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Abstract

:

Parallel operation of inverters is one of the most effective and representative ways to increase system capacity. However, zero-sequence circulating currents occur due to the practical deviations of components constituting individual inverters in case of parallel connected inverters in which a common direct current (DC) or alternating current (AC) bus is shared. In particular, circulating currents of the high-frequency component as well as those of the low-frequency component are generated due to the asynchronization of the carriers of individual inverters. In order to suppress the circulating currents as such, the phases of the carriers should be shifted as much as the phase errors between the carriers to compensate for the phase errors. A difficulty in this phase compensation control is that when there are several pulse-width modulation (PWM) carriers, it is impossible to identify the phase of each carrier. In this paper, to overcome the problem, a method to specify the position of one of the many carriers and control the carriers and compensate for phase errors based on the relevant phase was proposed. In addition, this paper includes the analysis of circulating currents generated in the case of carrier phase errors and proposes a method to identify carrier phase errors and compensate for the relevant errors. The proposed method was verified through simulations and experiments.
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1. Introduction


Currently, the penetration of renewable energy sources is increasing in the power grid due to carbon reduction and environmental protection, and the demand for DC distribution networks such as low voltage direct current (LVDC), medium-voltage direct current (MVDC) distribution, and microgrids is increasing [1,2,3,4]. Consequently, the demand for high power conversion systems is also increasing, and the parallel connection of inverters is a method mainly adopted for high power conversion. In addition, parallel connection of inverters is a method frequently used in industry because it has many advantages. The parallel inverter configuration has the advantages of enabling the securing of the scalability of system capacity and flexible operation and enabling the configuration of the system using general commercial switches [5,6]. In particular, since the magnitude of the current of each inverter connected in parallel is inversely proportional to the number of inverters connected in parallel, the system can be configured using power semiconductor switches having a relatively low rating. However, in a three-phase parallel inverter structure that shares a common DC bus and a common AC bus, there is a path through which the circulating currents can flow between the inverters connected in parallel, so that zero-sequence circulating currents (ZSCCs) appear [6,7,8,9,10]. Such ZSCCs cause problems, such as the distortion of output currents, increase in the current burden on switch devices, and electromagnetic interference (EMI).



Representative causes of circulating currents include the deviations of parameters between individual unit inverter modules, the deviation of voltage and current outputs, and carrier phase errors [7,8,9,10,11,12,13]. Among them, the carrier phase errors can occur when the PWM interleaving method is applied during parallel operation or when individual control units are used by inverter modules. When the carrier phases are in discord, a circulating current path is created due to the mismatch of the periodic switching states. Consequently, a high-frequency circulating current in the switching frequency band and a low-frequency circulating current corresponding to the third harmonics, which are the fundamental waves of the operating frequency, are generated. If the PWM interleaving method is used, total harmonic distortion (THD) of the output current of the entire system can be reduced. However, due to the intentional carrier phase errors, ZSCCs inevitably occur [14,15,16,17]. Therefore, a physical suppression method such as adding a large size filter is essential [18]. Meanwhile, if carrier phase errors occur due to the use of individual inverters, a method for reducing the ZSCCs will be required, and this condition was assumed in this paper.



Various methods for suppressing the circulating currents generated during parallel inverter operation have been previously studied. The most representative method is to physically block the path of the ZSCCs. The circulating current path between inverters can be fundamentally eliminated by using an isolation transformer on the AC side of the parallel inverter [19]. However, since this method requires a low-frequency transformer, there is a disadvantage that the volume of the system becomes large. A similar method is to isolate the DC links of individual inverters independently [20,21]. In this method, since the DC voltage must be controlled by each inverter, as many voltage sensors as the number of parallel inverters are required, such that the system becomes complicated. On the other hand, there is a method of disposing passive elements having a high impedance, such as coupled inductors in the circulating current path [14,22]. In this method, as the number of inverters connected in parallel increases, the system becomes more complex and the volume also increases. The method of using the LCL filters for the outputs of individual inverters can be hardly used universally because the optimal design must vary according to the field of application. Although the circulating currents can be suppressed by controlling the circulating currents with software using active control such as proportional and integral (PI) and proportional and resonant (PR) control, it is not suitable for controlling the high frequency circulating currents in the switching frequency band due to the limitation of the control bandwidth [18,19,20,21,22,23,24,25,26]. Therefore, in order to reduce the circulating currents due to the carrier phase errors, a new appropriate control method is necessary. Although there have been previous studies that proposed control methods for carrier phase error, they have a limitation in that they targeted two parallel inverters [7,12,13].



In this paper, a circulating current reduction control method applicable to an inverter in which two or more inverter modules are connected in parallel is proposed. The composition of this paper is as follows. In Section 2, circulating currents are defined and the characteristics of circulating currents in N parallel inverters due to carrier phase error are analyzed. In Section 3, a method that can suppress and control circulating currents by judging the occurrence of carrier phase error and setting an inverter that has the reference carrier among N carriers is proposed. In Section 4, the results of simulation for the verification of the proposed method are shown. In Section 5, the proposed method is verified using the experimental results. In Section 6, the last chapter, the conclusion is described.




