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Abstract

:

When single-phase three-level neutral-point-clamped (NPC) converters operate, there are two main control objectives that need to be met for correct operation. First, the ac source current must be controlled to be sinusoidal. Second, the dc capacitor voltages must be balanced. In original model predictive control (MPC) methods for NPC converters, an optimization process involving an empirical weighting factor design is required to meet both of these objectives simultaneously. This study proposes an MPC approach developed for single-phase three-level NPC converters to meet these objectives using a single reference voltage consisting of a difference-mode term and a common-mode term in each phase. The difference-mode term and the common-mode term are responsible for sinusoidal ac source current synthesis and dc capacitor voltage balancing, respectively. Then, a single cost function compares the adjusted reference voltage with possible voltage candidates to select an optimal switching state, resulting in the smallest cost function value. Different from the conventional MPC method, the proposed approach avoids the selection of weighting factors and the attendance of various control objectives. Thanks to the deterministic approach, the proposed MPC method is straightforward to implement and maintain fast transient performance while guaranteeing the control objectives. Finally, the effectiveness and feasibility of the proposed approach for single-phase three-level NPC are verified through comprehensive experimental results.
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1. Introduction


Recently, single-phase three-level neutral point clamped (NPC) converters have been addressed for various applications, especially in the interface of renewable energy sources and storage system because of its reduced total harmonic distortion (THD), lower device power losses, and lower electromagnetic interference (EMI) compared with two-level converters [1,2,3,4,5,6,7,8]. Three-level NPC converters operated with model predictive control (MPC) methods, aided by fast and inexpensive microprocessors, are currently used to generate sinusoidal voltage and current [9,10,11,12]. Furthermore, NPC converters must maintain the balance of two dc capacitor voltages to avoid deteriorating output performance [13,14,15,16,17,18,19,20,21]. Hence, the two main control objectives that three-level NPC converters need to be met for correct operation are regulated sinusoidal source current and capacitor voltages’ balancing. MPC methods with multiple control objectives, as in the case of three-level NPC converters, commonly employ a cost function using weighting factors that consider proper pertinence and emphasis among control terms. The conventional MPC method determines a weighting factor that is mostly based on empirical procedures, although some research has been comprehensively explored to improve weighting factor selection work [22,23,24,25,26,27]. Therefore, it should be noted that the weighting factor tuning works are not straightforward and practical for implementation. Several studies have been conducted to eliminate the weighting factors of the model predictive control methods [28,29,30]. In [28], the capacitor voltage control part of the MPC method for the T-type converters was eliminated from the cost function. Thus, the corresponding weighting factor can be removed because the cost function only consists of the current control terms. In this algorithm, the capacitor voltage adjustment is obtained by selecting an appropriate small vector and a corresponding switching state to reduce the neutral point (NP) voltage unbalance in advance. Although this method can successfully eliminate the weighting factor, the capacitor voltage balance can be limited in operating regions with high reference voltage magnitude, which does not employ the small vectors. In [29], the MPC method with a three-step control procedure was developed to eliminate weighting factors for the T-type converters. The first step selects N switching states with the smallest errors using a cost function that controls only the capacitor voltage. In the second step, the cost function that controls only real and reactive power terms is used to select K number of switching states that minimize power errors among the N number of switching states. In the last step, the cost function that controls the switching frequency is used to select one of the K switching states to minimize errors. Although the proposed method based on the three cascading processes can implement the model predictive control method without the weighting factor, computational burden and calculation times of this control method can be increased due to the additional repetition steps. In [30], a Lyapunov-based finite control-set MPC was presented to achieve weighting factors’ elimination for the nested neutral- point-clamped converters but the complexity of this control scheme is high.



Based on the deterministic approach and previous work [31,32,33], this paper presents an MPC control scheme using a novel cost function design using only one reference voltage to achieve the multiple control objectives for single-phase three-level NPC converters. The reference voltage is generated by using a difference-mode voltage term and a common-mode term to regulate the source current and capacitor voltages’ balancing, respectively. The difference-mode voltage term for sinusoidal ac current generation forces the ac source current to follow the reference current, which is introduced as a bipolar voltage with a 180° phase difference between its a and b phases, as shown in Figure 1. In addition, the common-mode voltage term for the NP voltage balance is added to both the a and b phases and is calculated from the difference between the periodic samples of the two capacitor voltages. The common-mode voltage term, as proposed in this paper, which modifies the difference-mode reference voltage term to reduce the NP voltage imbalance, provides an inherent capability to obtain the NP voltage balance without weighting factor design. The optimal switching state, which achieves stated control objectives before, is selected by comparing the reference voltage with possible voltage candidates. The proposed MPC method avoids the selection of weighting factors and the attendance of various control objectives, compared with the conventional MPC method. The proposed method is straightforward to implement and maintains fast, transient performance while guaranteeing the control objectives. The precision and practicality of the proposed approach are confirmed by the presented experimental results using a prototype test.




