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Abstract

:

High-speed permanent magnet motors (HSPMMs) have received attention in direct drive systems from the industry. Modular multilevel converters (MMCs) have become the most practical solution for HSPMMs in industrial applications due to the advantages of their highly modular structure, high-quality output and high reliability. In this article, the symmetrical discrete-time model of the MMC for the HSPMM drive is presented. Based on this symmetrical discrete-time model, the discrete-time current regulator has been designed. Moreover, the submodel (SM) capacitor energy balance models for MMC have been described, and the energy balance control scheme is introduced. Finally, the simulation and experimental results show that the presented discrete-time current regulator has a strong dynamic response at high speed (15 kr/min), and the SM capacitor voltage balance control is also achieved. Compared with the conventional PI current controller, the proposed discrete-time current regulator improves the current loop dynamic performance at high-speed, and the energy balance control scheme can ensure the SM capacitor voltage balance of the MMC.
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1. Introduction


With the development of permanent magnet direct drive systems, high-speed permanent magnet motors (HSPMMs) have attracted widespread attention from the industry due to their features such as small size, high power density and free-gearbox operation [1]. HSPMMs are typically used in industrial direct-drive applications, including high-speed blowers, high-speed pumps, flywheel energy storage, and gas generators, etc. [2].



However, HSPMMs are generally driven by three-phase symmetrical full-bridge two-level voltage source inverters (VSIs) which have obvious disadvantages, such as the pulse width modulation (PWM), which causes serious current pulsation. The winding inductance of the HSPMM is generally small, and pulse voltage output from the inverter causes serious current pulsation on the winding. The pulsating current generates additional eddy current losses in the rotor sheath and permanent magnets. Since it is difficult to dissipate heat from the rotor, the additional loss will cause the temperature of the permanent magnets to rise, resulting in the risk of demagnetization [3,4]. Moreover, VSI has high dV/dt, due to the switching of the IGBTs which is not ideal, combined with the stray parameters of the wires and motor windings, the voltage applied to the motor windings has high voltage spikes. Such voltage peaks can easily cause partial discharge and insulation aging of the motor windings, which can lead to serious turn-to-turn short circuits, causing damage to the motor and preventing it from working properly [5,6].



To solve these disadvantages, researches have conducted numerous studies. For instance, the wide bandgap (WBG) devices can reduce the switching losses and increase the switching frequency by tens of times to over 100 kHz, such as SiC and GaN [7,8,9]. But the extremely high switching frequency of WBG devices can cause more severe dV/dt; in addition, the cost of using the WBG devices is still very high and not conducive to use in industrial applications [10].



Another method is to use a sinusoidal filter, such as   L C   or   L C L   filter [11,12,13]. The sinusoidal filter can filter out the high-frequency component of the PWM voltage pulses so that the terminal voltage of the motor is sinusoidal, thus eliminating current pulsations and higher dV/dt in the windings [14]. However, the output sinusoidal filter increases the order of the mathematical model of the motor drive system, which makes the control of the motor complicated. Moreover, the sinusoidal filters used in the industrial high-power applications were not considered.



Eventually, multilevel converters have become a more suitable choice for high-power HSPMMs in industrial applications [15], particularly, the modular multilevel converter (MMC) [16]. Compared with other multilevel converters, the MMC presents several features. Firstly, it has a highly modular structure, eliminating the need for multiple isolated DC power supplies and transformers. Secondly, it realizes the high-voltage and high switching frequency multilevel outputs with low-voltage switching devices, which reducing the switching losses. Finally, it also has a common DC bus, which is highly reliable and covers a wide range of power levels [17,18,19].