2. Basic Definition for Circulating Current Reduction and Control and Analysis of the Principle of Occurrence


2.1. Definition of Circulating Currents in Parallel Inverters


Before analyzing the circulating currents, the relationship between the output current and the circulating current in parallel inverters is defined. The structure of N parallel inverters is as shown in Figure 1, where individual inverters are connected to a common AC bus and share a common DC link voltage. The total output current of one phase of parallel inverters is defined as the sum of the output currents of individual inverters, as shown in Equation (1). In Equation (1), x represents one of a, b, and c phases,    i  x . j     refers to the output currents of individual inverters, n refers to the number of inverters connected in parallel, and j refers to the order of individual inverters.


   i x  =   ∑  j = 1  n    i  x . j      



(1)







In an ideal case, the output currents    i  x . k     for one phase of k-th inverter module share the average of the total output current. However, due to the circulating currents, the circulating currents    i  x . k . c i r     passing through the corresponding phase are included and the output currents are expressed as shown in Equation (2).


   i  x . k   =    i x   n  +  i  x . k . c i r    



(2)







The circulating currents    i  x . k . c i r     passing through one phase of individual inverters shown in Equation (2) are defined as interphase circulating currents (ICC). By substituting Equation (1) into Equation (2), the ICC can be expressed as shown in Equation (3).


   i  x . k . c i r   =   n  i  x . k   −   ∑  j = 1  n    i  x . j      n  =   ∑  j = 1  n      i  x . k   −  i  x . j    n    =   ∑  j = 1 ( j ≠ k )  n      i  x . k   −  i  x . j    n     



(3)







When all the ICC of individual inverters shown in Equation (3) are added up, the sum is expressed as shown in Equation (4) and becomes 0.


      ∑  j = 1  n    i  x . j . c i r         =   (  i  x . 1   −  i  x . 2   ) + (  i  x . 1   −  i  x . 3   ) + ⋯ + (  i  x . 2   −  i  x . 1   ) + (  i  x . 2   −  i  x . 3   ) + ⋯ + (  i  x . n   −  i  x . ( n − 1 )   )  n  = 0    



(4)







As for Equation (4), the sum of the three phases also becomes 0.


    ∑  x = a , b , c    (   ∑  j = 1  n    i  x . j . c i r c   ) =   ∑  x = a , b , c    (   ∑  k = 1  n   (   ∑  j = 1 ( j ≠ k )  n      i  x . k   −  i  x . j    n    ) ) =     0      



(5)







The ZSCC    i  0 . k     of individual inverters are defined as Equation (6).


   i  0 . k   =    i  a . k   +  i  b . k   +  i  c . k    3   



(6)







When the output currents of all inverter modules are entire system is balanced, the sum of the three-phase output currents of all inverters appears as 0 as shown in Equation (7), and in this case, the sum can be expressed as the sum of the ZSCCs of individual inverters.


   i a  +  i b  +  i c  = (  i  a . 1   +  i  b . 1   +  i  c . 1   ) + (  i  a . 2   +  i  b . 2   +  i  c . 2   ) + ⋯ + (  i  a . n   +  i  b . n   +  i  c . n   ) = 3   ∑  j = 1  n    i  0 . j   = 0    



(7)







The ZSCC in one inverter in Equation (7) can be expressed as shown in Equation (8).


     i  0 . k   = −   ∑  j = 1 ( j ≠ k )  n    i  0 . j         =     − { (  i  a 0.1   +  i  a . 2   + ⋯ +  i  a . ( k − 1 )   +  i  a . ( k + 1 )   + ⋯ +  i  a . n   ) +     (  i  b . 1   +  i  b . 2   + ⋯ +  i  b . ( k − 1 )   +  i  b . ( k + 1 )   + ⋯ +  i  b . n   ) +     (  i  c . 1   +  i  c . 2   + ⋯ +  i  c . ( k − 1 )   +  i  c . ( k + 1 )   + ⋯ +  i  c . n   ) }    3      = −     ∑  j = 1 ( j ≠ k )  n    i  a . j     +   ∑  j = 1 ( j ≠ k )  n    i  b . j     +   ∑  j = 1 ( j ≠ k )  n    i  c . j      3     



(8)







If   ( n − 1 )  i  0 . k     is added to both sides of Equation (8), Equation (9) will be established.


    n  i  0 . k       = ( n − 1 )    i  a . k   +  i  b . k   +  i  c . k    3  −   { (  i  a .1   +  i  a .2   + ⋯ +  i  a . n   ) + (  i  b .1   +  i  b .2   + ⋯ +  i  b . n   ) + (  i  c .1   +  i  c .2   + ⋯ +  i  c . n   ) }  3      = ( n − 1 )    i  a . k   +  i  b . k   +  i  c . k    3  −     ∑  j = 1 ( j ≠ k )  n    i  a . j     +   ∑  j = 1 ( j ≠ k )  n    i  b . j     +   ∑  j = 1 ( j ≠ k )  n    i  c . j      3      =     ∑  j = 1  n   (  i  a . k   −  i  a . j   )   +   ∑  j = 1  n   (  i  b . k   −  i  b . j   )   +   ∑  j = 1  n   (  i  c . k   −  i  c . j   )    3       =     ∑  j = 1 ( j ≠ k )  n   (  i  a . k   −  i  a . j   )   +   ∑  j = 1 ( j ≠ k )  n   (  i  b . k   −  i  b . j   )   +   ∑  j = 1 ( j ≠ k )  n   (  i  c . k   −  i  c . j   )    3      



(9)







If Equation (9) is organized with referenced to Equation (3), the sum of the ICC of each phase will appear so that Equation (10) will be established.


   i  0 . k   =     ∑  x = a , b , c     i  x . k . c i r       3 n    



(10)







That is, the ZSCCs in the three-phase parallel inverters can be expressed as the sum of the ICC. Using the definition of circulating currents, the occurrence of circulating currents in the case of carrier phases errors can be analyzed.




2.2. High-Frequency Circulating Current Due to PWM Phase Errors during Parallel Operation


During parallel inverter operation, the periodic switching state mismatch between inverters occurs due to the presence of carrier phase errors. Due to the mismatch of the switching states, a closed circuit including DC links between the individual inverters is formed. Since the switching state mismatch appears twice in one cycle of the carrier, the frequency band of the circulating currents is the same as the PWM carrier frequency band. Figure 2 shows the principle of generation of circulating currents in the case of carrier phase errors due to the operation of single-phase two-parallel half-bridge circuits. In the operation shown in Figure 2, the two inverters operate with carriers with different phases and output voltages based on the same voltage reference. Due to the different carrier phases, a time   Δ t   in which the switching states of individual inverters are inconsistent occurs and circulating currents can flow through the closed circuit during this time. In cases where the voltage reference is a discrete signal, the width of   Δ t   always has a constant value. A circulating current    i  12 . c i r     between inverters is generated through the closed circuit constructed at this time.



