

  energies-12-04167




energies-12-04167







Energies 2019, 12(21), 4167; doi:10.3390/en12214167




Article



A Novel Hybrid Converter Proposed for Multi-MW Wind Generator for Offshore Applications



Muhammad Luqman 1,2[image: Orcid], Gang Yao 1,2,*, Lidan Zhou 1,2[image: Orcid], Tao Zhang 1,2[image: Orcid] and Anil Lamichhane 1,2





1



Key Laboratory of Control of Power Transmission and Conversion (Ministry of Education), Shanghai Jiao Tong University, Shanghai 200240, China






2



Department of Electrical Engineering, School of Electronic Information and Electrical Engineering Shanghai Jiao Tong University, Shanghai 200240, China









*



Correspondence: yaogangth@sjtu.edu.cn; Tel.: +86-139-1669-1886







Received: 6 October 2019 / Accepted: 24 October 2019 / Published: 1 November 2019



Abstract

:

Modern multi-MW wind generators have used multi-level converter structures as well as parallel configuration of a back to back three-level neutral point clamped (3L-NPC) converters to reduce the voltage and current stress on the semiconductor devices. These configurations of converters for offshore wind energy conversion applications results in high cost, low power density, and complex control circuitry. Moreover, a large number of power devices being used by former topologies results in an expensive and inefficient system. In this paper, a novel bi-directional three-phase hybrid converter that is based on a parallel combination of 3L-NPC and ‘n’ number of Vienna rectifiers have been proposed for multi-MW offshore wind generator applications. In this novel configuration, total power equally distributes by sharing of total reference current in each parallel-connected generator side power converter, which ensures the lower current stress on the semiconductor devices. Newly proposed topology has less number of power devices compared to the conventional configuration of parallel 3L-NPC converters, which results in cost-effective, compact in size, simple control circuitry, and good performance of the system. Three-phase electric grid is considered as a generator source for implementation of a proposed converter. The control scheme for a directly connected three-phase source with a novel configuration of a hybrid converter has been applied to ratify the equal power distribution in each parallel-connected module with good power factor and low current distortion. A parallel combination of a 3L-NPC and 3L-Vienna rectifier with a three-phase electric grid source has been simulated while using MATLAB and then implemented it on hardware. The simulation and experimental results ratify the performance and effectiveness of the proposed system.
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1. Introduction


From the last few decades, power sectors are considering accommodating clean and sustainable energy sources to minimize the adverse effect of non-sustainable energy. Among the sustainable energy sources, wind energy has become a globally more attractive solution for high power electricity production [1]. According to a report, the State of Alaska Legislature has committed to supplying 50% of its energy from renewable sources by 2025 [2]. Meanwhile, China has also set her target to rise supply from renewable energy up to 20% in the national energy consumption by 2030 [3]. Therefore, with the passage of time, the demand for high power generator in manufacturing and installing industries is also growing for high power production.



Wind energy conversion systems (WECSs) have been installed in 80 countries and their total expected capacity will reached 800 GW by 2021 [4,5]. Nowadays, the most commonly deployed high capacity wind energy conversion systems occurs in the form of onshore and offshore wind farms. Such a developing tendency in wind energy area attracts the manufacturing companies to build individual high power wind turbine generator. Therefore, from the last few years’, generator designing industries are manufacturing high power generators up to 10 MW, which will become double after few years [6,7].



For the wind energy conversion system, a power electronics converter plays an important role as a machine side frond-end converter [8,9]. Generated alternating energy from the wind needs to be converted into stable direct current for appropriate use in numerous applications, such as standalone and grid-connected systems [10,11]. Therefore, generator side converters are considered the most accountable part for efficiency, power density, control circuitry, and cost of the entire wind energy conversion system.



Among power electronics converters, there are various sorts of rectifiers that have used for generator side energy conversion, such as, passive, active, and hybrid rectifier, as reviewed in [12,13]. Among the family of passive rectifiers, diode full-bridge rectifier remained more common in the past as a front end rectifier with harmonics and power factor problems, but these issues lower the efficiency of the whole system. Therefore, to overcome the aforementioned problems, another two-level six switch active rectifier, as shown in Figure 1a, became more popular as a front end rectifier whereas both discussed types of rectifiers were best designed for low power applications up to KVs [13]. Thus, for medium or high power applications, multilevel converter as well as parallel configuration of neutral point clamped (NPC) converter, as shown in Figure 1b, became more attractive in wind energy conversion systems (WECSs) to reduce the voltage and current stress on the semiconductor devices [14,15,16].