Presently, many researchers are making considerable efforts to work on the control methods and performance of the MMC. Most of the work is focused on the submodule (SM) capacitor voltage balance of the MMC [17,18,20,21,22,23,24,25,26,27,28]. Li et al. [20] and Dekka et al. [21] proposed an improved MMC topology and submodule topology, respectively, which improves the sub-module capacitance-voltage balancing performance, but increases the complexity of the system and reduces the reliability. Kolluri et al. [22] introduced a frequency adaptive control method based on two-space repetitive control to suppress the second harmonic in the SM capacitor voltage, but does not take into account the starting conditions of the motor. Samajdar and Bhattacharya [23] described a generalized sub-module capacitor energy modification control method, which avoids quantities look-up table calculations during operation. A back-to-back MMC used for motor drives can operate at full speed range, but the back-to-back MMC needs a large number of components, which is several times that of the conventional MMC for motor drive systems [24]. Picas et al. [17] presented the discontinuous modulation technique to reduce the capacitor voltage ripples for the MMC in the motor drive application. Zhao et al. [25] discussed a new coordinated strategy to reduce the average SM capacitor voltage in low-frequency occasions. The SM capacitor voltage ripple estimation and optimal sizing for MMC was studied in [18], which is suitable for variable-speed drive. Nevertheless, from [18,19,20,21,22,23,24], the operation frequencies are all below 100 Hz; these prior works are suitable for low frequency conditions, and do not take into account high-speed operating conditions with a speed above 10 kr/min. Pan et al. [26] developed a SiC-based MMC prototype for high-speed drive, and then, Pan et al. [27] presented a new integrated control method for the high-speed MMC drive, where the motor speed reached 15 kr/min. But Pan et al. [26] and Pan et al. [27] used nearest level modulation (NLM), which is not designed for carrier phase shifting (CPS) modulation. Xia et al. [28] proposed a novel energy balance control method for the motor drive in low-speed and high-speed occasions, respectively. The method is based on the circulating current injection in low-speed region, and the motor speed also reached up to 15 kr/min. But [27,28] adopted the traditional PI current regulator, and did not take into account the degradation of the current loop at high speeds.



To overcome the mentioned disadvantages, the discrete-time current control method for the MMC in the HSPMM drive application is proposed, which replaces the traditional discrete PI current controller and solves the degradation of current loop dynamic control performance at high frequency. At the same time, the energy balance of the capacitor is considered. The main contributions of this study are listed as follows.



	(1)

	
The symmetrical discrete-time model of the MMC for a HSPMM drive is established. Compared with the traditional discrete PI current controller, the proposed discrete-time current regulator can achieve significant dynamic performance at high speed regions.




	(2)

	
The energy balance model for MMC is illustrated, the design of energy balance controller is introduced.




	(3)

	
The proposed methods are realized and verified during the dynamic and steady states, and the motor speed reached up to 15 kr/min.







The rest of this article is organized as follows. The MMC topology and circuit architecture are introduced in Section 2. Section 3 describes the discrete-time model of MMC, and proposes the discrete-time current control method. Section 4 presents the energy balance model and controller design of the MMC. Simulation results are shown in Section 5, and experimental results are shown in Section 6. Finally, Section 7 draws the conclusions.




2. MMC Topology and Circuit Architecture


Firstly, the MMC topology is introduced in this section. Then, the circuit architecture is presented.



2.1. MMC Topology Structure


The symmetrical topology structure of the MMC for the high-speed permanent magnet motor is depicted in Figure 1. The MMC consists of symmetrical positive and negative bridge arms; each positive and negative bridge arm contains n identical SM and a series connected bridge arm inductor L. Each SM has a half-bridge structure including a floating DC capacitor C and two fully controlled power devices with anti-parallel diodes. The symmetrical bridge arm inductor L acts as a filter to reduce the high frequency component of the bridge arm current and as a current limiter for the short-circuit current.




2.2. Circuit Structure


The three-phase symmetrical equivalent circuit of the MMC for the HSPMM drive application is demonstrated in Figure 2.   v  d c    is defined as the DC bus voltage  ,  v  p j     (  j = a , b , c  ) is the positive bridge arm voltage,   v  n j    (  j = a , b , c  ) is the negative bridge arm voltage.   i  p j    is the positive bridge arm current, and   i  n j    (  j = a , b , c  ) is negative bridge arm current. L is the bridge arm inductance.   i j   (  j = a , b , c  ) are the three-phase AC output currents.   L s   and   R s   are the motor stator inductance and resistance, respectively. The back EMFs of the motor are   e j   (  j = a , b , c  ).



