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A hybrid AC-DC microgrid consists of an AC and a DC subgrid which are connected to each other through an interlink-

ing converter (IC). The main function of an IC under islanded conditions is to transfer power between the two subgrids. In 

this paper, a scheme is presented to reduce the voltage unbalance factor in a hybrid AC-DC microgrid by using the free 

capacity of the IC. The free capacity of this converter is determined based on the current passing through each leg, and the 

amount of voltage unbalance compensation on the AC side of the microgrid is then obtained. The reference current of 

voltage unbalance compensation is calculated by using the positive, negative, and zero sequence components of the voltage 

of IC terminals. The total reference current is obtained by adding the reference current of voltage unbalance compensation 

and the current calculated for power transfer. Furthermore, a proportional-resonant (PR) controller is used in the control 

system of the four-leg inverter. Therefore, the reference current is properly tracked by the power stage of the inverter. Sim-

ulation results verify the accuracy of the proposed scheme under different conditions.  
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NOMENCLATURE 

 Voltage of the AC subgrid 

CBu  Voltage of the capacitor CB 

DCu  Voltage of the DC subgrid 

max min,u u  Maximum and minimum of allowable value of 

DC subgrid voltage 

ou  Output voltage of the boost converter  

ACU  Reference voltage of the AC subgrid 

abc

LLu  Line to line voltage of the AC subgrid 

eu   Effective voltage of the ac subgrid 

012

rmsu  Effective voltage of the zero, positive and nega-

tive voltage of the AC subgrid  

d  Duty Cycle of the buck/boost converter 

dci  Inductance current of the buck/boost converter 

abcn

ICi  Output current of the four-leg inverter 

oi  Output Current of the boost converter 

abci  Line Current of the AC subgrid 
*

I  Reference current of the IC in αβ reference frame 

for power transfer between two subgrids 

RI  Maximum value of the allowable current of the 

each leg in four-leg inverter 

NI  Maximum value of the effective current between 

abc branches in the four-leg inverter 

MI  Maximum value of the effective current between 

abcn branches in the four-leg inverter 

abcu
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  Reference angular frequency of the AC subgrid 

f  Frequency of the AC subgrid 

max min,f f  Maximum and minimum of allowable value of 

AC subgrid frequency 

0 2,UR UR  Compensation references of the negative and zero 

sequence voltage of the AC subgrid 

0 2,UF UF  Zero and negative unbalance indexes 

,IC ICP Q  Actual active and reactive power transferred 

between two subgrids 

I. INTRODUCTION 

According to the IEEE standards, a microgrid is a local 

network that is composed of distributed energy sources 

(DERs) and loads and can continue to work either in 

grid-connected or in islanded modes of operation. A DER can 

be either an energy generation source or an energy storage 

source [1]. Microgrids can be categorized in three main 

groups from structural and operational points of view. From a 

structural point of view, microgrids are classified as AC, DC, 

and hybrid AC-DC microgrids [2]-[5]. On the other hand, 

from an operational point of view, microgrids can be catego-

rized as grid-connected, islanded, and a transient state be-

tween these two states [6]-[9]. 

Among various kinds of microgrids, the hybrid AC-DC 

microgrid is an effective way for proper and efficient exploi-

tation of DGs, as well as AC and DC loads. A hybrid mi-

crogrid is composed of an AC subgrid, a DC subgrid, and an 

interlinking converter which connects these two subgrids 

[10], [11]. A hybrid microgrid has the advantages of both AC 

and DC subgrids. Due to the decrease in the number of stages 

of electronic power converters in this microgrid and conse-

quently a decrease in the loss, the efficiency of this microgrid 

increases. However, its control and utilization is much more 

complicated than AC and DC subgrids. Due to the many ad-

vantages of hybrid microgrids, they can be considered as the 

future distribution networks. 

In various papers related to AC-DC hybrid microgrids, 

published up until now, different strategies have been pro-

posed for IC. When the microgrid is operated in 

grid-connected mode, the IC has the duty of voltage stabiliza-

tion of the DC sub-grid and the power control [12]. If the 

microgrid is operated in islanded mode, according to the type 

of the control of AC and DC sub-grids, the IC has to control a 

DC sub-grid, an AC sub-grid or the output power [13]. In 

[14], four operation modes are defined for the IC: 

 Both the AC and DC subgrids are under under-load con-

ditions; in this mode the IC is off.  

 Both the AC and DC subgrids are under full-load condi-

tions; in this mode the IC is off.  

