +       λ  q  +      +   d  d t         λ  d  +       λ  q  +      +      e  d − h  +       e  q − h  +                    v  d  −       v  q  −      =  R s       i  d  −       i  q  −      +     0    −  ω r        ω r    0          λ  d  −       λ  q  −      +   d  d t         λ  d  −       λ  q  −      +      e  d − h  −       e  q − h  −          



(7)






          λ  d  +       λ  q  +      =       L  d  +   i  d  +  +     λ  ′   m         L  q  +   i  q  +                     λ  d  −       λ  q  −      =       L  d  −   i  d  −         L  q  −   i  q  −           



(8)






          e  d − h  +       e  q − h  +      =  ω r      λ  ′   m       −  h 11  sin  ( 12  θ a  +  δ 11  )  −  h 13  sin  ( 12  θ a  +  δ 13  )        −  h 11  c o s  ( 12  θ a  +  δ 11  )  +  h 13  c o s  ( 12  θ a  +  δ 13  )                     e  d − h  −       e  q − h  −      =  ω r      λ  ′   m       −  h 5  sin  ( 6  θ a  +  δ 5  )  −  h 7  sin  ( 6  θ a  +  δ 7  )        −  h 5  c o s  ( 6  θ a  +  δ 5  )  +  h 7  c o s  ( 6  θ a  +  δ 7  )           



(9)




where the dq-axis inductance in the CM and DM is    L  d  +  =  L d  +  M d   ,    L  q  +  =  L q  +  M q   ,    L  d  −  =  L d  −  M d    and    L  q  −  =  L q  −  M q   .




3. The CM and DM Current Controller


The current controller is implemented as the fundamental frequency current controller and the HSRF current controller in the CM and DM. The six-phase PMSM’s phase currents, including the 5th, 7th, 11th and 13th current harmonics, can be transformed into the dual dq-axis model in the rotor rotating frame:


             i  d a        i  q a       =  I 1       sin  θ 1        cos  θ 1       +  I 5       − sin  6  θ a  −  θ 5         − cos  6  θ a  −  θ 5        +  I 7       − sin  6  θ a  −  θ 7         cos  6  θ a  −  θ 7                   +  I 11       − sin  12  θ a  −  θ 11         − cos  12  θ a  −  θ 11        +  I 13       − sin  12  θ a  −  θ 13         cos  12  θ a  −  θ 13                         i  d x        i  q x       =  I 1       sin  θ 1        cos  θ 1       +  I 5       sin  6  θ a  −  θ 5         cos  6  θ a  −  θ 5        +  I 7       sin  6  θ a  −  θ 7         − cos  6  θ a  −  θ 7                   +  I 11       − sin  12  θ a  −  θ 11         − cos  12  θ a  −  θ 11        +  I 13       − sin  12  θ a  −  θ 13         cos  12  θ a  −  θ 13            



(10)




where   I 1  ,   I 5  ,   I 7  ,   I 11  , and   I 13   are the fundamental frequency, 5th, 7th, 11th, and 13th harmonic magnitudes, respectively.   θ 1  ,   θ 5  ,   θ 7  ,   θ 11  , and   θ 13   are the fundamental frequency, 5th, 7th, 11th, and 13th harmonic phase angles, respectively. The CM and DM of Equation (10) can be obtained as


          i  d  +       i  q  +      =  I 1       sin  θ 1        cos  θ 1       +  I 11       − sin  12  θ a  −  θ 11         − cos  12  θ a  −  θ 11        +  I 13       − sin  12  θ a  −  θ 13         cos  12  θ a  −  θ 13                      i  d  −       i  q  −      =  I 5       − sin  6  θ a  −  θ 5         − cos  6  θ a  −  θ 5        +  I 7       − sin  6  θ a  −  θ 7         cos  6  θ a  −  θ 7            



(11)







The fifth and seventh harmonics in the stationary frame can be interpreted as vectors rotating at minus five and seven times the rotor speed, respectively [15]. In the rotor rotating frame, these harmonics appear as minus six and six times the rotor speed, existing as sixth harmonics. The positive and negative sixth HSRFs transform the fifth and seventh harmonics into


      i  d q − 5  −  =  T  − 6  θ a     i  d q  −  =  I 5       sin  θ 5        − cos  θ 5       +  I 7       − sin  12  θ a  −  θ 7         cos  12  θ a  −  θ 7                  i  d q − 7  −  =  T  6  θ a     i  d q  −  =  I 5       − sin  12  θ a  −  θ 5         − cos  12  θ a  −  θ 5        +  I 7       sin  θ 7        cos  θ 7           