2. Single-Phase NPC Converter Structure and Conventional MPC Approach


A single-phase three-level NPC converter, operating in rectifier mode, is shown in Figure 1. In the ac input side of the converter, a voltage source    v s    provides the source current    i s    through an ac side filter including input inductor    L s    and resistor    R s   . The output dc side is composed of two capacitors C and an output resistor load RL, where    v  c 1     and    v  c 2     indicate the dc capacitor voltages, and    V  d c     represents the output dc side voltage. The input ac side is connected to the output dc side through two legs with eight switching devices and antiparallel diodes. The Insulated Gate Bipolar Transistors (IGBTs) and corresponding switching states in phase a and b are represented by    S  a j     and    S  b j     (j = 1, 2, 3, 4), respectively. The switching states of each phase can be described as


   S x  =  {        1   i f    S  x 1   ,  S  x 2   :   O N       0   i f    S  x 2   ,  S  x 3   :   O N         − 1   i f    S  x 3   ,  S  x 4   :   O N         x = a ,   b ) .  



(1)







In this, the upper and lower switches operate complementarily. The combination of switching states in Equation (1) generates nine different operating states in single-phase NPC operation. The possible switching state, the resulting switching status, the converter input voltage    v  a b    , and corresponding capacitor voltages are shown in Table 1 for these nine states.



The nine operating states can generate the five-level input voltage    v  a b    , which results in redundant operating states. As presented in Table 1, the two redundant states, (1, 0) and (0, −1), for (   S a   ,    S b   ) produce the same converter input voltage level but a different effect on the capacitor voltages. Likewise, the redundant states (0, 1) and (−1, 0) synthesize the same converter input voltage and opposite capacitor voltage behaviors. Hence, these redundant states will be used to control the capacitor voltages,    v  c 1     and    v  c 2    . The currents    i  c 1     and    i  c 2    , in Figure 1, are described by the operating status and the source current    i s    in Equations (2) and (3), respectively. Therefore, these currents are acquired without other measurements [28].


   i  c 1   =    S a   (   S a  + 1  )  −  S b   (   S b  + 1  )   2   i s   



(2)






   i  c 2   = −    S a   (   S a  − 1  )  −  S b   (   S b  − 1  )   2   i s   



(3)







The dynamics of capacitor voltage in dc link are expressed as follows:


    d  v  c x     d t   =  1 C   i  c x      (  x = 1 ,   2  )   



(4)







Using a constant sampling period Ts, the capacitor voltage dynamics in the discrete-time domain is describe as


    d  v  c x     d t   ≈    v  c x    (  k + 1  )  −  v  c x    ( k )     T s       (  x = 1 ,   2  )   



(5)




where    v  c x    ( k )    and    v  c x    (  k + 1  )    represent the capacitor voltages at kth and (k + 1)th instant, respectively. Using Equation (5), the Equation (4) is described in the discrete-time domain as:


   v  c x    (  k + 1  )  =  v  c x    ( k )  +    T s   C   i  c x    ( k )     (  x = 1 ,   2  )   



(6)







Additionally, capacitor voltage variations during one sampling period,   Δ  v  c x    ( k )  =  v  c x    (  k + 1  )  −  v  c x    ( k )   , from Equations (2), (3) and (6), is determined by the switching states, Sa and Sb, and the source current. The variance among the upper capacitor voltage and the lower capacitor voltage at the kth instant is described as:


   v  c  (  g a p  )     ( k )  =  v  c 1    ( k )  −  v  c 2    ( k )  .  



(7)







Furthermore, the difference between the two capacitor voltages in each sampling instant,   Δ  v  c  (  g a p  )     ( k )  ,   can be deduced using Equations (2), (3) and (6) as:


  Δ  v  c  (  g a p  )     ( k )  = Δ  v  c 1    ( k )  − Δ  v  c 2    ( k )    =    T s   C   (   S a 2  −  S b 2   )   i s   ( k )  .  



(8)







The ac source current of the converter is obtained as follows:


   v s  =  R s   i s  +  L s    d  i s    d t   +  v  a b   .  



(9)







The source current dynamic is deduced in the discrete-time domain as follows:


   i s   (  k + 1  )  =  (  1 −    R s   T s     L s     )   i s   ( k )    +    T s     L s      (   v s   ( k )  −  v  a b    ( k )   )  .   



(10)







The predicted source current in Equation (10) can be changed following five possible values of the converter input voltage. Therefore, from Equations (7) and (8), the capacitor voltage balancing task can be carried out by adjusting the switching states    S a   ( k )    and    S b   ( k )   , whereas the source current is regulated by varying the input voltage,    v  a b    ( k )   , as in Equation (10). Hence, the cost function, including the source current control term and the capacitor voltage balancing term, is obtained as


  g =  |   i s *   (  k + 1  )  −  i s   (  k + 1  )   |  +  λ c   |   v  c 1    (  k + 1  )  −  v  c 2    (  k + 1  )   |   



(11)




where    λ c    is a weighting factor to assign relative emphasis on the capacitor voltage balancing percentage. Besides, the predicted ac source reference current can be deduced from using the Lagrange extrapolation as


   i s *   (  k + 1  )  = 3  i s *   ( k )  − 3  i s *   (  k − 1  )  +  i s *   (  k − 2  )   