Nowadays, a three-level NPC converter as a front end rectifier is commonly used with a few hundreds of KW wind generator. While, in multi-MW wind generator, parallel arrangement of 3L-NPC converters, as shown in Figure 2, became a more attractive solution for reducing the current stress on power devices by equal sharing of total current in all parallel-connected converters. Otherwise, high rated semiconductor devices would be required that can bear thousands of amperes and KVolt, which are expensive and not common in markets. Besides, the parallel configuration of NPC converters also increases the complexity in aspects of a large number of active switches and control circuitry, which affects cost and efficiency. Therefore, another type of active rectifier, known as the Vienna rectifier analogous to a t-type inverter, as shown in Figure 1c, has been considered as a generator side unidirectional rectifier that is based on numerous advantages, as mentioned in [17].



In the aspects of power flow direction, NPC has bi-directional, whereas the Vienna rectifier has unidirectional power flow options. In the case of wind energy integration with the electric grid, occasionally voltage sag occurs because of rapid change in rotor speed, which demands stabilizing power operation. In addition, it also sometimes requires a little power for field excitation of the wind generator. Accordingly, a full-scale bi-directional power flow converter helps to deal with such problems [18,19,20,21].



A new bi-directional configuration of converter has been proposed for high power offshore WEC applications by keeping in view the above-mentioned issues for bidirectional power flow in multi-MW WECS. In this fresh topology, a single module of three-phase/three-level NPC converter connected in parallel with ‘n’ number of three-phase Vienna rectifiers has been designed. In this configuration of converters, NPC works as a bi-directional power flow, while Vienna rectifiers work as a unidirectional active-rectifier having a lower number of active switches and lower cost as compared to 3L-NPC [22]. The functioning of a deliberated parallel-connected converters ratifies for a higher range of wind generator applications by dropping current stress on power devices in each parallel converters [23,24]. Hence, the overall proposed hybrid configuration uses less number of switches with high power density as compared to existing parallel-connected three-level neutral point clamped converters. The major advantages of the considered system and its control scheme are:




	
reduction of switching loss;



	
reduction in number of switches;



	
works with unity PF and less THD;



	
cost-effective bi-directional converter;



	
reduction of current rating power devices; and,



	
improved the converter handling power capacity up to multi-MW.








Different configurations of machine side converters for wind energy transformation are discussed in Section 2; the proposed bi-directional hybrid converter scheme is presented in Section 3; the control scheme and working of the proposed system are discussed in Section 4; and, the MATLAB based simulation results of suggested hybrid converter are shown in Section 5. In Section 6, the DSP based experimental results are presented. Finally, in Section 7, the conclusion is discussed.




2. Front End Active Rectifiers for WECS


In this section, the most commonly used active rectifiers and number of devices used by them have been studied. Due to the inefficient and low power applications of passive rectifiers, they are not considered as a good option in WEC applications.



Therefore, active rectifiers that are based on control switches became more captivating for efficient energy conversion in WECSs [13,25]. Among the family of active rectifiers, the two-level converter was most commonly used as a front end rectifier in energy conversion progression. On the other hand, such a low power application rectifier has higher harmonics and EMI. Although, in the case of medium or high power wind generators up to 10 MW or more, it cannot endure the voltage and current stress, because of the low power handling capability of the power devices [15,24]. Hence, predefined multilevel or parallel configuration of converters was considered as a vigorous solution, as discussed in Section 1, to overcome these issues. From the last few years, a three-level back-to-back neutral point diode clamped (NPC) converters are extensively using as a front end rectifier as a machine side converter. This type of dual-mode converter can work as an inverter as well as a rectifier mode, which mainly depends on its modulation signal. Additionally, a three-level NPC converter or its parallel configuration also handle more power with low power handling devices [26,27,28,29].



The rest of NPC circuit, there is another three-level unidirectional rectifier having less number of active switches and easy to implement as a machine side rectifier that is called a Vienna rectifier. It also has a boosting and continuous input current ability. According to the efficiency point of view, a comparative analysis of all three topologies of Vienna rectifier has been discussed in [30], which shows that three-phase Vienna with a t-type inverter shape with six control switches, as shown in Figure 1c, has more efficiency than all other topologies. This simplest three-phase power circuit shows less number of power switches, easy to control, and cost-effective circuit. It has several advantages, such as high efficiency, operation at high power factor, and being reliable to implement with high power density [22,30].