Figure 3 shows the equivalent circuit of the closed circuit constructed in the case of a switching state mismatch due to a carrier phase error. The equivalent circuit is composed of the inductance of each inverter and a voltage source in which the voltages in the form of pulses of   −  V  D C    , 0,    V  D C     are periodically appearing. In this case, the pulse width of each voltage is the time of mismatch (  Δ t  ) of the switching state, and the circulating current (  Δ  i  12 . c i r    ) generated during this section can be expressed with Equation (11). In Equation (11),   Δ t   becomes to be proportional to the degree of the error of the carrier phase. Based on the definition in Equation (3), the circulating current between the two inverters can be expressed as the difference between the amounts of changes   Δ  i 1   ,   Δ  i 2    in the output current of individual inverters during   Δ t  . The direction of the circulating current between the two inverters varies depending on the switching state. When    S 1  = 1  ,    S 2  = 0  , a voltage of    V  D C     is applied to the impedance in the circulating current path, and when    S 1  = 0  ,    S 2  = 1  , a voltage of   −  V  D C     is applied. The voltage   −  V  D C     applied in this circulating current path appears alternately during one cycle of the carrier of    V  D C    .


    Δ  i  12 . c i r c   =   Δ  i 1  − Δ  i 2   2      =        V  D C      L  s h 1   +  L  s h 2     Δ t (  S 1  = 1 ,  S 2  = 0 )       −  V  D C      L  s h 1   +  L  s h 2     Δ t (  S 1  = 0 ,  S 2  = 1 )        



(11)







Therefore, in Equation (11), the two switch states also appear alternately during one cycle. The magnitude of the circulating current of the switching frequency component generated at this time can be expressed with Equation (12).


   i  12    |  f s w   = |    V  D C      L  s h 1   +  L  s h 2     Δ t |  



(12)







The analysis of circulating currents in two parallel inverters can be expanded to the analysis of circulating currents in N parallel inverters. In the case of N parallel inverters, since N carriers can exist, the relationships between the leading and lagging of the phases of individual carriers are changed so that circulating currents appear complexly, the analysis of the entire circulating currents is complicated. However, the relationship between the circulating currents generated in the two inverters among the N parallel inverters is similar to the relationship between the circulating currents generated in two parallel inverters. Therefore, the principle of circulating current generation in two parallel inverters can be applied to analyze the circulating currents of N parallel inverters. The individual terms of the phase circulating currents in Equation (3) can express the circulating current relationship between the corresponding inverter and another inverter. If there is a carrier phase error between the k-th inverter and the j-th inverter among N parallel inverters, an equivalent circuit as shown in Figure 3 will be formed between the two inverters. Each term in Equation (3) can be expressed with as circulating current generated between two inverters among N parallel-connected inverters using Equation (11). Therefore, the circulating current generated from the k-th inverter to the j-th inverter can be defined with Equation (13).


    Δ  i  k j . c i r c   =   Δ  i k  − Δ  i j   n      =       −  V  D C      L  s h k   +  L  s h j     Δ  t  k j   (  S k  = 1 ,  S j  = 0 )        V  D C      L  s h k   +  L  s h j     Δ  t  k j   (  S k  = 0 ,  S j  = 1 )        



(13)







The voltage pulse width at this time is the switching mismatch time   Δ  t  k j     between the two inverters. The magnitude of the equivalent voltage generated by the voltage pulse as such varies depending on the switching state of each inverter. That is, the order of operation of the switch in the half-cycle section in which the carrier rises according to the phase relationship between the carriers is different from that in the half-cycle section in which the carrier falls. Consequently, the sign of changes in the circulating current flowing from the k-th inverter to the j-th inverter when the phase (   θ k   ) of the k-th carrier leads the phase (   θ j   ) of the j-th carrier is opposite to that when the phase (   θ k   ) of the k-th carrier lags behind the phase (   θ j   ) of the j-th carrier. That is, the sign of the change amount during the switching mismatch time is determined by the leading and lagging relationship between the phases of individual carriers. Therefore, the circulating currents in the switching frequency band can be defined as shown in Equation (14) in consideration of the sign of the change amount in the circulating currents.


   i  k j . c i r c    |  f s w   =     |    V  D C      L  s h k   +  L  s h j     | Δ  t  k j   (  θ k  <  θ j  )     − |    V  D C      L  s h k   +  L  s h j     | Δ  t  k j   (  θ k  >  θ j  )      



(14)







The sign according to the phase in Equation (14) means the direction of the circulating current flowing from the k-th inverter to the j-th inverter depending on to the relative positions between carriers. When using Equations (3), (13) and (14) to represent the phase circulating currents of individual inverters in the switching frequency band, the phase circulating currents can be expressed with Equation (15).


   i  x . k . c i r c    |  f s w   =  i  x . k 1 . c i r c    |  f s w   +  i  x . k 2 . c i r c    |  f s w   ⋯ +  i  x . k n . c i r c    |  f s w    



(15)







The terms on the right side of Equation (15) become to have different signs depending on the phase relationship between the carrier of the relevant inverter and the carrier of another inverter. If the carrier of the k-th inverter is leading in the forefront,    θ k  <  θ j    will be satisfied for all terms, so that all the circulating currents have the same direction. In cases where the phase of the carrier lags the most, the direction of all the circulating currents is the same as    θ k  >  θ j    is satisfied. When both carriers with a leading phase and carriers with a lagging phase exist based on the carrier of the k-th inverter, all the signs of individual terms in (15) are not the same, so that the magnitude of (15) is reduced by the offsetting components between the circulating currents. That is, it can be seen mathematically that the circulating current in the switching frequency band of the inverter having the most leading carrier phase or the most lagging carrier phase has the largest value.