 The AC subgrid is under under-load conditions and the 

DC subgrid is under full-load or over-load conditions; in 

this mode, the power is transferred from the AC subgrid 

to the DC subgrid by the IC.  

 The AC subgrid is under full-load or over-load 

conditions and the DC subgrid is under under-load condi-

tions; in this mode, the power is transferred from the DC 

subgrid to the AC subgrid by the IC. 

Considering the four modes discussed for the hybrid mi-

crogrid [14], it can be concluded that the IC has free capacity 

during the most hours of the day. Therefore, in addition to 

transferring power between two subgrids, the capacity of IC 

can be used for other auxiliary purposes as well. 

One of the most important factors that must be taken into 

account in the initial design of a microgrid is supplying the 

power required by the loads with proper and standard quality 

[15], particularly in the islanded mode. However, the im-

provement of the power quality indices in hybrid microgrids 

has rarely been taken into account so far. Voltage unbalance 

is one of the most common power quality phenomena which 

cause interference in the operation of equipment especially in 

induction machines [16]. The presence of single-phase loads 

in three phase networks is one of the main causes of voltage 

unbalance in three phase four-wire distribution networks. 

There are several different ways to compensate voltage un-

balance in a distribution network. One approach is to use a 

custom power equipment such as parallel active power filter 

[17], UPQC and D-STATCOM [18], [19]. However, this 

approach is not economical. In another method, the interfac-

ing converter between DG and network can be employed to 

compensate voltage unbalance. As an example, [20]-[22] use 

the interfacing converter to compensate voltage unbalance in 

a three-phase three-wire system. However, voltage unbalance 

compensation through the interfacing converter reduces the 

power injection capability. In [23], [24] the series converter 

has been used to improve voltage quality in the hybrid 

AC-DC microgrid. However, the use of the series converter is 

a costly investment due to the existence of the transformer. In 

[25], [26] the elimination of power oscillations is investigated 

in conditions where several ICs are in parallel. Despite, this is 

accompanied by a reduction in transmission power and re-

quires the sum of the entire IC's currents. 

While, distribution networks are mainly four-wire net-

works with a null wire, Nevertheless, far too little attention 

has been paid to the power quality problems in these grids. In 

this paper, since the AC subgrid is a three phase four-wire 

system, the IC is composed of a four-leg converter on the AC 

side and a buck/boost converter on the DC side. Using the 

buck/boost converter makes it possible to change the voltage 

levels of the AC and DC subgrids [27]. 

The scientific contribution of this paper, which has not 

been taken into account so far, can be stated as follows: 

 Using IC for improving the power quality indices on the 

AC side of the sub-grid, particularly, for improving the 

voltage unbalance indices, 

 Determining the reference value of unbalance indices of 

zero and negative sequence voltages in an adaptive 
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manner and based on the nominal capacity and the ca-

pacity used in IC converter, 

 Increasing the compensation capacity of the IC converter 

by means of imaginary admittance. 

Next in this paper, first the way in which the microgrid is 

controlled is described. This section includes the control ap-

proaches of the AC and the DC microgrids as well as the IC. 

Dynamic modeling of the IC and design of its controllers are 

presented in section 2.  And the way the reference current is 

generated based on the zero and negative sequence is de-

scribed in section 3. One of the factors that must be taken into 

account in determining the amount of compensation is the 

maximum current that can pass through each leg of the IC. In 

this paper, this is done by changing the value of compensa-

tion reference and it is described in section (3-2). Further-

more, in section 4, several modes are defined for investigat-

ing the performance of the proposed scheme and the results 

of simulation are shown. Finally, section 5 concludes the 

paper. 

II. MODELING AND CONTROLLING THE HYBRID 

AC-DC MICROGRID 

Fig. 1 shows a hybrid AC-DC microgrid in islanded mode. 

In all sources of the microgrid, droop control is used to adjust 

the voltage and frequency. Therefore, in both the AC and DC 

subgrids, all the distributed sources and loads can be inte-

grated and represented as an equivalent system with a source 

and a load [28]. The subgrids can be connected to each other 

through one or more ICs. 

Depending on the structure and conditions of the hybrid 

subgrid, the IC can perform three different tasks: 1-Adjusting 

the voltage of the DC subgrid, 2-Adjusting the voltage and 

frequency of the AC microgrid, and 3-Controlling the power 

transferred between two subgrids [13]. Under islanded condi-

tions, controlling the power transferred between two subgrids 

is of great importance, however, considering the importance 

and sensitivity of the AC and DC loads in microgrids, con-

trolling the voltage (and frequency) of subgrids can also be 

put higher priority. In this paper, controlling the power trans-

ferred between two subgrids is considered to be the main duty 

of the IC. 

