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  Flexible operation of parallel grid-connecting converters under unbalanced grid voltage  

ABSTRACT 

Under grid voltage unbalance, grid-connecting converters should be always connected to the grid. However, voltage 
unbalance has adverse effect on the stable operation of the converters, such as active power oscillation, DC link voltage 
ripple and overloading. Thus, it is needed to investigate parallel operation of grid-connecting converters interfacing 
DC and AC buses and propose flexible control strategies to solve the aforementioned issues. In this digest, a thorough 
study on factors that influence the peak current of single converter is conducted. In addition, based on the principle 
that total output active power should be oscillation free, a coordinated control strategy is proposed for two parallel 
converters. Case study has been conducted to demonstrate the effectiveness of this proposed control strategy.  
I. Introduction 

In the past few years, the high penetration of Renewable Energy Source (RES) and Distributed Generation (DG) 

systems have been drawing public’s increasing attention. DGs and RESs may share a common DC bus for better 

power management [1], meanwhile, parallel grid-connected inverters are usually adopted to interlink between DC and 

AC buses for larger power transfer to the grid [2]. According to the grid code [3], these paralleled inverters are required 

to be connected to the grid under grid voltage unbalance or even grid fault. However, operation of grid-connected 

inverters in the case with grid voltage unbalance may cause active power oscillation at twice grid-frequency and lead 

to exceeding limitation of the phase current. Moreover, active power oscillation in turn results in DC link voltage 

ripple which may damage the DC link capacitor [4]. 

In order to limit the output current and reduce active power oscillation, [5-16] have investigated various control 

strategies, among which [12] ensures the minimum peak current values of injected current, but harmonic current was 

increased to meet the objective, leading to overcurrent. Although in [10] and [12] control strategies are developed to 

avoid overcurrent tripping, these strategies are only related to reactive power delivery under unbalanced grid and result 

in active and reactive power oscillation. References [8] and [9] proposed flexible controllers that enable Low Voltage 

Ride Through (LVRT) by injecting positive and negative sequence current and maintaining the peak phase current to 

a predefined value, however, this control strategy are too complex to be applicable in practical cases.  

On the other hand, the published research on paralleled grid-connecting converters under unbalanced grid voltage is 

quite limited. References [5] and [17] proposed similar control strategies by defining one control coefficient to set the 

current reference. Starting from this idea, this digest proposes a more generalized active power control strategy. To 

the best of author’s knowledge, this generalized control strategy for parallel grid-connecting converters has not been 

reported and investigated yet. In this method, zero active power oscillation while respecting the current limitation is 

achieved by cooperative control of parallel grid-interfacing inverters. Furthermore, the procedure of control system 

design is introduced and discussed. The results of a case study are provided to verify the proposed control strategy.  

II.  Flexible control of parallel grid-connecting converters 
Fig.1 shows a typical microgrid with parallel grid-connecting inverters.  These inverters are used to achieve high 

power transfer from DG units to AC grids. According to the grid codes in Europe [3], under unbalance grid voltage 

condition, DG units that comprised of PV system must only inject active power into the grid. Therefore, only active 

power transfer is considered in this digest.  



 

Besides, considering 

operation under 

unbalance grid voltage, 

injecting a balanced 

current may incur the 

active power oscillation 

at twice of grid frequency, 

which may adversely 

affect the DC link voltage 

and operation stability. 

Therefore, based on [6], a 

set of reference currents 

that comprise positive 

and negative sequence currents and described as follows should be applied: 

𝑖𝑖𝑝𝑝∗ = 2
3

𝑘𝑘𝑝𝑝+𝑃𝑃∗

𝑘𝑘𝑝𝑝+|𝑣𝑣+|2+𝑘𝑘𝑝𝑝−|𝑣𝑣−|2 𝑣𝑣
+ + 2

3
𝑘𝑘𝑝𝑝−𝑃𝑃∗

𝑘𝑘𝑝𝑝+|𝑣𝑣+|2+𝑘𝑘𝑝𝑝−|𝑣𝑣−|2 𝑣𝑣
−                                 (1) 

where 𝑘𝑘𝑝𝑝+ and 𝑘𝑘𝑝𝑝− are the control parameter to generate appropriate positive and negative sequence current.  𝑣𝑣+and 