Table 1 mentions the number of devices used by all discussed circuits.



Based on a comparative study of devices used by discussed converters, as mentioned in Table 1 and aforementioned problems of converters, two parallel combinations of 3L-NPC converters use almost twice the number of power devices as compared to two parallel-connected Vienna rectifiers. Therefore, a parallel configuration of two 3L-NPC will make the circuit complex, expensive, and with low power density. Thus, a new hybrid bi-directional converter for high power applications with high power density and cost-effective is recommended, as shown in the next section.




3. Proposed Converter Configuration


Figure 3 shows a new hybrid converter directly connected with multi-MW wind generator. In this arrangement, 3L-NPC works as a bi-directional converter for motoring as well as generating action, intended for electrically field excitation to produce starting torque. In the case of electrical field excitation in the generator, 3L-NPC works as an inverter mode, on the other hand, it works as a rectifier mode, just like all interleaved unidirectional Vienna rectifiers operation, as mentioned in the proposed scheme. Out of (n + 1) parallel-connected power converters, the projected system only uses a single unit of three-phase 3L-NPC converter and ‘n’ number of Vienna rectifiers, as shown in Figure 3. A deliberated system, in fact, is a parallel operation of circuits, as mentioned in Figure 2b,c, which results in low THD and good power factor. The total power equally distributes in each power electronics building block of the deliberated system by 1/(n + 1), which helps to select the lower power rating semiconductor devices. Hence, the intended power converter interface best fit for multi-MW generators. A recommended bidirectional power flow system is specially designed for high power wind generators, which are often used as directly connected offshore wind turbines in wind energy conversion solicitations [22,31].



Parallel Operation of Converters


A balanced three-phase electric grid has been considered as a generated supply for the validation of the proposed converter operation. Mathematical form of voltages in a three-phase system can be written as:


   U  g a   = E S i n  (  w t  )   










   U  g b   = E S i n  (  w t − 120  )   



(1)






   U  g c   = E S i n  (  w t + 120  )     








where Uga, Ugb, and Ugc are the phase voltages of the deliberated electric grid, while ‘E’ and ‘w’ represent the peak voltage and angular frequency of the input source.



In the proposed configuration, NPC works as a full-scale converter for the considered three-phase power feedback system, while others interleaved Vienna rectifiers work as a unidirectional power flow from generator to the DC link. In the planned system, the total output power of the generator divided by a factor of 1/(n + 1) for each converter. Where ‘1’ in the denominator represent to the NPC, while ‘n’ represent the number of other parallel connected Vienna rectifiers.



The uppermost NPC converter, as depicted in Figure 3, have dual nature of operation (rectifier & inverter) while all other parallel-connected circuits only work as a unidirectional rectifier mode of operation. Phase voltages of NPC converter as a rectifier mode are mentioned in Table 2 while assuming ideal power switches with their following switching states:


   d x  =  {      1    S  x 1   +   ,    S  x 2  +    : O N  S  x 1   −   ,    S  x 2  −  : O F F       0    S  x 1   −   ,    S  x 2  +    : O N  S  x 1   +   ,    S  x 2  −  : O F F       − 1    S  x 1   −   ,    S  x 2  −    : O N  S  x 1   +   ,    S  x 2  +  : O F F        



(2)







Whereas, x = a, b, c for three-phase system. There are three kinds of switching states for a single leg 3L-NPC. Therefore, overall states for three-phase converter are ‘33 =27’, which can be expressed as:


   U  g x 0   =  {      V  1       i f    d x  = 1     0   i f    d x  = 0     −  V 2    i f    d x  = − 1       



(3)







Moreover, for ‘n’ number of parallel-connected unidirectional Vienna rectifiers, the most efficient topology, like t-type inverter with six active switches, has been used. Assuming the balanced grid supply voltage at the input of three-phase Vienna rectifier the terminal voltages with switching states and polarity of the phase current can be expressed as:


   U  g A 0   =    V  d c    2  s g n  (   i  s a  2 n     )   (  1 −  S a   )   










       U  g B 0   =    V  d c    2  s g n  (   i  s b  2 n     )   (  1 −  S b   )       



(4)






       U  g C 0   =    V  d c    2  s g n  (   i  s c  2 n     )   (  1 −  S c   )       








where    S a   ,    S b   , and    S c    are the switching states that switched between 1 and 0. Table 3 mentions eight different switching conditions [32,33,34].