(12)







Using the low-pass filter, we remove the AC components in   i  d q − 5  −   and   i  d q − 7  −  . Current control can be performed in the positive and negative sixth HSRFs. The fifth and seventh current harmonic controller can be designed as follows:


      T  6   θ ^  a    =      cos ( 6   θ ^  a  )     sin ( 6   θ ^  a  )       − s i n ( 6   θ ^  a  )     cos ( 6   θ ^  a  )                T  − 6   θ ^  a    =      cos ( 6   θ ^  a  )     − sin ( 6   θ ^  a  )       s i n ( 6   θ ^  a  )     cos ( 6   θ ^  a  )          



(13)






    i ^   d q − 5  −  =  T  − 6   θ ^  a      i ^   d q  −  ,    i ^   d q − 7  −  =  T  6   θ ^  a      i ^   d q  −   



(14)




where the superscript ^ denotes feedback values. Low-pass filters:


           i ¯   d − 5  −        i ¯   q − 5  −      =       H  d L P − 5  −   ( s )  ∘   i ^   d − 5  −         H  q L P − 5  −   ( s )  ∘   i ^   q − 5  −                      i ¯   d − 7  −        i ¯   q − 7  −      =       H  d L P − 7  −   ( s )  ∘   i ^   d − 7  −         H  q L P − 7  −   ( s )  ∘   i ^   q − 7  −           



(15)




where    H  d L P − 5  −   ( s )  =   1   τ  d L P − 5  −  s + 1     ,    H  q L P − 5  −   ( s )  =   1   τ  q L P − 5  −  s + 1     ,    H  d L P − 7  −   ( s )  =   1   τ  d L P − 7  −  s + 1      and    H  q L P − 7  −   ( s )  =   1   τ  q L P − 7  −  s + 1     .



Current harmonic control errors:


          Δ  i  d − 5  −        Δ  i  q − 5  −       =       i  d − 5   − *   −   i ¯   d − 5  −         i  q − 5   − *   −   i ¯   q − 5  −                     Δ  i  d − 7  −        Δ  i  q − 7  −       =       i  d − 7   − *   −   i ¯   d − 7  −         i  q − 7   − *   −   i ¯   q − 7  −           



(16)




where the superscript * denotes command values.    i  d − 5   − *   =  i  q − 5   − *   =  i  d − 7   − *   =  i  q − 7   − *   = 0  .



Current harmonic controller:


          u  d − 5   − *        u  q − 5   − *       =       G  d − 5  −   ( s )  ∘ Δ  i  d − 5  −         G  q − 5  −   ( s )  ∘ Δ  i  q − 5  −                     u  d − 7   − *        u  q − 7   − *       =       G  d − 7  −   ( s )  ∘ Δ  i  d − 7  −         G  q − 7  −   ( s )  ∘ Δ  i  q − 7  −           



(17)




where    G  d − 5  −   ( s )  =     k  p d − 5  −   s +  k  i d − 5  −    s    ,    G  q − 5  −   ( s )  =     k  p q − 5  −   s +  k  i q − 5  −    s    ,    G  d − 7  −   ( s )  =     k  p d − 7  −   s +  k  i d − 7  −    s     and    G  q − 7  −   ( s )  =     k  p q − 7  −   s +  k  i q − 7  −    s    .



The current harmonic controller output in the DM of the rotor rotating frame can be obtained as


       θ ^   ′   a  =   θ ^  a  + 1.5  T s    ω ^  r  ,      θ ^   ′   x  =   θ ^  x  + 1.5  T s    ω ^  r   



(18)






     T  6      θ ^   ′   a      − 1   =      cos ( 6      θ ^   ′   a  )     − sin ( 6      θ ^   ′   a  )       s i n ( 6      θ ^   ′   a  )     cos ( 6      θ ^   ′   a  )      ,     T  − 6      θ ^   ′   a      − 1   =      cos ( 6      θ ^   ′   a  )     sin ( 6      θ ^   ′   a  )       − s i n ( 6      θ ^   ′   a  )     cos ( 6      θ ^   ′   a  )       



(19)






   u  d q − h   − *   =  T  − 6      θ ^   ′   a    − 1    u  d q − 5   − *   +  T  6      θ ^   ′   a    − 1    u  d q − 7   − *    



(20)




where   T s   is the sampling period.   1.5  T s    ω ^  r    is used to compensate the sampling period delay time [13].