𝑣𝑣− are positive and negative sequence vectors. Moreover, the parameter ranges are 𝑘𝑘𝑝𝑝+ > 0 and −∞ < 𝑘𝑘𝑝𝑝− < +∞, 

which provide flexible current injection strategy. Compare (1) with current reference generation of [5], it is observed 

that current reference generation of [5] is only one special case of (1). Therefore, (1) will offer a more generalized 

form of current reference generation. The peak amplitude of abc frame current can be easily calculated by applying 

the inverse-Clark transformation to (1):      

   𝐼𝐼𝑎𝑎𝑚𝑚𝑎𝑎𝑚𝑚 = 2
3
𝑀𝑀�(𝑘𝑘𝑝𝑝+𝑉𝑉+)2 + (𝑘𝑘𝑝𝑝−𝑉𝑉−)2 + 2𝑘𝑘𝑝𝑝+𝑘𝑘𝑝𝑝−𝑉𝑉+𝑉𝑉−cos (𝛿𝛿)                   (2) 

      𝐼𝐼𝑏𝑏𝑚𝑚𝑎𝑎𝑚𝑚 = 2
3
𝑀𝑀�(𝑘𝑘𝑝𝑝+𝑉𝑉+)2 + (𝑘𝑘𝑝𝑝−𝑉𝑉−)2 + 2𝑘𝑘𝑝𝑝+𝑘𝑘𝑝𝑝−𝑉𝑉+𝑉𝑉−cos (𝛿𝛿 − 2

3
𝜋𝜋)         (3) 

𝐼𝐼𝑐𝑐𝑚𝑚𝑎𝑎𝑚𝑚 = 2
3
𝑀𝑀�(𝑘𝑘𝑝𝑝+𝑉𝑉+)2 + (𝑘𝑘𝑝𝑝−𝑉𝑉−)2 + 2𝑘𝑘𝑝𝑝+𝑘𝑘𝑝𝑝−𝑉𝑉+𝑉𝑉−cos (𝛿𝛿 − 4

3
𝜋𝜋)        (4) 

where M= 𝑃𝑃∗

𝑘𝑘𝑝𝑝+(𝑉𝑉+)2+𝑘𝑘𝑝𝑝−(𝑉𝑉−)2
, 𝑉𝑉+ = �(𝑣𝑣𝛼𝛼+)2 + (𝑣𝑣𝛽𝛽+)2, 𝑉𝑉− = �(𝑣𝑣𝛼𝛼−)2 + (𝑣𝑣𝛽𝛽−)2.   𝛿𝛿 = 𝑐𝑐𝑐𝑐𝑐𝑐−1 �

(𝑣𝑣𝛼𝛼+𝑣𝑣𝛼𝛼−−𝑣𝑣𝛽𝛽
+𝑣𝑣𝛽𝛽

−

𝑉𝑉+𝑉𝑉−
� 

Therefore, from (2)-(4) it is clearly seen that if  𝑘𝑘𝑝𝑝− < 0, the minimum value of the cosine function has the direct 

relationship with the maximum phase current:   cos𝑚𝑚𝑚𝑚𝑚𝑚 = min {cos(𝛿𝛿) , cos �𝛿𝛿 − 2
3
𝜋𝜋� , cos (𝛿𝛿 + 2

3
𝜋𝜋)}                      (5) 

On the contrary, if  𝑘𝑘𝑝𝑝− > 0, the maximum value of the cosine function has the direct relationship with the maximum 

phase current:                                                                 cos𝑚𝑚𝑎𝑎𝑚𝑚 = max {cos(𝛿𝛿) , cos �𝛿𝛿 − 2
3
𝜋𝜋� , cos (𝛿𝛿 + 2