According to Kirchhoff’s law, the voltage follows that:


      v  d c      =  v  p j   +  v  n j   + L   d (  i  p j   +  i  n j   )   d t         v j     =   v  d c   2  −  (    v  p j   −  v  n j    2  )  −  L 2    d (  i  p j   −  i  n j   )   d t         v j     =  R s   i j  +  L s    d  i j    d t   +  e j       



(1)




where   v j   is defined as the bridge arm output voltage:


     v j     =  1 2   (  v  n j   −  v  p j   )      



(2)







Therefore, the bridge arm voltage and current can be demonstrated as


      v  p j      =   v  d c   2  − L   d  i  p j     d t   −  L s    d  i j    d t   −  R s   i j  −  e j        v  n j      =   v  d c   2  − L   d  i  n j     d t   +  L s    d  i j    d t   +  R s   i j  +  e j       



(3)







According to (2) and (3), the bridge arm voltage and current equations can be abbreviated as:


     v j     =  e j  +  (  L 2  +  L s  )    d  i j    d t   +  R s   i j      



(4)







Define    L  e q   =  L 2  +  L s   , where   L  e q    is the equivalent inductance. Thus, (4) can be given as


     v j     =  e j  +  L  e q     d  i j    d t   +  R s   i j      



(5)




the three-phase voltages are symmetrical.





3. Discrete-Time Current Control Scheme


At first, the discrete-time model is illustrated in this section. Then, the conventional PI current regulator is analyzed. Finally, the discrete-time current regulator is designed.



3.1. Discrete-Time Model


By transforming (5) into   d q   coordinates, the continuous-time domain state space equation of the bridge arm voltage and current under   d q   coordinates are obtained as follows:


           d  i d    d t         d  i q    d t       =      −   R s   L  e q        ω e       −  ω e      −   R s   L  e q              i d       i q      +      1  L  e q      0     0    1  L  e q              v d  −  e d          v q  −  e q           



(6)




where,   ω e   is the electrical angular velocity of the MMC.



It is well known that the continuous-time state space equation is defined as


      x ˙   ( t )      = Ax ( t ) + Bu ( t )     



(7)







The state space equations of linear fixed-step discrete-time systems can be derived to obtain


     x [ ( k + 1 ) T ]     = G ( T ) x ( k T ) + H ( T ) u ( k T )     



(8)




where, T is sampling period,   G ( T )   and   H ( T )   are presented as follows:


     G ( T )     =  e  A T       



(9)






     H ( T )     =  ∫ 0 T   e  A T   B d t     



(10)







Thus, the discrete-time voltage and current model of (6) can be described as


           i d   [  ( k + 1 )  T ]         i q   [  ( k + 1 )  T ]       = G  ( T )        i d   ( k T )         i q   ( k T )       + H  ( T )        v d   ( k T )  −  e d   ( k T )         v q   ( k T )  −  e q   ( k T )           



(11)







According to (9) and (10),


     G  ( T )  =       e  −   R s   L  e q    T   c o s  (  ω e  T )       e  −   R s   L  e q    T   s i n  (  ω e  T )        −  e  −   R s   L  e q    T   s i n  (  ω e  T )       e  −   R s   L  e q    T   c o s  (  ω e  T )           



(12)






     H  ( T )  =      σ 1     −  σ 2        σ 2     σ 1          



(13)




where,


      σ 1     =    ω e   L  e q   D s i n  (  ω e  T )  −  R s  D c o s  (  ω e  T )  +  R s     ω e 2   L  e q  2  +  R s 2          σ 2     =    ω e   L  e q   D c o s  (  ω e  T )  +  R s  D s i n  (  ω e  T )  −  w e   L  e q      ω e 2   L  e q  2  +  R s 2         



(14)




where,


     D =  e  −   R s   L  e q    T       



(15)







Similarly, define    f  α β   =  f α  + j ·  f β   , the back EMF under   α β   coordinate is given by


      d  d t        i  α β        e  α β       =      −   R s   L  e q        −  L  e q        0    − j  ω e            i  α β        e  α β       +      1  L  e q      0     0   0          v  α β       0         



(16)







Therefore, the discrete-time back EMF model in   d q   rotating reference frame could be given by:


       e d   ( k )      =    ω e   L  e q   cos  (  ω e  T )  − D  ω e   L  e q   −  R s  sin  (  ω e  T )     R s 2  +  ω e 2   L  e q  2    F        e q   ( k )      =    R s  cos  (  ω e  T )  − D  R s  −  ω e   L  e q   sin  (  ω e  T )     R s 2  +  ω e 2   L  e q  2    F      