(12)




where    i s *   ( k )    is the current at the sampling instant  k  and    i s *   (  k − 1  )    and    i s *   (  k − 2  )    are the past current values at the sampling instants   k − 1   and   k − 2  , respectively. In addition, a delay compensation technique to alleviate the adverse effects of inevitable calculation delay needs a one-step further prediction of the ac source current and the future ac source reference current [34,35]. If Equations (6), (10) and (12) are shifted by one step forward, the future capacitor voltages, ac source current, and reference current at the (k + 2)th instant are obtained as:


   v  c x    (  k + 2  )  =  v  c x    (  k + 1  )  +    T s   C   i  c x    (  k + 1  )   (  x = 1 ,   2  )  ,  



(13)






   i s   (  k + 2  )  =  (  1 −    R s   T s     L s     )   i s   (  k + 1  )  +    T s     L s      (   v s   (  k + 1  )  −  (  k + 1  )   )  ,   



(14)




and


   i s *   (  k + 2  )  = 3  i s *   (  k + 1  )  − 3  i s *   ( k )  +  i s *   (  k − 1  )  .  



(15)







Likewise, by shifting Equation (11) by one step forward, the cost function for the delay compensation technique at the (k + 2)th instant is obtained as:


  g =  |   i s *   (  k + 2  )  −  i s   (  k + 2  )   |  +  λ c   |   v  c 1    (  k + 2  )  −  v  c 2    (  k + 2  )   |  .  



(16)








3. Proposed MPC Method


Since the purpose of the proposed method is to control two objectives using MPC with a single reference voltage and a cost function based on voltage instead of the current-based cost function in Equation (11), the reference voltage for source current regulation and capacitor voltages’ balancing should be derived. This paper developed the reference voltage as the sum of two voltage terms: the difference-mode reference voltage and the common-mode reference voltage. These reference voltages are for ac source current control and dc capacitor voltages’ balancing, respectively.



3.1. Difference-Mode Voltage Term for AC Source Current Generation


Replacing the one-step predicted source currents in Equation (10) with the one-step predicted current references,    i s *   (  k + 1  )   , and using the converter voltage reference    v  a b  *   ( k )   , the Equation (10) can be given as in [34,35]:


   v  a b  *   ( k )  =  v s   ( k )  −  R s   i s   ( k )  −    L s   (   i s *   (  k + 1  )  −  i s   ( k )   )     T s     



(17)







The a- and b-phase reference voltages,    v  d i f f  a    and    v  d i f f  b   , should be satisfied with the following relationship [13,36,37,38,39]:


   v  a b  *   ( k )  =  v  d i f f  a   ( k )  −  v  d i f f  b   ( k )  = 2  v  d i f f  a   ( k )  .  



(18)







Thus, the a-phase reference voltage can be deduced from Equations (17) and (18) as:


   v  d i f f  a   ( k )  = 0.5  [   v s   ( k )  −  R s   i s   ( k )  −      L s   (   i s *   (  k + 1  )  −  i s   ( k )   )     T s     ]  .  



(19)







By shifting Equation (19) one step forward for delay compensation [34,35], the a-phase reference voltage at k + 1 sampling instant, which can force the source current to follow the reference current, can be written as:


   v  d i f f  a   (  k + 1  )  = 0.5  [   v s   (  k + 1  )  −  R s   i s   (  k + 1  )  −      L s   (   i s *   (  k + 2  )  −  i s   (  k + 1  )   )     T s     ]  .  



(20)







The resulting cost function can be described in Equation (21) with the reference voltage and actual voltage in each phase.


   g  p r o   =  |   v  d i f f  a   (  k + 1  )  −  v a   (  k + 1  )   |  +  |   v  d i f f  b   (  k + 1  )  −  v b   (  k + 1  )   |   



(21)




where    v a   (  k + 1  )    and    v b   (  k + 1  )    denote the a-phase and b-phase voltages of the converter at the (k + 1)th step with respect to the neutral point “o”. The voltage-based cost function in Equation (21) compares reference voltages with the possible voltage candidates. Although there are two control objectives in Equation (21), the two terms are for the a-phase and b-phase voltage control in the converter, which always has the same weighting. As a result, the two terms do not use the weighting factor. The phase voltages of the converter,    v a   (  k + 1  )    and    v b   (  k + 1  )  ,   can take the values in Equation (22):


   v x   (  k + 1  )  =  {         V  d c    2     (   S  x 1   ,  S  x 2   = 1  )          0    (   S  x 2   ,  S  x 3   = 1  )        −    V  d c    2    (  S  x 3   ,  S  x 4   = 1 )       ( x = a ,   b )    



(22)







It can be seen that the optimal switching state in the voltage-based cost function of Equation (21) is determined from the reference voltage because the MPC method selects a switching state resulting in the minimum cost function. For instance, if the a-phase reference voltage,    v  d i f f  a   , is higher than    V  d c   / 4   and lower than    V  d c   / 2  , as in Figure 2, the a-phase switching state Sa becomes one as seen from Equations (22) and (23). Because the two reference voltages    v  d i f f  a    and    v  d i f f  b    have the same magnitude with opposite polarities, there are four possible cases depending on the reference voltage positions, as shown in Figure 2.