3. Proposed Carrier Phase Compensation Method


In this chapter, a control method to reduce circulating currents when phase errors occur between carriers in cases where there are N carriers is proposed. Section 3.1 deals with the detailed operation of the overall control configuration due to carrier phase errors. Section 3.2 discusses methods to provide stable control against various disturbances that can cause carrier phase errors, such as additional inverter input.



3.1. Operation Principle of Carrier Phase Control Method


Figure 4 shows the proposed control method, which is divided into three parts. First, the output current of each inverter is measured to calculate ZSCCs, and then the ZSCC that is the control reference is selected. Second, whether or not to proceed with control and the direction of compensation for the phase errors between carriers are determined. Finally, the phases of the carriers are controlled. The detailed operation principle for each part is as follows.



3.1.1. Calculation of Zero-Sequence Circulating Currents of Inverters and Setting of Control Criterion


The output currents of individual inverter modules are sampled, and ZSCCs are calculated thereafter. When the control unit of the inverter samples the currents at a frequency corresponding to twice the carrier frequency, the difference between the previous sampling value and the current sampling value becomes the magnitude of the currents in the carrier frequency band. However, since negative and positive numbers appear alternately in the calculation as such, absolute values are taken in order to use constant values for control.



Since the proposed method carries out the control of multiple carriers, an appropriate carrier should be set as a reference carrier. The carrier phase of the inverter that outputs the circulating current of the largest value then develops to have the most led or the most lagged phase. Therefore, if the largest circulating current is set as the reference current (   i  0 . r e f    |  f s w    ) for control, the control can be executed based on the carrier having the most leading phase or the most lagging phase. However, the inverter module that generates the largest circulating current may be changed during control due to reasons such as disturbances during parallel inverter operation, and the inverter module which has the largest circulating current becomes to output the reference current.




3.1.2. Carrier Phase Error Determination and Control Direction Setting


The magnitude of a ZSCC is proportional to the phase error of the carrier. Therefore, the occurrence of a carrier phase error can be indirectly estimated using the magnitude of the reference ZSCC. When the magnitude of a ZSCC is equal to or greater than the control start criterion (CSC), a value compensating for the carrier phase error is output using an integrator. The ZSCC value corresponding to the CSC should be designed considering the error or offset in the current measurement so that there is no effect of the relevant values on control.



The proposed method designates a reference carrier through the method described in Section 3.1.1. and thereafter compensates all carrier phases in one direction. In this case, since it is impossible to specify whether the phase of the reference carrier is the leading or lagging behind the phases of all other carriers, a method of setting the direction of compensation control is necessary. To determine the direction of phase compensation of the controller, a direction alteration criterion (DAC) that can change the direction of the phase compensation in cases where the magnitude of the circulating current increases by more than a certain value after the ZSCC control is started is set. If the magnitude of the ZSCC does not decrease after control started, it can be determined that the direction of compensation for phase errors is incorrect. The DAC is set by selecting the maximum allowable current value when the direction of compensation is wrong. However, when a sudden phase error occurs, such as when a new inverter is inserted, the DAC may be exceeded regardless of whether control has been started or not. In this case, since the validity of the direction of compensation must be re-evaluated, a method to assist it is required. This will be dealt with in detail in Section 3.2.




3.1.3. PWM Carrier Phase Compensation Control


When the factors of whether or not to control carrier phase errors and the direction of phase compensation have been set, the control of carrier phases begins. The carrier phase of the inverter having the reference zero-sequence current becomes the reference, and the carrier phases of other inverters are made to match with the reference carrier. However, the phases of other carriers cannot be known based on the phase of the reference carrier, and the phases of all carriers are controlled at the same speed. Therefore, a method to relatively adjust the control of carriers is required, and in this paper, the magnitude of the circulating current between inverters is used. The ZSCC between two inverters due to the carrier phase error can be expressed as shown in (16) by (5) and (10).


     i  0 . k   −  i  0 . j    n  =   (  i  a . k   −  i  a . j   ) + (  i  b . k   −  i  b . j   ) + (  i  c . k   −  i  c . j   )   3 n    



(16)







According to Equation (13), the smaller the carrier phase error between the two inverters, the smaller the result of Equation (16). Due to the characteristic as such, the smaller the phase difference from the reference carrier is, the smaller becomes the difference between the reference ZSCC and the circulating current of the corresponding inverter relatively as the control progresses. Therefore, if the result of (16) becomes smaller than the CSC, the method of stopping the carrier phase control of the corresponding inverter is used. In case where this method is used, compensation is completed first from the carrier located close to the reference carrier so that relative control according to the carrier phase is possible.





3.2. Control Method When Carrier Phase Disturbance Has Occurred


Situations such as the initial start-up of parallel inverters and the input of an additional inverter during operation act as an abrupt disturbance in the carrier phase in the parallel inverters. When an abrupt disturbance or the like occurs in the carrier phase, an abrupt time difference of   Δ t   occurs in the inter-carrier phase. When this time difference occurs, a circulating current proportional to the time difference generated by Equation (11) or (13) is generated. The magnitude of this time difference has a different value depending on the degree of inconsistency when a disturbance occurs. When a circulating current is generated due to a time difference, carrier phase control for suppressing the circulating current is performed, and the time difference is decreased or increased according to the control direction of the phase. In order for the proposed control method to operate normally in a situation where disturbance occurs, a method to identify the appropriateness of the direction of compensation of the control is additionally required. This section introduces a method to check the trend of ZSCCs to identify the appropriateness of the direction of phase error compensation when disturbance occurs.