(17)




where,


     F =   R s   1 −  e  −   R s   L  e q    T      ω e   ψ  p m       



(18)








3.2. Conventional PI Method


According to [29], the closed-loop transfer function of the conventional PI current regulator in complex plane is derived as follows:


      G  l o o p    ( z )  =   1 −  e  − (  R s  /  L  e q   ) T      R s  · z ·  e  j  ω e  T   ·  ( z ·  e  j  ω e  T   −  e  − (  R s  /  L  e q   ) T   )    ·  (  k p  +    k i  T   z − 1   ·   z + 1  2  )      



(19)




where,   k p   and   k i   are proportional and integral coefficients of the PI controller, respectively.



The complex planepole-zero map of the closed-loop transfer function with the variation in the running frequency from 0 to 600 Hz is demonstrated in Figure 3. It can be observed that with the increase in the electric frequency, the pole of the current regulator gradually moves upward to the circle and finally outside the unit circle in the right plane, the current loop loses its stability. Therefore, when the fundamental frequency of the system is over 400 Hz, the performance of the conventional PI controller is very poor, and even the closed-loop system oscillates and is unstable. Therefore, when the frequency is high, the conventional PI controller is not suitable for MMC drive systems, and a novel discrete-time current regulator should be designed.




3.3. Controller Design of Discrete-Time Current


The output current should be satisfied as follows:


           i d *  −  i d   [  ( k + 1 )  T ]         i q *  −  i q   [  ( k + 1 )  T ]       =  K c        i d *  −  i d   ( k T )         i q *  −  i q   ( k T )           



(20)




where,   i d *   and   i q *   are reference current in   d q   rotating reference frame, and   K c   is defined as the scale factor.



Therefore, the transfer function of (20) under z-domain is given by


        I d   ( z )     I d *   ( z )    =   1 −  K c    z −  K c        



(21)







For the purpose of keeping the stability of the discrete-time control system and to obtain a fast dynamic response, The scale factor   K c   should be set properly. In order to keep the pole location in the unit circle of complex plane, the   K c   should vary from 0.2 to 0.4.



According to (11), the discrete-time model is demonstrated as follows:


              v d   ( k T )         v q   ( k T )       = H   ( T )   − 1          i d   [  ( k + 1 )  T ]         i q   [  ( k + 1 )  T ]       − G  ( T )        i d   ( k T )         i q   ( k T )                      +       e d   ( k T )         e q   ( k T )           



(22)







Substituting (20) into (22), the discrete-time model at   ( k + 1 ) T   is given by


              v d   [  ( k + 1 )  T ]         v q   [  ( k + 1 )  T ]       = H   ( T )   − 1    − G  ( T )        i d   [  ( k + 1 )  T ]         i q   [  ( k + 1 )  T ]                       −   K c        i d *  −  i d   [  ( k + 1 )  T ]         i q *  −  i q   [  ( k + 1 )  T ]       +      i d *       i q *       +       e d   [  ( k + 1 )  T ]         e q   [  ( k + 1 )  T ]           



(23)




where,


     H   ( T )   − 1   =      δ 1     δ 2       −  δ 2      δ 1          



(24)




where,


      δ 1     =   D (  R s  D −  R s  c o s  (  ω e  T )  +  ω e   L  e q   s i n  (  ω e  T )  )   1 − 2 D c o s  (  ω e  T )  +  D 2          δ 2     =   D (  R s  s i n  (  ω e  T )  −  ω e   L  e q   D +  ω e   L  e q   c o s  (  ω e  T )  )   1 − 2 D c o s  (  ω e  T )  +  D 2         



(25)







Finally, the proposed control scheme of MMC is depicted in Figure 4.





4. Energy Balance Control of the MMC


As mentioned in Section 1, the SM capacitor of the MMC has the problem of large voltage ripple in motor drives. Therefore, the energy balance models are established firstly in this section. Then, the design of energy balance controller is introduced.



4.1. Energy Model Analysis


Define


      v  j E Q      =    v  n j   −  v  p j    2        v  j C O M      =    v  n j   +  v  p j    2        i  j C O M      =  i  p j   +  i  n j        



(26)




where   v  j E Q   (  j = a , b , c  ) is the equivalent bridge arm output voltage,   v  j C O M   (  j = a , b , c  ) is the common voltage of the MMC, and   i  j C O M   (  j = a , b , c  ) is defined as the circulating current.