3
𝜋𝜋)}       (6) 

As 𝑉𝑉+  𝑉𝑉− the voltage amplitudes in the unbalanced case and phase angle 𝛿𝛿 can be determined by online calculation, 

the maximum current phase current can be expressed as: 

𝐼𝐼𝑚𝑚𝑎𝑎𝑚𝑚 = 2
3
𝑀𝑀�(𝑘𝑘𝑝𝑝+𝑉𝑉+)2 + (𝑘𝑘𝑝𝑝−𝑉𝑉−)2 + 2𝑘𝑘𝑝𝑝+𝑘𝑘𝑝𝑝−𝑉𝑉+𝑉𝑉−cos 𝑚𝑚𝑎𝑎𝑚𝑚       (7) 
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Fig.1 Configuration of microgrid with multiple grid-connected inverters between DC bus and AC bus 



 

Therefore, considering (5)-(7), the maximum current of each phase depends on amplitude of positive and negative 

sequence voltages, phase angle difference, and adjustable coefficients 𝑘𝑘𝑝𝑝+  and  𝑘𝑘𝑝𝑝− . Based on the sign of 𝑘𝑘𝑝𝑝− , the 

following two situations can be considered: 

When 𝑘𝑘𝑝𝑝− > 0 (in the case that 𝑘𝑘𝑝𝑝− = 1, Fig. 2(a) illustrates a 3-D plot showing the relationship among 𝑘𝑘𝑝𝑝+, theta and 

peak current and Fig.2(b) provides relationship between peak current and theta when  𝑘𝑘𝑝𝑝− = 1 and 𝑘𝑘𝑝𝑝+ varies from 0.5 

to 1.5. It shows that peak current related with theta is a periodic waveform. In 

addition, peak current value monotonously reduced with 𝑘𝑘𝑝𝑝+ increasing from zero. 

Moreover, peak current will reach minimum value of  2
3
𝑃𝑃∗

|𝑣𝑣+| when 𝑘𝑘𝑝𝑝+ go to infinity. 

Fig. 3 shows a similar relationship among 𝑘𝑘𝑝𝑝+, theta and peak current when  𝑘𝑘𝑝𝑝− <

0 (in this case 𝑘𝑘𝑝𝑝− = −1). It illustrates that peak current has a periodic waveform 

as well meanwhile the peak current continuously reduced to the minimum value of  
2
3
𝑃𝑃∗

|𝑣𝑣+| with the  𝑘𝑘𝑝𝑝+ increasing. Finally, the relationship among  𝑘𝑘𝑝𝑝+, 𝑘𝑘𝑝𝑝− and peak 

current are shown in Fig. 4, from which it can be observed that with  𝑘𝑘𝑝𝑝−=0  the 

lowest peak current can be achieved. 

III. Investigation of active power oscillation 
According to the instantaneous power theory [6], during grid voltage unbalance, 

the instantaneous active and reactive powers injected by converter can be expressed 

as: 

𝑝𝑝 = (𝑣𝑣+ + 𝑣𝑣−) ∙ (𝑖𝑖+ + 𝑖𝑖−) = 𝑃𝑃 + 𝑝𝑝�                                            (8) 

where  𝑣𝑣+,𝑣𝑣−, 𝑖𝑖+, 𝑖𝑖− are positive and negative sequence component of voltage and 
current vectors, and 𝑃𝑃 and 𝑝𝑝� are average value and oscillatory term of active power, 
respectively. In (8), 𝑃𝑃 and 𝑝𝑝� are equal to 𝑃𝑃 = 𝑣𝑣+ ∙ 𝑖𝑖+ + 𝑣𝑣− ∙ 𝑖𝑖− and 𝑝𝑝� = 𝑣𝑣+ ∙ 𝑖𝑖− +

𝑣𝑣− ∙ 𝑖𝑖+, respectively.  By relating (1) and (8), average and oscillatory parts of active power are expressed as: 