Thus, an optimal switching state in each phase, calculated by the cost function in Equation (21), can be determined as a function of the difference-mode reference voltage by:


   S i  =  {      1    (     V  d c    4  ≤  v  d i f f  i  ≤    V  d c    2   )        0    (  −    V  d c    4  <  v  d i f f  i  <    V  d c    4   )        − 1    (  −    V  d c    2  ≤  v  d i f f  i  ≤ −    V  d c    4   )         (  i = a ,   b  )  .  



(23)







It can be seen from Equation (23) that the reference voltage positions in Figure 2a–d result in (1, −1), (0, 0), (0, 0), and (−1, 1) as the optimal operating states, respectively. The switching states determined by the difference-mode reference voltage can lead only to the three operating states, (1, −1), (0, 0), and (−1, 1), none of which can contribute NP voltage balancing because they force both the capacitor voltages to rise or fall together as shown in Table 1. As a result, in cases that capacitor voltages deviate from the nominal value, resulting in NP voltage unbalance, the MPC approach cannot minimize the differences between two capacitor voltages. Furthermore, it can be noted that only three-level line-to-line voltages with ±   V  d c     and zero can be produced by the difference-mode reference voltages term. In this paper, a common-mode voltage term will be considered to add to the reference voltage in order to carry the capacitor voltages’ balancing task. In the next section, a common-mode voltage to regulate the NP voltage balance is added to the difference-mode voltage, which is for sinusoidal source current generation.




3.2. Common-Mode Voltage Term for Capacitor Voltage Balancing


For NP voltage balancing, the four switching states with redundancy in Table 1 need to be selected. As a result, the proposed method includes a common-mode reference voltage, which allows the reference voltage to select redundant switching states for NP voltage balancing. In the proposed MPC method, the reference voltage is defined by adding the difference-mode voltage term and the common-mode term as in:


   v  r e f  a   (  k + 1  )  =    v  d i f f  a   (  k + 1  )  +  v  c o m m    (  k + 1  )   



(24)






   v  r e f  b   (  k + 1  )  =    v  d i f f  b   (  k + 1  )  +  v  c o m m    (  k + 1  )  .  



(25)







The difference-mode voltage terms in the reference voltages deal with sinusoidal source current generation, whereas the common-mode voltage term employs the NP voltage balancing. Figure 3 shows that the reference voltages added by the positive common-mode voltage can change the positions of the difference-mode reference voltages shown in Figure 2. For example, Figure 3a illustrates that the difference-mode reference voltages,    v  d i f f  a   (  k + 1  )    and    v  d i f f  b   (  k + 1  )   , were placed just like Figure 2a. By adding the positive common-mode voltage, the reference voltages will be increased, as presented in Figure 3a. Changing the position of the reference voltages can make the operating state become (1, 0), as known from Equation (23), which corresponds to the redundant switching state for NP voltage balance control. Note that the switching state in Figure 3a can remain in (1, −1) after adding the common-mode voltage term    v  c o m m    (  k + 1  )    if the magnitude of the positive common-mode voltage is small. Likewise, Figure 3c,d shows that the reference voltages with a positive common-mode voltage can result in the operating state (0, 1), which is also a redundant switching state for NP voltage balancing. Similarly, it is seen from Figure 4 that adding a negative common-mode voltage can result in NP voltage balancing states.



Because it is confirmed that the addition of the common-mode voltages to the difference-mode voltages can balance NP voltages, it is necessary to determine the polarity and the magnitude of the common-mode voltage. To ensure stable NP voltage balancing, the Lyapunov theory is employed as


    d V   d t   ≤ 0 ,   V ≥ 0  



(26)




where  V  =    v  c  (  g a p  )   2   . The difference between the upper and lower capacitor voltages should satisfy the following for NP voltage balance:


  2  v  c  (  g a p  )      d  v  c  (  g a p  )      d t   ≤ 0 .  



(27)







Equation (27) can be expressed in the discrete-time domain as:


   v  c  (  g a p  )     ( k )    Δ  v  c  (  g a p  )     ( k )     T s    ≤ 0 .  



(28)







Using Equation (8), Equation (28) is written as


   v  c  (  g a p  )     ( k )     i s   ( k )   C   S  p o l y   ≤ 0  



(29)




where    S  p o l y   =  S a 2  −  S b 2   . Thus, one can obtain the voltage polarity between the upper and lower capacitors, the source current, and the switching states, which should be satisfied for stable NP voltage balancing operation, as in


  s g n  (   v  c  (  g a p  )     ( k )     i s  ( k  )   S  p o l y    )  ≤ 0  



(30)




where sgn(.) is a function to output the polarity of an input variable. From Figure 3 and Figure 4, it can be seen that the polarity of the difference-mode reference voltage, the polarity of the common-mode voltage, and the switching states are related. They are summarized in Table 2.



On the basis of Table 2, one can obtain


  s g n  (   S  p o l y    )  = s g n  (   v  d i f f  a   v  c o m m    )  .  