Hence, Equations (1) and (5) can be rewritten as


      v  j E Q      =  R s   i j  +  L  e q     d  i j    d t   +  e j  −   v  D C   2        v  D C      = 2  v  j C O M   + L   d  i  j C O M     d t        



(27)








4.2. SM Capacitor Energy Model


The SM capacitor voltage is presented as


      C   d  v  C p j m     d t       =  i  p j     v  p j m    v  C p j m          C   d  v  C n j m     d t       =  i  n j     v  n j m    v  C n j m         



(28)




where, the SM capacitor voltages of the positive bridge arm is defined as   v  C p j m    (  m = 1 , 2 …  ), and the negative bridge arm voltage of the SM capacitor is defined as   v  C n j m    (  m = 1 , 2 …  ). Hence, the SM capacitor energy change ration is given as


       d  E  C p j     d t      =  i  p j    v  p j          d  E  C n j     d t      =  i  n j    v  n j        



(29)







Substituting (26) into (29), the positive arm and negative arm SM capacitor energy can be expressed as


       d  E  C p j     d t      =  1 2   (  i  j C O M   +  i j  )   (  v  j C O M   −  v  j E Q   )           =  1 2   (  i  j C O M    v  j C O M   +  i j   v  j C O M   −  i  j C O M    v  j E Q   −  i j   v  j E Q   )         d  E  C n j     d t      =  1 2   (  i  j C O M   −  i j  )   (  v  j C O M   +  v  j E Q   )           =  1 2   (  i  j C O M    v  j C O M   −  i j   v  j C O M   +  i  j C O M    v  j E Q   −  i j   v  j E Q   )       



(30)







Define


      E  C j S u m      =  E  C p j   +  E  C n j         E  C j D i f f      =  E  C p j   −  E  C n j        



(31)




where,   E  C j S u m   (  j = a , b , c  ) is the common mode energy, and   E  C j D i f f   (  j = a , b , c  ) is the differential mode energy. Thus, the (31) can be rewritten as


       d  E  C j S u m     d t      =  i  j C O M    v  j C O M   −  i j   v  j E Q          d  E  C j D i f f     d t      =  i j   v  j C O M   −  i  j C O M    v  j E Q        



(32)








4.3. Bridge Arm Energy Model


According to (32), the energy change ration is given as


       ∫  0  T    d  E  C j S u m     d t       =  ∫  0  T    i  j C O M    v  j C O M    d t −  ∫  0  T    i  j C O M    v  j C O M    d t        ∫  0  T    d  E  C j D i f f     d t       =  ∫  0  T    i j   v  j C O M    d t −  ∫  0  T    i  j C O M    v  j E Q    d t      



(33)







Meanwhile, the output current   i j  , the output voltage   v  j E Q   , the circulating current   i  j C O M    and common voltage   v  j C O M    can be defined as follows:


      i j     =  i  A C   sin  (  ω e  t )        v  j E Q      =  v  A C   sin  (  ω e  t + ψ )  +  v  E Q C O M         i  j C O M      =  i  j C O M A C   sin  (  ω e  t +  ψ  c o m   )  +  i  j C O M D C         v  j C O M      =   v  D C   2  −  1 2   ω e  L  i  j C O M A C   cos  (  ω e  t +  ψ  c o m   )       



(34)




where   i  A C    and   v  A C    are the amplitude of the output current and voltage, respectively. And the common mode voltage is defined as   v  E Q C O M   ,  ψ  is the power factor angle,   ψ  c o m    is the power factor angle of common mode voltage.



Combining (33) and (34), the common mode energy change ration can be expressed as


      d  E  C j S u m     d T      =  i  j C O M D C     v  D C   2  −  1 2   i  A C    v  A C   cos  ( ψ )      



(35)







Similarly, the differential mode energy change ration is expressed as


      d  E  C j D i f f     d T      =  1 2   i  j C O M A C    v  A C   sin  (  ψ  c o m   −  ( ψ +  π 2  )  )      



(36)







The waveforms of adjusting the common mode voltage and differential mode voltage are depicted in Figure 5. When   t = 0.02   s,   i  j C O M D C    increases by 5 A, as shown in Figure 5a.   i  j C O M    increases,   v  j C O M    also increases with   i  j C O M   . Therefore, the common mode energy can be controlled by   i  j C O M D C   . When increasing the   i  j C O M A C    at   t = 0.02   s,   i  j C O M    also increases, the   v  j E Q    in the balance gradually deviates from 0, which is shown in Figure 5b. It is illustrated in Figure 5b that the differential mode energy can be adjusted.