The fundamental frequency current controller with BEMFH feedforward compensation is designed as follows:


          Δ  i  d  +        Δ  i  q  +       =       i  d   + *   −   i ^   d  +         i  q   + *   −   i ^   q  +                     Δ  i  d  −        Δ  i  q  −       =       i  d   − *   −   i ^   d  −         i  q   − *   −   i ^   q  −           



(21)






          u  d   + *        u  q   + *       =       G  d  +   ( s )  ∘ Δ  i  d  +         G  q  +   ( s )  ∘ Δ  i  q  +                     u  d   − *        u  q   − *       =       G  d  −   ( s )  ∘ Δ  i  d  −         G  q  −   ( s )  ∘ Δ  i  q  −           



(22)




where    G  d  +   ( s )  =     k  p d  +   ( s +  k  i d  +  )   s    ,    G  q  +   ( s )  =     k  p q  +   ( s +  k  i q  +  )   s    ,    G  d  −   ( s )  =     k  p d  −   ( s +  k  i d  −  )   s     and    G  q  −   ( s )  =     k  p q  −   ( s +  k  i q  −  )   s    .



The BEMFH feedforward compensation in the CM and DM is


           e ^   d − h  +        e ^   q − h  +      =   ω ^  r      λ  ′  ^  m       −   h ^  11  sin  ( 12      θ ^   ′   a  +   δ ^  11  )  −   h ^  13  sin  ( 12      θ ^   ′   a  +   δ ^  13  )        −   h ^  11  cos  ( 12      θ ^   ′   a  +   δ ^  11  )  +   h ^  13  cos  ( 12      θ ^   ′   a  +   δ ^  13  )                      e ^   d − h  −        e ^   q − h  −      =   ω ^  r      λ  ′  ^  m       −   h ^  5  sin  ( 6      θ ^   ′   a  +   δ ^  5  )  −   h ^  7  sin  ( 6      θ ^   ′   a  +   δ ^  7  )        −   h ^  5  cos  ( 6      θ ^   ′   a  +   δ ^  5  )  +   h ^  7  cos  ( 6      θ ^   ′   a  +   δ ^  7  )           



(23)







Combining Equations (20), (22) and (23) and feedforward decoupling, the CM and DM voltage command can be summed as


      v  d   + *   =  u  d   + *   −   ω ^  r    λ ^   q  +  +   e ^   d − h  +            v  q   + *   =  u  q   + *   +   ω ^  r    λ ^   d  +  +   e ^   q − h  +            v  d   − *   =  u  d   − *   −   ω ^  r    λ ^   q  −  +   e ^   d − h  −  +  u  d − h   − *             v  q   − *   =  u  q   − *   +   ω ^  r    λ ^   d  −  +   e ^   q − h  −  +  u  q − h   − *       



(24)







The CM inductances   L  d  +   and   L  q  +   are much larger than the DM inductances   L  d  −   and   L  q  −  . This implies that the 11th and 13th current harmonics can be neglected in comparison to the 5th and 7th current harmonics, meaning there is no need to design a controller for the 11th and 13th current harmonics. Equations (21) and (22) represent the fundamental frequency current controller; Equation (23) is BEMFH feedforward compensation (referred as BEMFHFC); and Equations (13)–(20) represent the fifth and seventh HSRF current controller (referred as HSRFCC). The whole CM and DM current controller block diagram and the flow chart are shown in Figure 2. Figure 2c presents the process flow of the controller, which is as follows:




	(1)

	
Perform Clarke, Park, CM, and DM transformations.




	(2)

	
Calculate the flux linkage and perform CM and DM fundamental frequency current control.




	(3)

	
Execute HSRFCC and BEMFH.




	(4)

	
Combine all controller outputs and apply CM, DM, Park, and Clarke inverse transformations.




	(5)

	
Perform dead-time compensation and VSVPWM.