𝑃𝑃 = 𝑘𝑘𝑝𝑝+(𝑉𝑉+)2

𝑘𝑘𝑝𝑝+(𝑉𝑉+)2+𝑘𝑘𝑝𝑝−(𝑉𝑉−)2
𝑃𝑃∗ + 𝑘𝑘𝑝𝑝−(𝑉𝑉−)2

𝑘𝑘𝑝𝑝+(𝑉𝑉+)2+𝑘𝑘𝑝𝑝−(𝑉𝑉−)2
𝑃𝑃∗                                 (9) 

𝑝𝑝� = (𝑘𝑘𝑝𝑝++𝑘𝑘𝑝𝑝−)𝑣𝑣+𝑣𝑣−

𝑘𝑘𝑝𝑝+(𝑉𝑉+)2+𝑘𝑘𝑝𝑝−(𝑉𝑉−)2
𝑃𝑃∗                                                                (10) 

Therefore, for a single DG unit, making kp+ = −kp− results in active power oscillation free.  

   
Fig.2Relationship among  kp+, theta and 
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Peak current when kp-=-1 
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Fig. 4 Relationship among  kp+, kp- and Peak 
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Fig.5 Flow chart of proposed control 

 



 

Meanwhile, in the case of multiple DG units, it is needed to deliver as much as possible active power to the grid, 

therefore, the active power oscillation is expressed as: 

∑ 𝑝𝑝𝚤𝚤� =𝑚𝑚
𝑚𝑚=1 𝑝𝑝1� + 𝑝𝑝2� + ⋯+ 𝑝𝑝𝑚𝑚� = � �𝑘𝑘𝑝𝑝1+ +𝑘𝑘𝑝𝑝1− �

𝑘𝑘𝑝𝑝1+ (𝑉𝑉+)2+𝑘𝑘𝑝𝑝1− (𝑉𝑉−)2
+ �𝑘𝑘𝑝𝑝2+ +𝑘𝑘𝑝𝑝2− �

𝑘𝑘𝑝𝑝2+ (𝑉𝑉+)2+𝑘𝑘𝑝𝑝2− (𝑉𝑉−)2
+ ⋯+ �𝑘𝑘𝑝𝑝𝑝𝑝+ +𝑘𝑘𝑝𝑝𝑝𝑝− �

𝑘𝑘𝑝𝑝𝑝𝑝+ (𝑉𝑉+)2+𝑘𝑘𝑝𝑝𝑝𝑝− (𝑉𝑉−)2
� (11) 

Considering two parallel converters interfacing into grid, in order to make oscillation-free active power and ripple-

free dc link voltage, the following expression should be followed: 
�𝑘𝑘𝑝𝑝1+ +𝑘𝑘𝑝𝑝1− �

𝑘𝑘𝑝𝑝1+ (𝑉𝑉+)2+𝑘𝑘𝑝𝑝1− (𝑉𝑉−)2
+ �𝑘𝑘𝑝𝑝2+ +𝑘𝑘𝑝𝑝2− �

𝑘𝑘𝑝𝑝2+ (𝑉𝑉+)2+𝑘𝑘𝑝𝑝2− (𝑉𝑉−)2
= 0                                                         (12) 

IV. Proposed Control Strategy for Parallel Grid-connecting converters under unbalanced 

grid voltage 
In this section, a novel control strategy is proposed for the parallel converters to achieve one common objective: active 

power oscillation to be zero meanwhile 

limiting the peak current to the predefined 

value 𝐼𝐼𝑚𝑚𝑎𝑎𝑚𝑚 Therefore, in order to limit the peak 

current of grid-interfacing converter in the 

range of current rating,  𝑘𝑘𝑝𝑝+  should move 

towards infinity while  𝑘𝑘𝑝𝑝− should move to zero 

to make sure the peak current reaches its 

minimum value when voltage unbalance 

occurs, if it still cannot promise the peak 

current within the range of current rating, 

active power reference should be reduced to guarantee the peak current reduction as is shown in the flowchart of Fig.5. 