(31)







Using Equations (30) and (31), the polarity of the common-mode voltage can be derived as a function of the sign of the capacitor voltage difference, the source current, and the a-phase difference-mode reference voltage as:


  s g n  (   v  c o m m    (  k + 1  )   )  = − s g n  (   v  c  (  g a p  )     ( k )     i s  ( k  )   v  d i f f  a   (  k + 1  )   )  .  



(32)







The amplitude of the common-mode voltage, because the phase voltage of the converter should be confined by the dc-link voltage, is determined as:


  −    V  d c    2  ≤    v  r e f  a   (  k + 1  )  +  v  c o m m    (  k + 1  )  ≤    V  d c    2  .  



(33)







In this paper, the magnitude of the common-mode voltage is, for fast NP voltage balancing operation, determined as:


   |   v  c o m m    (  k + 1  )   |  =    V  d c    2  −  |   v  r e f  a   (  k + 1  )   |  .  



(34)







The common-mode voltage, which should be added to decrease the difference between the two capacitor voltages at the next step, is summarized in Table 3. The proposed method developed for the single-phase NPC converters can be applied to the three-phase NPC converters and other multilevel converters by modifying the common-mode voltages for appropriate converter structures. Figure 5 shows the overall structure of the proposed MPC method. The difference-mode reference voltages,    v  d i f f  a   (  k + 1  )    and    v  d i f f  b   (  k + 1  )   , are in charge of controlling the source current and, thus, the actual source current can track the reference current. The common-mode voltage,    v  c o m m    (  k + 1  )   , calculated by the voltage difference between the two capacitors, drives the NP voltage balance. As a result, the reference voltages,    v  r e f  a   (  k + 1  )    and    v  r e f  b   (  k + 1  )   , can balance the two capacitor voltages as well as generate a five-level converter voltage waveform for source current control by simply combining the difference-mode reference voltage and the common-mode voltage.



Figure 6 shows a flow chart of the proposed algorithm. In the flow chart, the difference-mode reference voltage and the capacitor voltage difference are calculated on the basis of the measured source current and capacitor voltages. Using the difference-mode reference voltage and the direction of the source current, the common-mode reference voltage can be obtained. By adding the difference-mode and the common-mode voltages, the reference voltages in each phase of the converter are calculated. Once the reference voltages are obtained, the cost function is used to select an optimal switching state through repetitive operations.





4. Experimental Results


The proposed method was tested with a prototype of the single-phase three-level NPC converter circuit. The peak value of the source line voltage was 110 V, the dc-link voltage was set to 150 V, and    R L    was 100 Ω. The proposed method and the conventional method for comparison were implemented on a digital signal processor (DSP) board TMS320F28335 (Texas Instruments Incorporated, Dallas, TX, USA). The sampling period    T s    was set to 50 µs to generate a sinusoidal ac source current with a unity power factor. Figure 7 shows the performance of the conventional MPC method as a function of different weighting factors. From Figure 7, the conventional MPC method in the experiment in this paper used the value 0.5 for the weighting factor.



The source voltage, source current, frequency spectra of the source current, line-to-line converter voltage, and the two capacitor voltages obtained by the conventional and proposed methods are shown in Figure 8 and Figure 9. It can be seen that the source currents are sinusoidal in phase with the source voltages and that the two capacitor voltages are well balanced for both methods. The frequency spectra of the source currents obtained from the conventional and proposed methods are also shown where it is evident that the total harmonic distortion (THD) of the proposed method is slightly lower than that of the conventional method. The converter input voltage and the two capacitor voltage waveforms obtained by the two methods are almost similar, as shown in Figure 8 and Figure 9. For the purposes of comparison, experimental results obtained by using only the difference-mode reference voltage without adding the common-mode voltage term are shown in Figure 10. It can be seen that the difference-mode reference voltage can synthesize sinusoidal source current even with a higher THD value as well as maintain the two capacitor voltages. In addition, the line-to-line converter input voltage exhibits only a three-level waveform with ±    V  d c     and zero, as shown in Figure 10c. It can be seen that the model predictive control method with only the difference-mode voltage to control the grid currents can increase the current ripples, as shown in Figure 8 and Figure 10, because the limited number of the switching states are used. However, the proposed algorithm with both the difference-mode and the common-mode voltages results in reduced current ripples in comparison with the conventional method, as shown in Figure 8 and Figure 9.



In Figure 11a,b, experimental waveforms of the two capacitor voltages resulting from the conventional and the proposed methods are shown when intentionally imbalanced capacitor voltages occur. Both the conventional and proposed methods can balance the capacitor voltages with the almost same speed, as shown in Figure 11. Moreover, Figure 11c clearly illustrates that the NP voltage imbalance cannot be reduced if only the difference-mode reference voltage is used.



Figure 12 and Figure 13 show experimental waveforms of step changes of the load resistance from 200 Ω to 100 Ω and the dc load voltage from 150 V to 120 V obtained by the two methods. It is seen that the proposed method achieved dynamic responses as quickly as the conventional method.



Table 4 shows the calculation time of the conventional and the proposed methods to compare the computational complexity. The numbers of clocks of the conventional and the proposed methods were measured in the DSP board in the experimental setup and they were converted to the execution time required to perform the two control algorithms. As can be seen from Table 4, the proposed method yielded almost the same calculation time as the conventional method.