A. Controlling the DC Subgrid 

The way in which an equivalent source is determined for 

several distributed generation sources based on their rated 

powers and the droop coefficients of their controllers has 

been described in [28]. Therefore in this paper, instead of 

considering several distributed generation sources, a source 

together with a boost converter and a droop controller have 

been used, as shown in fig. 2. Eq. (1) shows the droop control 

of voltage based on the output current of the boost converter: 
ref

dO oOu U R i    (1) 

where, 𝑢𝑜 is the voltage of the converter, 𝑈𝑂
𝑟𝑒𝑓

 is the refer-

ence voltage of the converter under no-load conditions, Rd is 

the droop coefficient and 𝑖𝑜 is the output current of the con-

verter. Based on the data presented in Table I, the way the 

system voltage changes according to the output current of the 

converter is shown in Fig. 3. It is obvious that if the resistance 

of the linking lines between the load and source is taken into 

consideration, the voltage across the load will be less than the 

value determined. 

B. Controlling the AC Subgrid 

Fig. 4 shows the AC subgrid with its control system. In the 

AC microgrid, the droop control approach is used for deter-

mining the reference frequency and voltage. Eq. (2) shows the 

way in which the reference frequency and voltage are deter-

mined based on the active and reactive power of the load [29]: 
ref

load

ref

AC AC load

m P

U U n Q

   

  
  (2) 

where,  ω and 𝑈𝐴𝐶  are the reference angular frequency and 

voltage of the converter, 𝜔𝑟𝑒𝑓and 𝑈𝐴𝐶
𝑟𝑒𝑓

are the reference an-

gular frequency and voltage of the subgrid under no-load 

conditions, 𝑚 and 𝑛 are the droop coefficients of the fre-

quency and voltage of the subgrid, and finally 𝑃𝑙𝑜𝑎𝑑  and 𝑄𝑙𝑜𝑎𝑑 

are the consumed active and reactive power of the AC subgrid, 

respectively. 

AC 
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Generation 
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Generation
DC Load
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Fig. 1. Structure of hybrid AC-DC microgrid 
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Fig. 2. A simple structure of the DC subgrid 

 

Fig. 3. The droop curve of voltage versus the current of the boost 

converter 

Table I 

THE CHARACTERISTICS OF THE DC SUBGRID AND THE BOOST 

CONVERTER  

220 V 
The rated voltage of the 

DC subgrid 

80-150 

V 

The input voltage of 

the converter 

231 V 

The reference current 

under no-load conditions 

(𝑈𝐷𝐶
𝑟𝑒𝑓

) 

10 kHz 

The switching fre-

quency of the con-

verter 

0.0968 Droop coefficient (Rd) 1 mH 
Inductance of the 

converter (Ls) 

50 kW 
The maximum power of 

the subgrid (𝑃𝐷𝐶
max ) 

1 mF 
The capacitor of the 

converter (C) 

 

C. Controlling the Interlinking Converter 

The way in which the interlinking converter in a hybrid 

microgrid is controlled is of great importance. This converter 

acts as an inverter when it transfers power from the DC sub-

grid to the AC subgrid, and it will be similar to an active rec-

tifier when the power is transferred in the opposite direction 

[30]. Considering the fact that the main task of this converter is 

to transfer power between two subgrids, a more comprehen-

sive relationship is needed for calculating the reference power 

of this converter. To do this, first the frequency of the AC 

subgrid and the voltage of the DC subgrid are normalized in 

the interval between 0 and -1 [14]: 

Δ 
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Fig. 4. The structure and the control system of the AC subgrid 

AC max

pu

max min

DC DC max

pu

max min

f f
f

f f

u u
u

u u











 (3) 

where, f and 𝑢𝐷𝐶  are the frequency of the AC subgrid and the 

load voltage of the DC subgrid, and the subscripts max and min 

represent the maximum and minimum values of the frequency 

and voltage, respectively. Due to the decrease in loss, the IC 

will enter the system only if the values of 𝑓𝑝𝑢
𝐴𝐶  and 𝑢𝑝𝑢

 𝐷𝐶are 

smaller than a certain value. Therefore, a droop relationship as 

(4) and (5) can be considered for calculating the power trans-

ferred between the subgrids [14]: 