Vienna rectifiers have boosting ability with the inductive filter at the input side of the circuit, which can be calculated while using Equation (5) [35].


   L  i   =    V bus    8 ∗  F  s w   ∗ Δ  I  p p   max        



(5)




where Li is the input inductor, Vbus is a dc bus voltage, FSW is the value of switching frequency, and ∆Ippmax is a maximum ripple current value.



Finally, the output of the rectifier terminals has connected with the common dc-link capacitors to obtain the regulated suppressed ripple content and for power flow control problems. The dc-link consists of two equally sized capacitors that were also used to provide a low inductive path for the turned-off current. The dc-link capacitance can be calculated by Equation (6).


   C  D C   =   2 τ  S N     V  D  C 2         



(6)




where    S N    is a nominal apparent power of the converter,  τ  is the time constant that usually considered as less than 5 ms, and    V  D C     is the total dc-link voltage [36]. Equation (7) determines the individual capacitor sizes.


   1   C  D C     =  1   C  D C 1     +  1   C  D C 2      



(7)




having the same magnitude of current. Moreover, the dc-link voltage is to be kept constant for the input variations due to wind or load side dynamics. The overall control strategy of the proposed structure is demonstrated in the next section.





4. Control Strategy for the Proposed Converter


Wind energy produces dynamic alternating energy that is not acceptable by appliances and for long-distance transmission. Therefore, some control schemes on directly connected wind generator side converter require application to achieve a regulated energy. Some aspects of the modified hybrid control strategy for the new system were taken into account, such as good power factor, low THD of input current, and equal sharing of power in each parallel-connected module. The detail of the converter control is discussed in the following subsections:



4.1. NPC Converter Control


Figure 4 shows a simplified machine-side 3L-NPC converter control strategy. Voltage equation considering the input inductive filter in stationary ‘abc’ frame can be written as:


   L  g x       d i  x    d t   =  U  x   −  U  g x    



(8)







Whereas,   x = a , b , c    


ux = converter input voltage










ugx = grid supply voltage










Lgx = Input inductor











A commonly used voltage oriented control (VOC) has been applied for the 3L-NPC converter control. The classical type proportional-integral controllers (PI) method has been adopted to obtain good performance on dc values with small steady-state error [37]. Therefore, the stationary frame requires conversion into a synchronous d–q reference frame. Moreover, active power control is achived by setting the d-axis along with the grid voltage amplitude, whereas the q-axis has been set to zero. Active and reactive power can be controlled by the d and q-axis of the current, as illustrated in Equations (9) and (10).


   P  g   =   3   2    v  g d    i  g d    



(9)






   Q  g   = −   3   2    v  g d    i  g d    



(10)







Park and Clark’s transformation is required to transform a stationary frame to a synchronous frame, and vice versa, to implement the VOC method. For the balanced amplitude of the sinusoidal waveform, the transformation from ‘dq0’ frame to ‘abc’ frame have done while using Equation (11).


  (      u  g a        u  g b        u  g c       ) = (     Cos (  θ e  )   − Sin (  θ e  )     1    2        Cos (  θ e  −   2 π   3   )   − Sin (  θ e  −   2 π   3   )     1    2        Cos (  θ e  +   2 π   3   )   − Sin (  θ e  +   2 π   3   )     1    2        ) (      u  g d        u  g q       0     )  



(11)







Similarly, voltage vectors in the ‘abc’ frame can also be directly transformed into the ‘dq0’ frame, according to the multiplication of the matric, as given by Equation (12).


  (      u  g d        u  g q       0     ) =   2   3   (     Cos (  θ e  )   Cos (  θ e  −   2 π   3   )   Cos (  θ e  +   2 π   3   )     − Sin (  θ e  )   − Sin (  θ e  −   2 π   3   )   − Sin (  θ e  +   2 π   3   )       1    2        1    2        1    2        ) (      u  g a        u  g b        u  g c       )  



(12)







The VOC approach consists of two closed-loop controllers, one for dc-link (outer loop) and the second one for current control (inner loop). In the outer loop control, two dc voltage controller have been taken to ensure the voltage balancing across each capacitors, among two voltage controllers one controller take the input error signal after comparing the reference dc voltage and the sum of measured individual capacitor voltages, while the other controller takes the error signal that was generated by the voltage difference across each capacitor to suppress the zero leakage current. The error that was generated by both controller was sent to two separate PI controllers for tuning. Finally, the sum of two PI controller results in a reference current    i  g d 1 _ r e f    . Meanwhile,    i  g q 1     is set zero to deal with active power only. In Figure 4, both    i  s d 1     and    i  s q 1     are the feedback currents that were obtained by transforming the grid current into a rotating reference frame for inner loop control. The voltage controller sets the reference current    i  s d 1 _ r e f    . Subsequently, the differences between the reference and actual currents are sent to the inner loop of the PI controller. The output of these current controller was provided to the PWM generator to obtain the appropriate signal. The outputs of the PWM generator were applied to the NPC switches for proper operation.