To identify the trend of ZSCCs, the past value of the reference ZSCC value that is being output by the controller is defined. Immediately after the occurrence of disturbance, the magnitude of circulating currents increases rapidly, and as the control progresses, the circulating current shows a decreasing or increasing trend. In cases where the current value is decreasing when the past value of ZSCCs is output, a crossing point occurs, and this is defined as decreasing crossing. In cases where the current value increases, no crossing with the past value occurs. Whether or not such a crossing has occurred can be identified by the sign of the difference between the two values, because the difference between the present value and the past value of the zero-sequence current changes from a positive value to a negative value at the decreasing crossing. The adequacy determination as such can be applied to two cases; (1) when a disturbance occurred in the phase during normal operation, and (2) when a disturbance occurred while controlling the phase error.



3.2.1. Control Method When Phase Disturbance Occurred during Normal Operation of Parallel Inverters


Figure 5 shows the conceptual trend of the present and past values of the reference ZSCC and the difference between the present value and the past value intended to identify whether a crossing point between the two values has occurred or not in cases where an abrupt phase disturbance has occurred in a situation of normal operation without any carrier phase error. The upper section in each figure shows the present and past values of the reference ZSCC. The present value is indicated by a red line, and the past value is indicated by a blue line. The past value represents the same value as the present value, but has the same value at a later time than the present value on the time axis. The middle section indicates the difference between the present value and the past value. When a sudden disturbance has occurred in the phase between carriers, the controller immediately begins to operate. In this case, if the direction of compensation for the phase error is the direction to reduce the error, the ZSCC decreases as shown in Figure 5a. As the present value of the ZSCC decreases, a decreasing crossing with the past value occurs, and the difference between the two values changes from a positive to negative value. If the direction of compensation for the phase error is the direction to increase the error, the ZSCC increases as shown in Figure 5b. When the ZSCC increases, no decreasing crossing occurs and the difference between the past value and the present value maintains a positive sign. Therefore, when the decreasing crossing occurs, it can be seen that the direction of compensation for the phase error is valid, and when the decreasing crossing does not occur, it can be seen that the current direction of compensation is wrong, and that the direction should be changed.



The concept termed direction alteration detection signal (DADS) is used to determine the validity of the direction of phase compensation. This is shown in the bottom section of Figure 5, and the red line represents the present value and the blue line represents the past value, which is different from the present value and past value of ZSCC. This signal is set to be activated when the reference ZSCC exceeds the phase compensation direction alteration criterion and to be reset by decreasing crossing. The past value of the signal is defined and used to determine the validity of the control. The value of the signal at a point before the point at which the past value of the ZSCC is memorized is selected as the point at which the past value begins to be memorized. In the case of Figure 5a, the DADS is activated by a sudden increase in circulating currents after a phase disturbance occurred. As the control progresses, the ZSCCs decrease, and the signals are deactivated by the decreasing crossing. In case where a decrease crossing has occurred, the present value is not activated when the past value of the DADS is active, so that it can be seen that the direction of control is appropriate. Therefore, the phase compensation direction is not changed by force and the control can achieve the purpose of reducing the circulating currents. In the case of Figure 5b, the compensation direction is not appropriate after the disturbance occurred. As the control progresses, the ZSCCs increase, and no decreasing crossing occurs. Therefore, the DADS remains active. If no decreasing crossing occurs, the present value will be maintained when the past value of the compensation DADS is activated. Cases where both signals are active means that the compensation direction is inadequate. When the compensation direction is inappropriate, a compensation direction forced change signal (DFCS) is generated to reverse the compensation direction for the phase error. As the compensation direction for the circulating current is reversed, the ZSCCs show a decreasing trend and the carrier phase is normally compensated.




3.2.2. Control Method When an Additional Disturbance Occurs during Parallel Inverter Phase Compensation Control


The proposed method inevitably requires time from the start to the completion of the control of the phase error. If any disturbance such as inverter dropout or temporary malfunction occurs during this time, the ZSCCs may increase again and the appropriateness of the compensation direction must be re-evaluated. Figure 6 shows the conceptual trends of the present value and the past value of the ZSCC when a disturbance occurred during phase control and the difference between the present value and the past value in order to check whether a crossing point between the two values has occurred or not. The upper section in each figure shows the present and past values of the reference ZSCC. The present value is indicated by a red line, and the past value is indicated by a blue line. The past value represents the same value as the present value, but has the same value at a later time than the present value on the time axis. The middle section indicates the difference between the present value and the past value. The ZSCCs increase again thereafter due to a disturbance suddenly occurring while a decreasing trend was shown (while being normally well controlled), and a point at which the present value and the past value of the ZSCC cross occurs. This crossing point is defined as an increasing crossing. When an increasing crossing has occurred, the sign of the difference between the present value and the past value changes from negative to positive one, and the appropriateness of the control direction must be determined again. Further, the control criterion may be changed due to a change in the inter-carrier phase relationship. Figure 6a shows a case where the compensation direction is appropriate after the increasing crossing, and the decreasing crossing occurs again. Figure 6b shows a case where the compensation direction is not appropriate after increasing crossing, and ZSCCs increase without any occurrence of decreasing crossing.