 

 

0 0

1

0 0

1

AC

pu T

AC AC

ICa a pu T B pu T

AC

T pu B

DC

pu T

DC DC

ICb b pu T B pu T

DC

T pu B

f f

P k f f f f f

P f f

u u

P k u u v u u

P u u

  


    


  

  


    


  

 (4) 

IC ICa ICb
P P P   (5) 

where, PICa and PICb are the power demanded by the AC and 

DC subgrids, PIC is the actual power transferred by the IC and 

PT is the maximum transferable power which is basically 

limited by the nominal capacity of the IC. In Fig. 5, the other 

parameters of Eq. 4 are properly shown.  

Reactive power exchange takes places only when the ac-

tive power is transferred from the DC subgrid to the AC sub-

grid. This is because the DC subgrid does not require reactive 

power [31]. Therefore, the reference active power is calcu-

lated using Eq. (6): 

  0

0 0

n

q e ac IC

IC

IC

k u u P
Q

P

  
 



 (6) 

   
 

2
0

2 2
1 2

2

rms

e rms rms

u
u u u    (7) 
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Fig. 5. The droop curve for calculating the power demand of the 

subgrid 

where, 𝒌𝒒 is the droop slope of the voltage control, 𝒖𝒆 is the 

effective voltage of the IC terminals [32], 𝒖𝒂𝒄
𝒏  is the voltage of 

IC terminals under nominal conditions, 𝒖𝒓𝒎𝒔
𝟏 , 𝒖𝒓𝒎𝒔

𝟐 , and 

𝒖𝒓𝒎𝒔
𝟎  are the effective values of the positive, negative, and 

zero sequences of the voltage of the IC terminals, respectively. 

Finally, the reference currents in αβ reference frame are cal-

culated as shown by Eq. (8):  

   

1 1

2 2 1 11 1

1
ref

IC

ref
IC

u ui P

Qi u uu u

 

   

    
     
        

 (8) 

D. Designing the Controller of the Interlinking Converter 

To design the controller, the IC is divided into two parts; a 

buck/boost converter which is responsible for adjusting the 

voltage of the capacitor CB, and a four-leg inverter which acts 

as a controlled current source. The control system of the 

buck/boost converter is composed of a voltage control loop 

and a current control loop. The inner loop which adjusts the 

duty cycle must have a higher responding speed than the outer 

voltage control loop. This is necessary for making the inter-

ference between two loops insignificant. On the other hand, 

since the four-leg inverter also acts as a current source, its 

control needs to be faster than that of the voltage control loop 

of the buck/boost converter. Thus, the effect of interference 

between two converters will be insignificant. 

1) Designing the Controller of the Buck/Boost Converter 

Fig. 6 shows the buck/boost converter and the effective ele-

ments in its modeling. Using the averaging technique in state 

space [33], the transfer functions (9) and (10) are obtained for 

the system shown in Fig. 6: 

Lf

Cf

rl
CB

Uth

Rth
𝐼𝑑

∗  
dci

DCu

CBu

 
Fig. 6. A simple model of the DC subgrid, the buck/boost con-

verter and the four- leg inverter 
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in the equations above, the symbol ‘^’ represents slight 

changes in the variable, and IDC, UCB, and D are the current of 

the inductance Lf, the voltage of the capacitor CB, and the duty 

cycle of the converter in the operating point, respectively. 

According to the data presented in Table II, the frequency 

characteristic curve of Eq. (11) is shown for the two cases in 

which the active power transferred between the AC and DC 

subgrids is at its maximum allowable value. Since the system 

must be stable in all its operating points, the controller needs to 

be designed for the worst conditions that might exist. In the 

system of interest, the worst conditions take place when the 

maximum power is transferred from the AC subgrid to the DC 

subgrid. This appears as a phase lag in the transfer function G1 

(the red line) in Fig. 7.  

The control scheme of interest for controlling the voltage 

and current is shown in Fig. 8. Two PI controllers are used 

for adjusting the voltage and current. The inner loop is re-

sponsible for controlling the current and the outer loop is 

responsible for controlling the voltage. By adjusting the coef-

ficients of the controller for the worst operating point of the 

buck/boost controller according to Table II, the frequency 

response of the closed loop transfer function of the induct-

ance current and the capacitor (CB) voltage to its effective 

inputs are obtained for two operating points of Id
∗ = ±22 A, 

as shown in Fig. 9.  