The proposed control strategy is shown in Fig. 6 

V. Case Study  
In order to verify the proposed control strategy, operation of two grid-connecting converters in parallel is investigated 

with Matlab/Simulink (Fig.7). It should be noted the second grid-connecting converter as the complementary converter 

should have greater power capacity. First, the current limitation of DG1 is set to 5.8A, and at the normal 

operation 𝑘𝑘𝑝𝑝1+ = 1, 𝑘𝑘𝑝𝑝1− = −1,  𝑘𝑘𝑝𝑝2+ = 1, 𝑘𝑘𝑝𝑝2− = −1 (see Fig.7(b)). At 0.3s, a grid fault occurs to the system, leading to 

 

Fig. 6 Block diagram of the proposed control scheme 
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Fig.7 Simulation Results of Parallel converters operation in Voltage Unbalance 



 

voltage unbalance at PCC (see Fig.7(a)), at this time, peak current of DG 1 rises to 6.7A which exceeds the current 

rating. Meanwhile, due to  𝑘𝑘𝑝𝑝1+ = 1, 𝑘𝑘𝑝𝑝1− = −1, and 𝑘𝑘𝑝𝑝2+ = 1, 𝑘𝑘𝑝𝑝2− = −1(Eq.10), there does not exist active power 

oscillation (Fig.7(b)). At 0.5s, the proposed current regulation is initiated, from Fig. 7(b) it can be observed that 𝑘𝑘𝑝𝑝1+  

increases from 1 to 2.6 and 𝑘𝑘𝑝𝑝1−  grows from -1 to -0.8 to meet the current regulation requirement. Therefore, DG1’s 

peak current is limited within 5.8A limit. In addition, as the complementary converter, according to (Eq.12), the value 

of 𝑘𝑘𝑝𝑝2−  is automatically calculated when keeping 𝑘𝑘𝑝𝑝2+   at 1(Fig.7(b)). Therefore, although both DG1 and DG2 suffer 

from active power oscillation at twice of fundamental frequency, the total output active power is still kept free of 

oscillations.  
 

VI. CONCLUSIONS and FUTURE WORK 

This digest proposed a control strategy for parallel grid-connecting converters under unbalanced 

grid voltage. By adjusting the coefficient of individual converter, the peak current limitation is 

realized. Moreover, with cooperative operation of the complementary converter, the total active 

power is free of oscillation. Simulation and Experimental results shows the effectiveness of the 

proposed control strategy. More detailed analysis and experimental results will be given in the full 

paper.  

REFERENCES 

[1] N. Eghtedarpour and E. Farjah, "Power Control and Management in a Hybrid AC/DC Microgrid," IEEE Transactions on Smart Grid, vol. 5, pp. 1494-1505, 2014. 
[2] D. Bo, Y. Li, and Z. Zheng, "Energy management of hybrid DC and AC bus linked microgrid," in The 2nd International Symposium on Power Electronics for Distributed 

Generation Systems, 2010, pp. 713-716. 
[3] M. Altin, x00D, x00F, ksu, R. Teodorescu, P. Rodriguez, et al., "Overview of recent grid codes for wind power integration," in Optimization of Electrical and 

Electronic Equipment (OPTIM), 2010 12th International Conference on, 2010, pp. 1152-1160. 
[4] L. Jinghang, F. Nejabatkhah, L. Yunwei, and W. Bin, "DG control strategies for grid voltage unbalance compensation," in Energy Conversion Congress and Exposition 

(ECCE), 2014 IEEE, 2014, pp. 2932-2939. 
[5] K. Sun, X. Wang, Y. W. Li, F. Nejabatkhah, Y. Mei, and X. Lu, "Parallel Operation of Bi-directional Interfacing Converters in a Hybrid AC/DC Microgrid under 