4.4. Energy Balance Controller Design


The control scheme of the energy balance control is depicted in Figure 6.



4.4.1. Control Scheme of Bridge Arm Energy


According to the results of Figure 5a, the DC component   i  j C O M D C    of the circulating current   i  j C O M    can control the the common mode energy, therefore, the common mode energy controller is given by:


     i  j C O M D C R E F      =  K  s u m P   C  1  T N    ( 2  v  D C   −  (  v  p j   +  v  n j   )  )  +   2  P j  −    i  A C    2       R s   2  +   ( ω  L  e q   )  2    sin  ( ψ )    v  d c        



(37)




where,   i  j C O M D C R E F    is the reference value of the   i  j C O M D C   ,   K  s u m P    is the gain of common mode energy controller,    P j  =  i  j D C    v  j D C    ,   i  j D C    and   v  j D C    are the DC components of output current and voltage, respectively.



According to the Figure 5b, the differential mode energy can be controlled by   i  j C O M A C   , the controller is presented as


      i  j C O M A C R E F   =  K  D i f f   C   0 − (    v  C p j 1 D C    2  +    v  C p j 2 D C    2  + ⋯ −    v  C n j 1 D C    2  −    v  C n j 2 D C    2  − ⋯ )   T  v  A C         



(38)




where,   i  j C O M A C R E F    is the reference value of the   i  j C O M A C   



Combining (27) and (38), the circulating current is given by


      v  j C O M   =  1 2   v  D C   −  K  I C O M _ P    L 2     i  j C O M R E F   −  i  j C O M    T  −  L 2   ω e   i  j C O M A C   cos  (  ω e  t +  ψ  c o m   )      



(39)








4.4.2. SM Capacitor Energy Control


In terms of (28), the SM capacitor voltage can be divided into


      v  p j m      =   v  p j   N  + Δ  v  p j m         v  n j m      =   v  n j   N  + Δ  v  n j m        



(40)




where, the SM capacitor’s increment value of the positive bridge arm is   Δ  v  p j m     and the SM capacitor’s increment value of the negative bridge arm is   Δ  v  n j m    . For the purpose of keeping the voltage balance of the SM capacitor,    ∑  i = 1  N   v  p j m     and    ∑  i = 1  N   v  n j m     should be guaranteed to be 0.



The SM capacitor balance controller can be given by


       i  p j    v  p j m       =  i  p j    (   v  p j   N  + Δ  v  p j m   )  =   P  p j   N  +  K p   1 2       v  C p j R E F    2  −    v  C p j m    2   T         i  n j    v  n j m       =  i  n j    (   v  n j   N  + Δ  v  n j m   )  =   P  n j   N  +  K p   1 2       v  C n j R E F    2  −    v  C n j m    2   T       



(41)




where,   K p   is the gain of SM capacitor balance controller,    P  p j   / N   and    P  n j   / N   are the average power levels of the SM capacitor.



Assuming the   v  C p , n j m    is around   v  C p , n j R E F   , (41) can be simplified as follows:


     Δ  v  p j m       ≈  K p   1 2    v  C p j R E F    i  p j       v  C p j R E F   −  v  C p j m    T        Δ  v  n j m       ≈  K p   1 2    v  C n j R E F    i  n j       v  C n j R E F   −  v  C n j m    T      



(42)










5. Simulation Analysis


In this section, a three-phase MMC for the HSPMM drive is performed in MATLAB/Simulink to verify the presented control method. The simulation and experimental parameters of the HSPMM and the MMC are drawn in Table 1 and Table 2.



The comparison diagram of MMC three-phase current with different control methods is shown in Figure 7. At this time, the motor speed is 15 kr/min, and the system fundamental frequency reaches 500 Hz. Among them, Figure 7a is the output current of the MMC with the traditional PI discrete controller. The three-phase current of the MMC is unbalanced at high-speed, and there are large fluctuations in the current. The current waveform of the discrete-time current regulator is shown in Figure 7b, the three-phase current is in a steady state and is symmetrical.