Table 5 summarizes the comparison between the conventional and proposed methods obtained by the above analysis and experimental results. Apparently, the proposed method did not require the tedious weighting factor selection procedure, which allowed time saving. The experimental results provided satisfactory performance under steady-state operation with slightly better source current THD and good capacitor voltages’ balancing. Additionally, the dynamic performance was guaranteed as fast as the conventional method. Meanwhile, the difference in computational time was negligible.




5. Conclusions


This paper proposes an MPC method for NPC converters to accomplish multiple objectives using single reference voltages without using a weighting factor in a cost function. The reference voltages in the proposed MPC algorithm consist of a difference-mode term and a common-mode term in each phase. The difference-mode term and the common-mode term are responsible for sinusoidal source current synthesis and capacitor voltage balancing, respectively. By simply comparing the single reference voltage with all possible voltage candidates producible in the single-phase three-level NPC converter, an optimal state for the dc voltage balance as well as the sinusoidal source current control with unity power factor can be selected at every step. As a result, the proposed method is free from the multi-objective optimization issues and the empirical approaches to selecting proper weighting factors that accompany conventional MPC methods for NPC converters. The proposed method is easy to implement since it has a deterministic approach for capacitor voltage balance as well as sinusoidal source current control, guaranteeing fast dynamic performance. The proposed method was verified experimentally for a single-phase three-level NPC converter.
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Figure 1. Structure of single-phase NPC converter. 
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Figure 2. Four possible situations depending on the location of the difference-mode reference voltages, leading to switching state of: (a) (1, −1); (b) (0, 0) with the a-phase reference voltage    v  d i f f  a  > 0  ; (c) (0, 0) with    v  d i f f  a  < 0  ; (d) (−1; 1). 
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Figure 3. Possible locations of reference voltages in phase  a  and  b  (   v  r e f  a    and    v  r e f  b   ) with a positive common-mode voltage (   v  c o m m   > 0  ) corresponding to Figure 2, leading to switching states: (a) (1, 0); (b) (1, 0); (c) (0, 1); (d) (0, 1). 
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Figure 4. Possible locations of reference voltages (   v  r e f  a    and    v  r e f  b   ) with a negative common-mode voltage (   v  c o m m   > 0  ) corresponding to Figure 2, leading to switching states: (a) (0, −1); (b) (0, −1); (c) (−1, 0); (d) (−1; 0). 
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Figure 5. Control diagram of the proposed MPC method. 
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Figure 6. A flow chart of the proposed MPC method. 
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Figure 7. The THD of the source current and peak-to-peak value of the capacitor ripple voltage obtained by the conventional MPC method vs. weighting factor (   λ c   ). 
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Figure 8. Experimental results from the conventional method: (a) source voltage (   v s  )  , source current (   i s   ), capacitor voltages (   v  c 1     and    v  c 2    ); (b) fast Fourier transform (FFT) spectrum of source current (   i s   ); and (c) line-to-line converter voltage (   v  a b    ) and ac component of capacitor voltages (   v  c 1     and    v  c 2    ). 






Figure 8. Experimental results from the conventional method: (a) source voltage (   v s  )  , source current (   i s   ), capacitor voltages (   v  c 1     and    v  c 2    ); (b) fast Fourier transform (FFT) spectrum of source current (   i s   ); and (c) line-to-line converter voltage (   v  a b    ) and ac component of capacitor voltages (   v  c 1     and    v  c 2    ).



[image: Applsci 10 08840 g008]







[image: Applsci 10 08840 g009 550] 





Figure 9. Experimental results from the proposed method: (a) source voltage (   v s  )  , source current (   i s   ), capacitor voltages (   v  c 1     and    v  c 2    ); (b) FFT spectrum of source current (   i s   ); and (c) line-to-line converter voltage (   v  a b    ) and ac component of capacitor voltages (   v  c 1     and    v  c 2    ). 
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Figure 10. Experimental results using only the difference-mode reference voltage without the common-mode voltage terms: (a) source voltage (   v s  )  , source current (   i s   ), capacitor voltages (   v  c 1     and    v  c 2    ); (b) FFT spectrum of source current (   i s   ); and (c) line-to-line converter voltage (   v  a b    ) and ac component of capacitor voltages (   v  c 1     and    v  c 2    ). 
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Figure 11. Experimental results for capacitor voltages’ (   v  c 1     and    v  c 2    ) correction from an unbalanced voltage condition obtained by: (a) the conventional method; (b) the proposed method; and (c) using only the difference-mode reference voltage without the common-mode voltage term. 
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Figure 12. Experimental results for capacitor voltages (   v  c 1     and    v  c 2    ) and source current (   i s   ) with a step change of the load resistor from 200 Ω to 100 Ω obtained by: (a) the conventional method; (b) the proposed method. 
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Figure 13. Experimental results for capacitor voltages (   v  c 1     and    v  c 2    ) and source current (   i s   ) with a step change of dc voltage from 150 V to 120 V obtained by: (a) the conventional method; (b) the proposed method. 
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Table 1. Units for magnetic properties.






Table 1. Units for magnetic properties.