4. Simulation and Test Results


The test platform consisting of the dynamometer, six-phase drive, and six-phase PMSM is shown in Figure 3. The dynamometer’s DC power supply has a power rating of 1200 kW, 1200 V, and 1200 A. DC power supply is set to output 600 V and the maximum current of 400 A. The six-phase drive’s control board incorporates a Texas Instrument microcontroller and an Analog Device RDC. The microcontroller receives six-phase current transducer feedback    i ^  a  ,    i ^  b  ,    i ^  c  ,    i ^  x  ,    i ^  y  ,    i ^  z   and DC bus voltage feedback    v ^   d c    via 12-bit ADC and outputs six-phase complementary PWM signals   S  a  +  ,   S  a  −  ,   S  b  +  ,   S  b  −  ,   S  c  +  ,   S  c  −  ,   S  x  +  ,   S  x  −  ,   S  y  +  ,   S  y  −  ,   S  z  +   and   S  z  −   to the six-phase power stage. The RDC excites a 12-pole resolver via excitation wires EXT+ and EXT−. Then, the RDC receives resolver signals COS+, COS−, SIN+ and SIN−, providing 12-bit rotor angle information to the microcontroller. The PWM switching frequency is 5 kHz with a dead time of 2  μ s, while the ADC sampling is set on the crest and trough of the PWM triangular wave counter, resulting in a sampling frequency of 10 kHz. The controller’s signals are recorded and sent back to the laptop via a controller area network (CAN) bus. Post analysis is performed on the laptop via MATLAB (R2024a).The dynamometer is operated in speed mode, while six-phase drive is operated in dual dq-axis current mode. The results are compared before and after the use of BEMFFC and HSRFCC. This article aims to mitigate the 5th, 7th, 11th, and 13th current harmonics; therefore, THD is calculated up to the 21st harmonic only. Higher-frequency harmonics are neglected due to their higher impedance and limited impact on the system’s mechanical response. Data stored in the oscilloscope and the microcontroller are used to perform discrete Fourier transform (DFT) and THD analysis on the laptop. The interval of current feedback for DFT is a multiple of the fundamental period to avoid the Fourier transformation leakage effect.



The parameters of the six-phase PMSM and controller are presented in Table A1 of Appendix A. BEMFH parameters are measured based on [18]. The comparison of measured and simulated phase currents at the speed of 600 rpm, with the current command of    i  d a  *  =  i  d x  *  = − 141   A,    i  q a  *  =  i  q x  *  = 141   A, before the use of BEMFHFC and HSRFCC is shown in Figure 4, while the comparison after the use of BEMFHFC and HSRFCC is shown in Figure 5. The harmonic spectrum and THD of the phase currents after the use of BEMFHFC and HSRFCC are shown in Figure 6. Although the measured phase currents exhibit slight imbalances and contain the third harmonic, the fifth and seventh harmonics remain effectively suppressed. The third harmonic comes from the inductance nonlinearity caused by the magnetic saturation effect. The nonlinearity can be expressed as Tylor series, where the cubic term of phase currents generates the third flux linkage harmonic.



The THD of    i ^  a  , before and after the use of BEMFHFC and HSRFCC, at speeds of 150 rpm, 600 rpm, 900 rpm and 1200 rpm, with the current command of    i  d a  *  =  i  d x  *  = − 141   A,    i  q a  *  =  i  q x  *  = 141   A, is shown in Table 1, demonstrating excellent harmonic suppression. The THD, 5th, 7th, 11th and 13th current harmonics of    i ^  a  , before and after the use of BEMFHFC and HSRFCC, at a speed of 1200 rpm, with the current command of    i  d a  *  =  i  d x  *  = − 141   A,    i  q a  *  =  i  q x  *  = 141   A, is shown in Table 2.



Current harmonics increase with speed, indicating the presence of BEMFH and flux linkage harmonics. Flux linkage harmonics are attributed to the nonlinearity of inductances. By applying BEMFH and HSRFCC, current harmonics are effectively suppressed.




5. Conclusions


The CM and DM current control can be implemented in a six-phase PMSM rotor rotating frame through the use of Clarke and Park transformation matrices, which are commonly used in three-phase systems. The effect is consistent with the VSD matrix, where the fundamental, 11th, and 13th current harmonics can be allocated in the CM, while the 5th and 7th current harmonics can be allocated in the DM. The use of the Clarke transformation matrix also preserves dual electrical angles   θ a   and   θ x  , allowing it to be converted into a dual motor drive, thus increasing the flexibility of the six-phase motor drive.