The comparative simulation waveforms of the   d q  -axis current of MMC is shown in Figure 8. Figure 8a shows the waveform with a conventional PI discrete controller and Figure 8b shows the waveform with a discrete-time current regulator. Without considering the speed loop, the q-axis reference current jumps from 10 A to 20 A when the motor speed is increased from 10.5 kr/min (350 Hz) to 15 kr/min (500 Hz). From Figure 8, it is easy to observe that the d-axis current deviation of the traditional PI discrete regulator reaches up to 4 A, and the q-axis current overshoots up to 2.5 A with a longer response time. While the d-axis current deviation of the discrete-time current regulator is only about 0.4 A, the q-axis current overshoots are only about 1.1 A. The d-axis current deviation of the proposed discrete-time current regulator is only   10 %   of the conventional PI regulator, and the q-axis current overshoots of the proposed discrete-time current regulator is only   44 %   of the conventional PI regulator. And the response is fast, the q-axis current response of the proposed discrete-time current regulator is only   75 %   of the conventional PI regulator. The above simulation results demonstrate that the discrete-time current regulator is able to track the reference value stably and has good dynamic effect.



Figure 9 describes the a-phase positive bridge arm SM capacitor voltage waveforms with the SM capacitor energy balance control. Firstly, the positive bridge SM capacitor is in a steady state under the SM capacitor energy control. When at 0.1 s, the system shuts down the SM capacitor energy balance control, and the SM capacitor voltage increases rapidly to an unstable state. Then, the system restarts the SM capacitor energy balance controller, the voltage decreases rapidly to about 75 V, and returns to a stable state. The simulation results show that the SM capacitor energy control has an excellent effect.



Figure 10 shows the positive and negative bridge arm SM capacitor voltage simulation waveform of MMC. It can be observed from Figure 10a,b that when the motor is running at a high speed of 15 kr/min (500 Hz), both the positive bridge arm and negative bridge arm SM capacitor voltage are maintained stably at 75 V.




6. Experimental Verifications


To further verify the effectiveness of the proposed control method, the experimental setup is shown in Figure 11. The DC side is powered by a DC source, the AC side HSPMM connected to the generator in a pair-drag mode is driven by the MMC, and finally, the generator is connected to the resister load through a rectifier. The control board utilized the DSP TMS320F28379d to implement the proposed control method. The maximum system clock frequency of TMS320F28379D is 200 MHz. Thus, it is sufficient to solve the optimization problem in one sampling period. The control frequency is set as 10 kHz. Through the MATLAB/Simulink, the Embedded Coder module can easily generate the program code using the C language. Then, the generated C code can directly run in Ti DSP. The variables of the algorithm are able to be recorded on an external RAM and then be transferred to the PC for analysis through the Ethernet module integrated in the control board. The equivalent output switching frequency of MMC equals to   2 n  f s  = 80   kHz due to the carrier based phase-shifted PWM (CPS-PWM) technology being applied, which can boost the output switching frequency of MMC. And the specifications of IGBT half-bridge module is 600 V/200 A. The experimental parameters of the tested MMC for the HSPMM have already been drawn in Table 1 and Table 2.



As shown in Figure 12, the experimental output current waveforms of the MMC with a high-speed permanent magnet motor at 15 kr/min (500 Hz), the experimental results show that with the MMC system using the discrete-time current regulator, the three-phase current of the MMC is stable and symmetrical, and the motor is in the steady state, which further proves the effectiveness of the discrete-time current regulator.