	
#

	
Operating Status

	
Switching State

	
Input Voltage

	
Capacitor Voltage




	
     S a     

	
     S b     

	
     S  a 1      

	
     S  a 2      

	
     S  b 1      

	
     S  b 2      

	
     v  a b      

	
     v  c 1      

	
     v  c 2      






	
1

	
0

	
0

	
OFF

	
ON

	
OFF

	
ON

	
0

	
-

	
-




	
2

	
1

	
1

	
ON

	
ON

	
ON

	
ON

	
0

	
-

	
-




	
3

	
−1

	
−1

	
OFF

	
OFF

	
OFF

	
OFF

	
0

	
-

	
-




	
4

	
1

	
−1

	
ON

	
ON

	
OFF

	
OFF

	
    V  d c     

	
↑

	
↑




	
5

	
1

	
0

	
ON

	
ON

	
OFF

	
ON

	
    V  d c   / 2   

	
↑

	
↓




	
6

	
0

	
−1

	
OFF

	
ON

	
OFF

	
OFF

	
    V  d c   / 2   

	
↓

	
↑




	
7

	
0

	
1

	
OFF

	
ON

	
ON

	
ON

	
   −  V  d c   / 2   

	
↑

	
↓




	
8

	
−1

	
0

	
OFF

	
OFF

	
OFF

	
ON

	
   −  V  d c   / 2   

	
↓

	
↑




	
9

	
−1

	
1

	
OFF

	
OFF

	
ON

	
ON

	
   −  V  d c     

	
↓

	
↓








# items number.
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Table 2. Polarity relationship among switching states, a-phase difference-mode reference voltage, and the common-mode voltage.
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	     S a     
	     S b     
	     S  p o l y      
	     v  d i f f  a     
	     v  c o m m      





	1
	0
	1
	(+)
	(+)



	−1
	0
	1
	(−)
	(−)



	0
	1
	−1
	(−)
	(+)



	0
	−1
	−1
	(+)
	(−)
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Table 3. Offset voltage to be injected to decrease the difference between two capacitor voltages at the next step.
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     v  c  (  g a p  )       

	
     v  d i f f  a     

	
     i s     

	
     v  c o m m      






	
    v  c  (  g a p  )    ≥ 0   

	
    v  d i f f  a  ≥ 0   

	
    i s  ≥ 0   

	
    v  d i f f  a  −    V  d c    2    




	
    i s  < 0   

	
   −  v  d i f f  a  +    V  d c    2    




	
    v  d i f f  a  < 0   

	
    i s  ≥ 0   

	
    v  d i f f  a  +    V  d c    2    




	
    i s  < 0   

	
   −  v  d i f f  a  −    V  d c    2    




	
    v  c  (  g a p  )    < 0   

	
    v  d i f f  a  ≥ 0   

	
    i s  ≥ 0   

	
   −  v  d i f f  a  +    V  d c    2    




	
    i s  < 0   

	
    v  d i f f  a  −    V  d c    2    




	
    v  d i f f  a  < 0   

	
    i s  ≥ 0   

	
   −  v  d i f f  a  −    V  d c    2    




	
    i s  < 0   

	
    v  d i f f  a  +    V  d c    2    
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Table 4. Computational complexity comparison between the conventional and proposed methods.
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	Conventional Method
	Proposed Method





	Computational time (µs)
	5.262
	5.263
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Table 5. Summarized comparison between the conventional and proposed methods.
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Criteria

	
Conventional Method

	
Proposed Method




	
Weighting Factor Tuning Procedure

	
Yes

	
No






	
Steady-state performance

	
Source current THD (%)

	
2.99

	
2.89

(slightly better)




	
Capacitor voltage balancing

	
Good

	
Good




	
Transient-state performance

	
Capacitor voltages balancing speed

	
Fast

	
Fast




	
Reference tracking

	
Fast

	
Fast




	
Overshoot

	
No

	
No




	
Computational time (µs)

	
5.262

	
5.263

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
THD VALUE OF SOURCE

CURRENT [A]

3.6

34

£

oy
&

~fl= Peak-to-peak value of capacitor
ripple voltage

THD value of source current

107 05

=S co----0

03 0.1 0.05 0.01 0.001

WEIGHTING FACTOR ()

234

221

2.08

1.95

1.82

1.69

[Al 49VLTOA 31ddI YOLIDVAYD

40 ANTVA MVAd-OL-MVad





media/file4.png
Volta

S

S

ge [V]

SN
(¢}

(a)

Ve
2
Vdiff v,
_____ ;L___ _ 4dc
-
>
00
s
_____ kg__ 71/4dc
Vditf
dc

|

(b)

(c)

(d)






media/file18.png
c2(75 Vidiv) |

V1 (75 Vidiv)

_ (omua)

T THD2.99%

_ (10mudiv)

(c)





media/file21.jpg





media/file26.png
- Vea1a5vav) v, asvaivy

(@00 mydiv)

o |—>'Step change

(a)

(400 ms/div)

> Step chénge |

(b)






media/file3.jpg
@ (b) (©) (d)





media/file22.png
. V(19 Vidis) |

\\\ V2 Q9 VAliv)

V(s Vidv)

/:cl(l’ Vidiv)
— (40 ms/div)

Vel 19 V/div)

(40 ms/div)!