Figure 6 also shows the determination of the adequacy of the direction of compensation for the phase error after an increasing crossing and whether the compensation direction should be changed or not. To determine the adequacy of the compensation direction, an increasing crossing detection signal (ICDS), which is activated when an increasing crossing occurs, is used. This is shown in the bottom section of Figure 6, and the red line represents the present value and the blue line represents the past value, which is different from the present value and past value of ZSCC. This signal is deactivated by a decreasing crossing. As with the DADS, the past value of the ICDS is collected at a point earlier than the past value of the zero-sequence current. In Figure 6a, the ZSCC decreases after the occurrence of the increasing crossing, and the present value of the ICDS is deactivated due to the decreasing crossing. Cases where the present value the ICDS is deactivated when the past value of the ICDS is activated mean that the control direction is appropriate. Therefore, the direction of control is maintained and the trend of ZSCC decreases as control progresses. In Figure 6b, the ZSCC increases after the occurrence of an increasing crossing, and no decreasing crossing occurs. The present value of the ICDS remains active. Cases where when the past value of the ICDS is activated, the present value is activated means that no decreasing crossing has occurred, indicating that the direction of the phase control is not appropriate. Therefore, the direction of compensation for phase errors is reversed when it is identified that both signals are active. As the direction of compensation for the circulating current is reversed, the ZSCC shows a decreasing trend and the carrier phase is normally compensated.



The overall flow of control is shown in Figure 7. In case that the generation of ZSCCs is due to the carrier phase error, the carrier phase is directly controlled by applying the control method mentioned in this paper. When the generation of ZSCCs is not due to the carrier phase error, the control method introduced in [13] is applied to suppress the ZSCCs.






4. Simulation Results


Through simulations, the phase errors were simulated for two cases; a case where disturbance occurred in the carrier phase during normal operation and a case where disturbance occurred in the carrier phase during phase control. The simulations proceeded to simulate the three parallel inverter structure in the inverter structure in Figure 8. The load condition was set as a simple resistor-inductor R-L (resistor-inductor) load. The parameters of the simulations are as shown in Table 1. The simulation was implemented with Matlab Simulink PLECS (Plexim GmbH, Zurich, Switzerland). The controller was configured using Simulink and the plant was configured using PLECS.



4.1. Results of Simulation of Phase Disturbance Occurring during Normal Operation


In order to verify the control operation, a phase error of +7.92 degrees in inverter 2 and a phase error of +10.8 degrees in inverter 3 were generated based on inverter 1 at 0.1 s in the simulation. Thereafter, a disturbance of −7.2 degrees to inverter 2 and a disturbance of +5.4 degrees to inverter 3 were additionally generated at a time of 0.5 s in the simulation.



Figure 9 shows the total output current, the output current and ZSCC of each inverter as a result of the simulation. It can be seen from the simulation results that the output current of each inverter was sharply distorted when a disturbance occurred at 0.1 s. In addition, it can be seen that the ZSCC also increased rapidly. As the control progressed, the distortion of the output current was eliminated and the magnitude of the ZSCC also decreased. When an additional disturbance occurred at 0.5 s, the output current was sharply distorted once again. However, it can be seen that as the control progressed, the distortion of the output current was reduced, and the zero current was also reduced. After the control for each disturbance was completed, the distortion in the output current of each inverter was eliminated and the ZSCC was reduced to within the allowable range.



Figure 10 shows the trend of the ZSCC set as the control criterion, the trends of ZSCCs of individual inverters, and the carrier phases of individual inverters. As shown in Figure 10a, when the disturbance occurred at 0.1 s, the reference ZSCC rapidly increased to about 40 A. Thereafter, the control proceeds and a decreasing crossing occurs.



The zero-sequence current decreases and the control is completed at about 0.43 s. When a disturbance occurred at 0.5 s, the reference ZSCC increased to about 55 A. As the control progressed, the circulating current showed an increasing trend for about 0.03 s, and no decreasing crossing occurred. Therefore, the compensation direction was forcibly changed by the control operation. After the change of the compensation direction, a decreasing crossing occurred, and the control was completed at about 1.03 s. The control operation completion time is affected by the gain value of the integrator in Figure 4. Figure 10b–d shows the trend of ZSCCs of each inverter. The circulating current of inverter 1 has the largest value for the disturbance at 0.1 s, and the circulating current of inverter 2 has the largest value for the disturbance at 0.5 s. Therefore, for the disturbance at 0.1 s, the carrier phase of inverter No. 1 is used as a reference for control and for the disturbance at 0.5 s, the carrier phase of inverter No. 2 is used as a reference for control.



Figure 10e–g shows the carrier phases of individual inverters. When controlling for disturbance of 0.1 s, the carrier phase control was performed in the direction consistent with the phase of the carrier of the inverter 1. When the control was completed, the phases of inverters 2 and 3 were shifted by about −7.92 degrees and −10.8 degrees, respectively. When a disturbance occurred at 0.5 s, the new phase error was added to the previously compensated phases of −7.92 degrees and −10.8 degrees, so that inverter 2 had a phase of about −15.12 degrees and inverter 3 had a phase of about −5.4 degrees. In this case, the ZSCC of inverter 2 outputs the largest value. Therefore, the phase control proceeded in the direction coincident with the carrier phase of inverter 2. Finally, when the control was completed in the simulation, the phase of each inverter coincided with the phase of inverter 2.




4.2. Results of Simulation of Phase Disturbance Occurring during Phase Control Operation


To verify the control operation, a disturbance of +7.92 degrees in inverter 2 and a disturbance of +10.8 degrees in inverter 3 were generated based on inverter 1 at 0.1 s in the simulation. Thereafter, in the simulation in which phase control is in progress, a disturbance of −7.2 degrees in inverter 2 and a disturbance of +5.4 degrees in inverter 3 were additionally generated at a time of 0.3 s.



Figure 11 shows the total output current of all inverters, the output currents of individual inverters, and the ZSCC in the simulation results. Control began when a disturbance occurred at 0.1 s, and the ZSCC began to decrease. It can be seen that when an additional disturbance occurred at 0.3 s, the ZSCCs of individual inverters sharply increased and the distortion of the output currents intensified. It can be also seen that when the control of the additionally occurred disturbance was in progress, the distortion of the output currents was reduced, and the ZSCCs were also reduced. Finally, the distortion of the output currents is reduced and the ZSCC is also reduced to within the set range.