When the q-axis reference current is stepped, the dynamic performance of the experimental waveform diagram of the current controller is shown in Figure 13, and there is no speed loop set in the control system at this time. In Figure 13a, the q-axis reference current steps from 15 A to 18 A in 0.8 s. The rise time of the q-axis current is about 2.8 ms, the overshoot is about 1 A, and the d-axis reference current is 0, and the maximum deviation of the d-axis current is about 0.27 A. Under the action of the q-axis current, the motor gradually rises from 9.6 kr/min (320 Hz) to 12.8 kr/min (420 Hz). Figure 13b shows the experimental waveform of the q-axis reference current from 18 A to 20 A. The rise time of the q-axis current is about 2 ms, the overshoot is about 1.4 A, and the maximum deviation value of the d-axis current is about 0.4 A. The high-speed PM motor rises from 12.8 kr/min (420 Hz) to the rated speed of 15 kr/min (500 Hz). Based on the results of the dynamic performance of the current controller, the effectiveness of the discrete-time current regulator proposed in this paper can be proven. And the current loop controller can quickly track the current change when the reference current is stepped, and has strong dynamic performance. The discrete-time current regulator can quickly adjust the current to the reference value and still has good dynamic characteristics at high frequencies, ensuring that the motor can quickly adjust speed and maintain stability during high-speed operation.



Figure 14 shows the SM capacitor voltage waveform of MMC. When the motor is running at 15 kr/min (500 Hz), it can be observed that both the positive and negative bridge arm SM capacitor voltage are maintained at 75 V stably from Figure 14a,b, and the SM capacitor voltage pulsation is only about 1 V. The experimental results prove that the energy balance control method of MMC achieves significant performance.



Figure 15 shows the bridge arm current of MMC. The bridge arm current running at 15 kr/min 500 Hz contains the DC components and AC components. The three-phase bridge arm current is symmetrical.




7. Conclusions


This article presents a new discrete-time current control method for the MMC in the HSPMM drive application. The symmetrical discrete-time model of the MMC is established. To overcome the poor performance of the conventional PI controller at high frequency, the novel discrete-time current regulator is designed. Then, the energy balance models of MMC are described, the energy balance control scheme which is suitable for MMC-based HSPMM is introduced. The performance of the proposed discrete-time current control method under both dynamic and steady states is validated by the simulation and experiment. The verification results show that the discrete-time current regulator for the MMC achieves significant performance. The d-axis and q-axis current overshoots of the proposed discrete-time current regulator are decreased, and the q-axis current rapidly responds. The experimental maximum motor speed is up to 15 kr/min (500 Hz). Moreover, the energy balance control of the MMC also ensures that the SM capacitor voltages are in balance. The voltage fluctuations were kept small at high frequencies.
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Figure 1. The topology structure of the MMC for HSPMM. 
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Figure 2. Circuit configuration of the MMC for HSPMM. 
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Figure 3. Pole−zero map of the current regulator. 
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Figure 4. The control scheme of MMC. 
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Figure 5. Waveforms of voltage: (a) common mode voltage, and (b) differential mode voltage. 
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Figure 6. Proposed energy balance control scheme. 
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Figure 7. Three-phase current: (a) conventional PI discrete regulator, and (b) discrete-time current regulator. 
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Figure 8.   d q  -axis current: (a) conventional PI regulator, and (b) discrete-time current regulator. 
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Figure 9. Validation the SM capacitor energy balance controller. 
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Figure 10. SM capacitor voltage: (a) simulated positive bridge arm, and (b) simulated negative bridge arm. 
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Figure 11. Experimental setup of the MMC. 
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Figure 12. Output current waveforms of the MMC. 
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Figure 13. Dynamic performance of the current controller: (a) the q-axis reference current steps from 15 A to 18 A, and (b) the q-axis reference current from 18 A to 20 A. 
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Figure 14. SM capacitor voltage: (a) positive, and (b) negative. 
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Figure 15. The bridge arm current of MMC: (a) phase-a, (b) phase-b, and (c) phase-c. 
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Table 1. Simulation and experimental parameters of the HSPMM.
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	Parameter
	Symbol
	Value





	Rated mechanical speed
	n
	15 kr/min



	Pole pairs
	   p n   
	2



	PM flux linkage
	   ψ  p m    
	0.04 Wb



	Rate current
	I
	20 A



	Stator resistance
	   R s   
	0.01385  Ω 



	Stator inductance
	    L d  =  L q    
	0.1256 mH










 





Table 2. Simulation and experimental parameters of the MMC.
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	Parameter
	Symbol
	Value





	Number of SM per arm
	N
	4



	Number of IGBT half bridge
	/
	24



	Submodule capacitance
	C
	4 mF



	DC voltage
	   v  D C    
	300 V



	Bridge arm inductance
	L
	0.1 mH



	Switching frequency
	   f s   
	10 kHz
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