Unbalanced Grid Voltage Conditions," IEEE Transactions on Power Electronics, vol. PP, pp. 1-1, 2016. 
[6] J. L. Sosa, M. Castilla, J. Miret, J. Matas, and Y. A. Al-Turki, "Control Strategy to Maximize the Power Capability of PV Three-Phase Inverters During Voltage Sags," 

IEEE Transactions on Power Electronics, vol. 31, pp. 3314-3323, 2016. 
[7] A. Momeneh, M. Castilla, J. Miret, P. Mart, xed, and M. Velasco, "Comparative study of reactive power control methods for photovoltaic inverters in low-voltage 

grids," IET Renewable Power Generation, vol. 10, pp. 310-318, 2016. 
[8] M. Velasco, P. Mart, x00Ed, J. Torres-Mart, x00Ed, nez, et al., "On the optimal reactive power control for grid-connected photovoltaic distributed generation 

systems," in Industrial Electronics Society, IECON 2015 - 41st Annual Conference of the IEEE, 2015, pp. 003755-003760. 
[9] J. Torres-Mart, x00Ed, nez, M. Castilla, J. Miret, M. Moradi-Ghahderijani, et al., "Dynamic model of a grid-connected three-phase inverter with slope voltage 

control," in Industrial Electronics Society, IECON 2015 - 41st Annual Conference of the IEEE, 2015, pp. 001228-001233. 
[10] A. Camacho, M. Castilla, J. Miret, A. Borrell, L. G. d. Vicu, and x00F, "Active and Reactive Power Strategies With Peak Current Limitation for Distributed Generation 

Inverters During Unbalanced Grid Faults," IEEE Transactions on Industrial Electronics, vol. 62, pp. 1515-1525, 2015. 
[11] J. Matas, M. Castilla, J. Miret, L. Garc, x00Ed, V. a de, et al., "An Adaptive Prefiltering Method to Improve the Speed/Accuracy Tradeoff of Voltage Sequence 

Detection Methods Under Adverse Grid Conditions," IEEE Transactions on Industrial Electronics, vol. 61, pp. 2139-2151, 2014. 
[12] M. Castilla, J. Miret, A. Camacho, J. Matas, L. Garc, x00Ed, et al., "Voltage Support Control Strategies for Static Synchronous Compensators Under Unbalanced 

Voltage Sags," IEEE Transactions on Industrial Electronics, vol. 61, pp. 808-820, 2014. 
[13] M. Castilla, J. Miret, A. Camacho, L. Garc, x00Ed, V. a de, et al., "Modeling and Design of Voltage Support Control Schemes for Three-Phase Inverters Operating 

Under Unbalanced Grid Conditions," IEEE Transactions on Power Electronics, vol. 29, pp. 6139-6150, 2014. 
[14] J. Miret, A. Camacho, M. Castilla, L. G. d. Vicu, x00F, and J. Matas, "Control Scheme With Voltage Support Capability for Distributed Generation Inverters Under 

Voltage Sags," IEEE Transactions on Power Electronics, vol. 28, pp. 5252-5262, 2013. 
[15] M. Castilla, J. Miret, A. Camacho, J. Matas, and L. G. d. Vicuna, "Reduction of Current Harmonic Distortion in Three-Phase Grid-Connected Photovoltaic Inverters via 

Resonant Current Control," IEEE Transactions on Industrial Electronics, vol. 60, pp. 1464-1472, 2013. 
[16] J. Miret, M. Castilla, A. Camacho, L. G. d. Vicu, x00F, and J. Matas, "Control Scheme for Photovoltaic Three-Phase Inverters to Minimize Peak Currents During 

Unbalanced Grid-Voltage Sags," IEEE Transactions on Power Electronics, vol. 27, pp. 4262-4271, 2012. 
[17] F. Nejabatkhah, Y. Li, and K. Sun, "Parallel Three-Phase Interfacing Converters Operation under Unbalanced Voltage in Hybrid AC/DC Microgrid," IEEE Transactions 

on Smart Grid, vol. PP, pp. 1-1, 2016. 
 