4.2. Vienna Rectifier Control


The voltage equations for input side of “n” number of Vienna rectifier can be written as


   U  g a   = L   d  i  s a 2 _ n     d t     +  U  g A 0    










       U  g b   = L   d  i  s b 2 _ n     d t     +  U  g B 0        



(13)






   U  g c   = L   d  i  s c 2 _ n     d t     +  U  s C 0        








where    U  g A 0    ,    U  g B 0    , and    U  g C 0     are the input voltages of the Vienna rectifier and n = 1,2,3….



Here, a simple current average control scheme has been implemented, where the current obtained from the voltage controller was set as a reference current    i l *   , which further divides in NPC and interleaved Vienna rectifiers. In Figure 4, the final reference current    i  l _ r e f  *    for all interleaved rectifiers was attained by multiplying    i l *    with   sin  (  w t  )     . Whereas,   sin  (  w t  )    represents the unit amplitude waveform of the generator voltage. The error obtained by taking the difference between the reference current    i l *    and measured current    i  s a b c 2 _ 1     is taken as an input to the current control. The PI controller is also selected for the inner current control of Vienna rectifier, which gives the output, like PWM duty cycle. Additionally, the duty ratio feedforward (DFF1_n) method has also been applied to improve the THD and waveform of the current at zero crossing. While designing the parameters of the PI controller bandwidth of the current control was kept wider than the outer voltage loop [37].





5. Simulation Results


A 2 KW three-phase MATLAB based simulation studies of two parallel-connected 3L-NPC and 3L-Vienna rectifier, as shown in Figure 5, has been performed in order to verify the performance of the proposed converter.



The recommended converter is best designed for multi-MW wind generator that is most prevalent in offshore wind energy applications. For the purpose of validation three-phase, electric grid as a generated source was considered to implement the proposed converter. All of the parameters that were used by the simulation are mentioned in Table 4.



Figure 6a represents an applied three-phase voltage of 50 Vrms from the grid and Figure 6e,i denote waveforms of voltage across two parallel-connected 3L-NPC and Vienna rectifier, respectively. Figure 6b illustrates the total current drawn from the source, which is exactly the sum of both the NPC and Vienna rectifier. Similarly, half of the total current in Figure 6f,j justify the division of current equally in each parallel connected converter that also satisfies the control main purpose. Figure 6c,g,k show that the phase among applied voltage and current are the same, which means their power factor nearly unity. Figure 6d,h,l are a representation of THD of total current, bidirectional converter current and the Vienna rectifier current, respectively, which also results that the Vienna rectifier has the lowest THD when compared to NPC converter. Therefore, the Vienna rectifier was also selected for the collection of efficient DC energy from wind energy.



The blue and red legends in Figure 7a represent voltage across C1 and C2, while the yellow label represents a total DC-link voltage. The total dc current drawn by the resistive load is shown in Figure 7b.




6. Experimental Results


The proposed hybrid converter consists of a three-phase Vienna rectifier that was interleaved with 3L-NPC converter with total power of 2-KW was designed and implemented as per the specifications mentioned in Table 4. Figure 8 shows the requisite experimental results of the system, as depicted in Figure 5. As a Page: 9total grid supply voltage to the parallel connected converters will be same as showm in is Figure 8a–c. Figure 8a–d epitomize the results of total power that is supplied by the grid to both parallel-connected converters. 3.2% THD of total current also meet the IEEE standard. Figure 8b,f,j show the waveforms of total current, 3L-NPC and Vienna rectifier respectively. Half of the total current in 3L-NPC and Vienna rectifier show that the total system power divided among parallel-connected converters.



The detailed data in Figure 8c,g,k also verify that the total power has equally distributed in both parallel-connected converters, which verifies that the control algorithm works well in power-sharing. The currents drawn by NPC and Vienna rectifier, as shown in Figure 8h,l with THD 4.7% and 2.5%, respectively, also follow the IEEE standard.Moreover, the Vienna rectifier has less THD as compared to 3L-NPC, which also leads towards increased efficiency.