In the CM and DM, BEMFHFC uses the fixed 5th, 7th, 11th, and 13th harmonic parameters to compensate for BEMFH, where the HSRFCC regulates the current harmonics caused by nonlinearity of motor inductances and drive output under load variation. Combining BEMFHFC and HSRFCC can significantly improve the THD by suppressing the fifth and seventh current harmonics. The 11th and 13th current harmonics are much smaller than the 5th and 7th current harmonics and can be neglected, thus eliminating the need for 11th and 13th harmonic HSRFCC and greatly simplifying the design. By implementing BEMFHFC and HSRFCC in the rotor rotating frame, only 6 times and 12 times electrical angles are used, preserving the perfect symmetry and reducing the complexity.



The test results show that the fifth and seventh current harmonics can be greatly suppressed. However, the third current harmonic is larger than the fifth and seventh current harmonics due to the motor’s imperfections. The suppression of the third current harmonics will be the focus of our next study.
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The following abbreviations are used in this manuscript:



	BEMFH
	Back electromotive force harmonic



	HSRF
	Harmonic synchronous rotating frame



	RDC
	Resolver-to-digital converter



	PWM
	Pulse width modulation



	ADC
	Analog-to-digital converter



	THD
	Total harmonic distortion



	PMSM
	Permanent magnet synchronous motor
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Table A1. Motor specifications and controller parameters.
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	Parameter
	Value





	DC link voltage (V)
	600



	Rated Speed (rpm)
	1200



	Poles   N p  
	12



	Phase resistance   R s   (m Ω )
	23.14



	d-axis self inductance   L d   ( μ H)
	309.9



	q-axis self inductance   L q   ( μ H)
	743.2



	d-axis mutual inductance   M d   ( μ H)
	260.3



	q-axis mutual inductance   M q   ( μ H)
	706.1



	Flux linkage      λ  ′   m   (Wb)
	0.313



	5th BEMFH (Magnitude: %Fundamental/Phase angle: °)
	2.17%/174.7°



	7th BEMFH (Magnitude: %Fundamental/Phase angle: °)
	1.92%/2.5°



	11th BEMFH (Magnitude: %Fundamental/Phase angle: °)
	0.69%/−15.4°



	13th BEMFH (Magnitude: %Fundamental/Phase angle: °)
	0.45%/175.1°



	Fundamental frequency current controller bandwidth (rad/s)
	2000
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Figure 1. The dq-axis in the rotor rotating frame and the   α β a  -axis,   α β x  -axis, abc-axis and xyz-axis in the stationary frame of the six-phase PMSM. 
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Figure 2. The control block diagram of the CM and DM current controllers, including the fifth and seventh HSRFCC and BEMFHFC: (a) the main block diagram; (b) expansion of HSRFCC; (c) flow chart. 
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Figure 3. The test platform: (a) the dynamometer, six−phase drive, and six−phase PMSM; (b) inside of the six−phase drive; (c) electrical diagram of the drive, laptop, DC power supply, and dynamometer. 
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Figure 4. The comparison of measured and simulated phase currents    i ^  a  ,    i ^  b  ,    i ^  x   and    i ^  y   before using BEMFHFC and HSRFCC: (a) simulated phase currents; (b) measured phase currents. 
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Figure 5. The comparison of measured and simulated phase currents    i ^  a  ,    i ^  b  ,    i ^  x   and    i ^  y   after using BEMFHFC and HSRFCC: (a) simulated phase currents; (b) measured phase currents. 
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Figure 6. The harmonic spectrum and THD of measured phase currents    i ^  a  ,    i ^  b  ,    i ^  x   and    i ^  y   after using space BEMFHFC and HSRFCC: (a)    i ^  a  ; (b)    i ^  b  ; (c)    i ^  x  ; (d)    i ^  y  . 
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Table 1. The THD of    i ^  a   before and after the use of BEMFHFC and HSRFCC at a variety of speeds.
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	Use of BEMFHFC and HSRFCC
	150 rpm
	600 rpm
	900 rpm
	1200 rpm





	before
	4.32%
	19.55%
	26.44%
	31.71%



	after
	1.31%
	3.56%
	4.27%
	4.84%










 





Table 2. The THD, 5th, 7th, 11th, and 13th current harmonics of    i ^  a   before and after the use of BEMFHFC and HSRFCC at a speed of 1200 rpm.
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Use of BEMFHFC and HSRFCC

	
THD (%)

	
Current Harmonics (%)




	
5th

	
7th

	
11th

	
13th






	
before

	
31.71

	
29.98

	
9.72

	
0.69

	
0.7




	
after

	
4.84

	
2.74

	
1.21

	
0.12

	
0.33
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