Figure 12 shows the trend of the ZSCC set as the control criterion, the trends of the ZSCCs of individual inverters, and the carrier phases of individual inverters. As shown in Figure 12a, control began when a disturbance occurred at 0.1 s. When an additional disturbance occurred at 0.3 s, the reference ZSCC increased to about 90 A, and an increasing crossing occurred. As the control proceeded after the occurrence of the increasing intersection, the ZSCC decreased, and a decreasing crossing occurred so that the control direction was maintained. Control for the phase error was completed at about 0.7 s. Figure 12b–d shows the trends of the ZSCCs of individual inverters. It can be seen that the ZSCCs rapidly increased in all inverters when the additional disturbance occurred at 0.3 s. While the control was in progress following the first disturbance based on the ZSCC of inverter 1, another disturbance occurred at 0.3 s, and the control was performed based on the ZSCC of inverter 2. Therefore, as shown in the result in Figure 12e–g, it can be seen that following the first disturbance at 0.1 s, the carrier phases of inverters 2 and 3 were controlled based on inverter 1 but when the additional disturbance occurred, the carrier phases of inverters 1 and 3 were controlled based on inverter 2.





5. Experiment Results


The proposed method was verified through experimentation. For the experiment, a 10 kVA-rated parallel active front end (AFE)-inverter contraction experiment set as shown in Figure 13 was constructed. The simple RL load power supply conditions of the inverter were set as experimental conditions. The parameters used in the experiment are the same as those in the simulation in Table 1. However, the load condition was set to 6 kVA in consideration of the rating of the experimental set. In addition, during the experiment, the disturbance condition was applied at 1/10 the level of the simulation.



5.1. Results of Experiments for Phase Disturbance during Normal Operation


In order to verify the control operation when a phase disturbance occurs during normal operation, a total of two disturbances were generated during operation under similar conditions to the simulation in Section 4.1. Figure 14 shows the experimental results. This experimental result corresponds to Figure 9e–g, which is the simulation result of Section 4. Disturbances were simulated at times    t 1    and    t 2    shown in Figure 14, respectively. It can be seen that when each disturbance occurred, the ZSCC increased, and the output current was distorted. Following the disturbance at time    t 1   , the ZSCC increased to a maximum of 8 A, and following the disturbance at time    t 2   , the ZSCC increased to be about 20 A. With the application of the proposed control method, the phase error due to disturbance was compensated, the distortion of the output current was eliminated, and the ZSCC was also reduced. In addition, when comparing Figure 9e–g, which is the simulation result, and Figure 14, which is the experimental result, it can be seen that the occurrence and decrease of the ZSCCs at the point of occurrence of each disturbance are similar. However, since the experimental conditions are reduced, the magnitude and reduction time of the ZSCC are very small compared to the simulation.



In Figure 15, the yellow, red, and blue lines represent the phase angles   (  θ 1  ,  θ 2  ,  θ 3  )   of the inverter, respectively, and the green line represents the reference ZSCC    i  0 . r e f | s w    . This experimental result corresponds to Figure 10a,e–g, which is the simulation result of Section 4. The reference zero-sequence current was applied with a low-pass filter in consideration of the noise generated during inverter operation. The experimental result in Figure 15 shows that when the disturbance at time    t 1    was applied, the phase compensation direction was appropriate, such that the ZSCC began to decrease immediately after the disturbance, indicating that the control proceeded without any forced change in the compensation direction. However, it can be seen that when the disturbance at    t 2    was applied, the ZSCC temporarily showed an increasing trend, and the phases of individual carriers were compensated in a direction that does not coincide with the phase of inverter 2, which is the reference inverter, so that the phase compensation direction was changed by forcing and the ZSCC was reduced so that the phases of individual inverters were controlled in a direction to match the phase of inverter 2. It can be confirmed that similar results were obtained when comparing Figure 10a,e–g, which are simulation results. As in the simulation, control was performed without changing the control direction for the first disturbance, and the control direction was changed for the second disturbance.



The validity of the proposed control method can be verified with the experimental results in this section. The proposed method can be used in situations where synchronization between inverters is not maintained during operation, for example, when additional inverter input is required in parallel-connected inverters.




5.2. Results of Experiments for Phase Disturbance Occurring during Phase Control Operation


In order to verify the control operation when phase disturbance occurs during phase control operation, disturbances were generated under similar conditions to the simulation in Section 4.2. Figure 16 shows the experimental results. This experimental result corresponds to Figure 11e–g, which is the simulation result of Section 4. When a disturbance occurred at time    t 1    shown in Figure 16, the ZSCCs showed a decreasing trend due to phase control. However, it can be seen that when an additional disturbance occurred at time    t 2   , the ZSCC increased up to about 15A at the maximum, and the distortion of the output current intensified. As the control progressed, the magnitude of the ZSCCs began to decrease again generally, and the sharp distortion of the output currents was removed. When comparing the experimental results of Figure 16 with Figure 11e–g, it can be seen that ZSCC shows a similar trend. It can be seen from the two results that there was a rapid increase in ZSCC at the point of occurrence of each disturbance and a decrease by control. This is because the experiment was conducted under similar conditions to the simulation, and it can be confirmed that the control operated according to the design intent.