In Figure 9. the blue line shows the experimental results of the total dc-link voltage, while the yellow line represents a load current, as mentioned in table-IV. Finally, the whole setup of the implemented converter is shown in Figure 10 by labeling the main parts.




7. Conclusions


A novel bi-directional converter, especially for multi-MW wind generator for offshore wind energy conversion applications, was designed. This converter has the ability to handle a wide range of power in MW with thousands of ampere current by adding parallel circuitry of ‘n’ number of Vienna rectifiers with a single module of three-phase 3L-NPC converter. Moreover, the designed converter has a lower number of power devices, which leads towards cost-effectivness, a reduction in switching losses, as well as high power density system as compared to the conventional parallel-connected 3L-NPC converters. A simple hybrid control scheme consists of a VOC for 3L-NPC and current average control technique with the addition of duty ratio feed-forward for Vienna rectifier control to improve the current distortion was also investigated. Equally distributed power in Vienna rectifier and 3L-NPC converter verified the control performance. The proposed converter with a control scheme also verified that the Vienna rectifier has unity power factor (PF) and low THD factor as compared to 3L-NPC. The simulation and experimental results of a deliberated 2-KW system verified the fast dynamic response, good power factor (PF), and current THD less than 5%.
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Figure 1. (a) Two-level converter; (b) Three-Level NPC converter; (c) Three-level Vienna rectifier. 
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Figure 2. Conventional scheme of 3L-NPC converter with multi-MW wind generator. 
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Figure 3. Proposed hybrid converter for multi-MW wind generator. 






Figure 3. Proposed hybrid converter for multi-MW wind generator.



[image: Energies 12 04167 g003]







[image: Energies 12 04167 g004 550] 





Figure 4. Control strategy of a proposed hybrid converter. 
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Figure 5. Diagram of simulated and Implemented system. 
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Figure 6. Simulation results of a 2-KW proposed hybrid converter. 
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Figure 7. Simulation results of DC link voltage control and load current. 
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Figure 8. Experimental results of a 2-KW proposed hybrid converter. 
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Figure 9. Experimental results of DC link voltage and load current. 
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Figure 10. Experimental setup of two parallel-connected 3L-NPC and Vienna rectifier. 
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Table 1. Comparison of the number of devices used.
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	Converter Type
	Number of Diodes
	Number of IGBTs
	Number of IGBTs Drivers
	Total Number of Devices





	Two-level
	6
	6
	6
	18



	Three-level NPC
	18
	12
	12
	42



	3L-Vienna rectifier
	12
	6
	6
	24
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Table 2. Configurations and state of 3L-NPC converter.
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	Conf.
	         S  x 1   +              
	         S  x 2   +              
	         S  x 1   −              
	         S  x 2   −              
	         V  o u t                





	1st 1100
	1
	1
	0
	0
	       +  V  d c         / 2       



	2nd 0110
	0
	1
	1
	0
	0



	3rd 0011
	0
	0
	1
	1
	       −  V  d c         / 2       










[image: Table] 





Table 3. Switching conditions for three-phase Vienna Rectifier.
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	      S   a      
	          S   b          
	          S   c          
	          V    a n           
	          V    b n           
	          V    c n           





	   0   
	   0   
	   0   
	       + Vo / 2       
	       − Vo / 2       
	       − Vo / 2       



	   0   
	   0   
	   1   
	       + Vo / 2       
	       − Vo / 2       
	   0   



	   0   
	   1   
	   0   
	       + Vo / 2       
	   0   
	       − Vo / 2       



	   0   
	   1   
	   1   
	       + Vo / 2       
	   0   
	   0   



	   1   
	   0   
	   0   
	   0   
	       − Vo / 2       
	       − Vo / 2       



	   1   
	   0   
	   1   
	   0   
	       − Vo / 2       
	   0   



	   1   
	   1   
	   0   
	   0   
	       0       
	       − Vo / 2       



	   1   
	   1   
	   1   
	   0   
	   0   
	   0   
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Table 4. Data used for Simulation and Experiment.
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	Parameter
	Value





	Total power
	2 KW



	Grid side voltage
	50 Vrms



	DC- link voltage
	200 V



	Grid frequency
	50 Hz



	Switching frequency
	15 KHz



	Inductor (3L-NPC/Vienna)
	300 uH



	C1/C2 capacitor
	9020 uF
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