V119 Vidiv)

(40 ms/div)

-~ Start voltage balancing

(a)

-~ Start voltage balancing

(b)

- Start voltage balancing

(c)





media/file19.jpg
| ! [T EAEA

Al

~¢’\v’\/\/‘v A,

@) (b) (©





media/file7.jpg





media/file10.png
Vs (k) ——

Lagrange
extrapolation

l

R,—s| Calculation for the
difference-mode

]JS—)

voltage & delay
I— compensation

DE—— Vi (k)
—, dc (k)
is (k)

Vel (k)

;(—_ Ve (k)

Mt

Vigr (k+ 1)

Va (k + 1) ﬁ34’ Cost
vp(k+ 1) v‘gé) function

Ve(oap) (k)

h 4 L

Vi (kt 1)

Calculation for the
common-mode

voltage
+ ~F
s Veomm (k + 1)
) St
N
Vrer (K + 1) NPC
S,
Lgb O-I






media/file14.png
THD VALUE OF SOURCE

CURRENT [A]

®
=)

»
'

»
&)

(7]

N
o0

g
=

2

THD value of source current

Peak-to-peak value of capacitor
ripple voltage

1 0.7 05 03 0.1 0.05 0.01 0.001
WEIGHTING FACTOR (\)

Al ADVLTOA A1ddId HOLIDVdIVD

JO HA'TVA IVAd-OL-AVHAd





media/file11.jpg
Measure the source current (4. he upper and
the lower capacitor volages v (k) and v (k)

[Caleulae th difference-mode refernce volage]
Jand apply delay compensation technigue n (20)

Caleulate the voliage diffeence between the
upper and the lower capaciors v (4)

VT
vk 1) = vilk+ D]

Siore opiimal voliage v, and ¥,

No
‘Apply optimal switching siae





media/file6.png
Voltage [V]

1 Veomm
- -\ o - - -
Vaa’lﬁ Vryef
b
b Vref

Voltage [V]

Voltage [V]

Voltage [V]

1 Veomm

AV
Vdiff Vref
2] vl(’/'le
leﬁf/ /

________ Vcomm






media/file15.jpg
o

:
;






nav.xhtml


  applsci-10-08840


  
    		
      applsci-10-08840
    


  




  





media/file16.png
vsoovam T

v div) |
> G Vam Vel (5 V/div) o
. aomsaw)

(c)





media/file2.png
Vdc





media/file20.png
Vs(llmv,hliv) 1] l' ﬁm) - m — ) B .
. , THD=5.12% s
P
-{ T NUNEUSP (W, 0 /L WY, S (300 H/div)
I, GAAv)
! i ) |
Va5 vidiv) | V1G5 Vidiv A
V1 6 Vidiv)
« i (10 ms/div) Vo (5 Vidiv) cl i

(a) (b) o





media/file23.jpg
Ve dsvim

I~ Step change:

(a) (b)





media/file5.jpg
(a) (b) () (d)





media/file24.png
R Vcl (15w.1.v)

> Step change

(a)

> Step cha nge

(b

)





media/file1.jpg





media/file25.jpg
| Vetasviam v 0svm

~Siep change

(b)






media/file12.png
Measure the source current iy(k), the upper and
the lower capacitor voltages v (k) and v.,(k)

(1

Calculate the difference-mode reference voltage
and apply delay compensation technique in (20)

Y

upper and the lower capacitors v, (k)

Calculate the voltage difference between the

Y
Yes No
If Ve(gap) >0

vcomm - vcomm - Vcomm -

vcomm -

Viig—Va/2 —VagTVa/2| | VagtVa/2 —Viig—Va/2

| | |
!

‘ Calculate virand v)rin (24) and (25) ‘

8pro = ‘V;‘Clef(k+1) - Va(k+1)|
Hvly(k+1) = vi(k+1)

‘Store optimal voltage v, and vb‘

Yes

Jj<9
No

Apply optimal switching state






media/file9.jpg
sin(ot)

- ()| + ”
Vs GIF{X] PI}—(Pr Vie (k)
. ,"( (k) Ve (k)
v, (k) agrange .
extrapolation is (k)
4 4 ver (k)
R,—s| Calculation for the Be—va (k)
[y difference-mode
| voltage & delay Vetgap)(K)

compensation

Va(k+ 1) S

Calculation for

voltage

common-mode

r the

Cost

S
vy (k+ 1) 52 function | 83|






media/file0.png





media/file8.png
Voltage [V]

2 2 2
ol s ot B 75 A AN I el ol
\Vic’lef vcclllﬁf E" 0 _xv_com; E" 0 _$700mz En 0 \V;If?ef vab’lﬁ
| _varye % b s TN o o RO U S
———, s cs—— ) N — ——, e c—
T Veomn e N, Vi e gaf v e 1 Veomm





media/file17.jpg
‘ miy

THD=2.99%

e

\/\/

iy

Van Gsoviawy

ENN\/\A\/\/\J;:::"\/\/\/

vz svam =

(c)