The experimental results in Figure 17 show the reference zero-sequence current and the carrier phases of individual inverters when an additional disturbance occurred at    t 2    while the disturbance at    t 1    was being controlled. This experimental result corresponds to Figure 12a, e–g, which is the simulation result of Section 4. The increase in circulating currents when the disturbance occurred at    t 2    can be identified through the reference ZSCC in Figure 17. Due to the increase in the circulating current, an increasing crossing is identified inside the controller. However, the compensation direction is not changed by force since the control direction maintains appropriateness. It can be seen that when the disturbance occurred at    t 2    while the existing disturbance at    t 1    was being controlled based on the carrier phase of inverter 1, the disturbance was controlled based on the carrier phase of inverter 2. As the control progressed after the increasing crossing, the reference ZSCC showed a decreasing trend, and the control was completed over time. The experimental results in Figure 17 are similar to the simulation results in Figure 12a,e–g. When the first disturbance and the second disturbance occur, the trend of the carrier phase is similar, and the reference ZSCC also shows a similar trend.



The method proposed in this section was also verified through experiments. The proposed method can be applied when additional disturbance occurs during control of the phase error, such as, for example, when one inverter is tripped off.



As a result, it was confirmed through an experiment that the generation of circulating current can be suppressed. When circulating current occurs, switching loss, conduction loss, and heat loss increase due to unnecessary converter inner current increases by the circulating current. These losses can be reduced by suppressing circulating current.





6. Conclusions


In this paper, a method to control the circulating currents caused by carrier phase errors when N parallel inverters are operated was proposed. When parallel inverters are used, circulating currents become a cause of declines of the efficiency of the inverters. In particular, the carrier phase errors between inverters resulting from the use of individual control units make it impossible to apply the general control strategy. Therefore, a new control method must be applied including an effective control method for sudden disturbance that may occur during parallel inverter operation. The control unit can identify the occurrence of disturbance and can carry out control without specifying the accurate position of the reference carrier phase by determining the validity of the compensation direction. In addition, the proposed method has the advantage that it can be used universally regardless of the number of parallel inverters connected. To determine the validity of the control, a 32 kVA-rated three parallel inverter simulation was performed. As a result of the simulation, it was identified that abrupt phase changes can be controlled, and ZSCCs can be reduced. Actual 6 kVA-rated three parallel inverters were experimented and a significant result indicating that when phase errors occurred ZSCCs decrease could be identified. The circulating currents can be reduced through carrier phase error control, and this enables efficient use of parallel inverters. Since the method of this paper can suppress the magnitude of the circulating current, the impedance in the circulating current can be configured simply and the loss caused by the circulating current can be alleviated.
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Figure 1. N-Parallel connected inverters topology. 
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Figure 2. The mechanism of circulating current generation using two single−phase half−bridge circuits. 
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Figure 3. The equivalent circuit of the closed-circuit where the PWM carrier phase error exists in two parallel-connected single-phase inverters. 
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Figure 4. Control schemes for the proposed carrier error compensation method. 
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Figure 5. The conceptual trend of ZSCC present value and past value and the difference between these values after abrupt disturbance, determining the validity of the compensation direction and determining whether to change the direction. (a) when compensating with the correct direction, (b) when compensating with the incorrect direction. 
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Figure 6. The conceptual trends of ZSCC’s present value, past value, and the difference between these values in case that the disturbance occurred during phase compensation (a) when compensating with the correct direction, (b) when compensating with the incorrect direction. 
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Figure 7. Control flowchart for the proposed carrier error compensation method. 
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Figure 8. Simulation diagram. 
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Figure 9. Results of simulation of control for phase errors occurring during normal operation 1 (a) Total inverter output current and the output current of each inverter, (b) output current and zero−sequence current of inverter 1, (c) output current and zero−sequence current of inverter 2, (d) output current and zero−sequence current of inverter 3. 
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Figure 10. Results of simulation of control for phase errors occurring during normal operation 2 (a) trend of reference zero−sequence current, (b) trend of zero−sequence current of inverter 1, (c) trend of zero−sequence current of inverter 2, (d) trend of zero−sequence current of inverter 3, (e) carrier phase of inverter 1, (f) carrier phase of inverter 2, (g) carrier phase of inverter 3. 
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Figure 11. Result of simulation of control for phase error occurring during control operation 1 (a) Total inverter output current and the output currents of individual inverters, (b) output current and zero−sequence current of inverter 1, (c) output current and zero−sequence current of inverter 2, (d) output current and zero−sequence current of inverter 3. 
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Figure 12. Result of simulation of control for phase error occurring during control operation 2 (a) trend of reference zero−sequence current, (b) trend of zero−sequence current of inverter 1, (c) trend of zero−sequence current of inverter 2, (d) trend of zero−sequence current of inverter 3, (e) carrier phase of inverter 1, (f) carrier phase of inverter 2, (g) carrier phase of inverter 3. 
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Figure 13. Contracted parallel inverter experimental set. 
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Figure 14. Results of experiment of phase error control during normal operation (a) phase a output current and zero−sequence current of inverter 1, (b) phase a output current and zero−sequence current of inverter 2, (c) phase a output current and zero−sequence current of inverter 3. 
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Figure 15. Trends of the carrier phases of individual inverters and the reference zero−sequence current during control of phase errors occurred during normal operation. 
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Figure 16. Results of experiment of control of phase errors occurred during control (a) phase a output current and zero−sequence current of inverter 1, (b) phase a output current and zero−sequence current of inverter 2, (c) phase a output current and zero−sequence current of inverter 3. 
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Figure 17. Carrier phases of individual inverters and the trend of the reference zero−sequence current when the phase errors occurred during control are controlled. 
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Table 1. Simulation parameters.






Table 1. Simulation parameters.





	Parameter
	Value





	Number of inverter modules
	3



	Output line-to-line voltage (RMS)
	220 [V]



	   Inductance   of   each   inverter    L  s h     
	100 [μH]



	   DC   link   voltage    V  D C     
	400 [V]



	Output frequency
	60 [Hz]



	Switching frequency
	3 [kHz]



	Sampling frequency
	6 [kHz]



	Load inductance
	4 [mH]



	Output power
	32 [kVA]
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