It can be seen from the closed loop transfer functions in 

Fig. 9 that the bandwidth of the transfer function 𝑢𝐶𝐵 𝑈𝐶𝐵
𝑟𝑒𝑓⁄  

file:///C:/Users/vista/Desktop/IECO.docx%23_ENREF_32
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is much smaller than that of 𝑖𝑑𝑐 𝑖𝑑𝑐
𝑟𝑒𝑓⁄ . This means that the  

 

 

 
Fig. 7. The frequency response of the transfer function (11) in 

two operating points (the blue line at 𝐼𝑑
∗ = −22 𝐴 and the red 

line at 𝐼𝑑
∗ = 22 𝐴 ) 

responding speed of the voltage loop is lower than that of the 

current control loop. 

2) Designing the Controller of the Four-leg Inverter 

The four-leg inverter in fact plays the role of a controlled 

current source. The PWM modulation approach makes it 

possible for the power part in the inverter to appear in mod-

eling as a gain proportional to the voltage of the DC link and 

the delays caused by sampling and pulse width modulation 

( 0.75
delay sw

T f ) [35]. Since the system contains a zero se-

quence component, so we convert it to three independent 

systems in the αβ0 frame using Clark's transformation. Fig. 

10 shows the model extracted for the four-leg inverter in αβ0 

frame [34] for current controlled mode. A proportion-

al-resonant (PR) controller has been selected because it 

properly tracks the sinusoidal signals [35]. Eq. (12) shows the 

transfer function of this controller: 

 
2 2

0

2

2

i r

C p

r

k s
G s k

s s



 
 

 
 (12) 

where in this equation, 𝑘𝑝, 𝑘𝑖, 𝜔𝑟 and 𝜔0 are the proportional 

coefficient, integral coefficient, the bandwidth, and the 

resonance frequency of the controller, respectively. 

Theoretically, the coefficients of the controller need to be as 

large as possible. However, existence of delays in the PWM 

and computation causes the selected ranges for the control 

coefficients to be small. The way in which the controller coe- 

 

Fig. 8. The block diagram of the buck/boost converter 

Table II  

THE CHARACTERISTICS OF THE BUCK/BOOST CONVERTER FOR 

DESIGNING THE CONTROL SYSTEM  

Thevenin equivalent voltage  (uth) 220 V 

Thevenin equivalent resistance (Rth) 0.03 Ω 

The capacitance of capacitors (CB) 4000 µF 

The inductance (Lf) 3 mH 

The resistance of the inductor (rl) 0.01 Ω 

The value of 𝑰𝒅
∗  for maximum power exchange ±22 𝐴 

Voltage controller (PI1) 
1 11 10p ik k   

Current controller (PI2) 
2 20.2 5p ik k   

 

 

 

 

Fig. 9. The frequency response of the closed loop system of the 

buck/boost converter (the blue line a 𝐈𝐝
∗ = 𝟐𝟐 𝐀 t and the red line 

at 𝐈𝐝
∗ = −𝟐𝟐 𝐀) 
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Fig. 10. The dynamic model of the four-leg inverter (a) the model 

of αβ axis (b) the model of the 0 axis 

 

Fig. 11. The frequency response of the Eq. (13), the blue line is 

related to (+s) and the red line is related to (-s) 

Table III 

THE CHARACTERISTICS OF THE AC SUBGRID AND THE FOUR-LEG 

INVERTER 
380 V Line-to-line voltage 

500 3.25 2.2

1.55 1.2

La Lb

Lc

Z Z j

Z j

    

  
 

The load impedance 

related to Figs. 13 and 

14 

0.08 0.03 Ω 0.05 0.095 Ω

0.05 0.19 Ω 0.04 0.15 Ω

la lb

lc n

z j z j

z j z j

   

   
 The impedance of lines 

6 0.02

2 0.02

fI fI

n n

L mH r

L mH r

  

  
 

The inductance and 

resistance of the 

four-leg inverter 

25RI A  

The maximum value of 

the effective current of 

each leg 

0 2
0.001 0.001m m   

The droop slope of the 

compensation refer-

ence 

0 0 0

0.12 3.5 6

0.4 11.66 6

p i r

p i r

k k

k k





  

  
 

The characteristics of 

the current controller of 

the four-leg inverter 

10swf kHz  
The switching fre-

quency of the IC 

 0.174 0.985G jB j    
The complex coeffi-

cient 

0 0 2 2
3 1200 1 1000p i p ik k k k     PI0 and PI2 controllers 

0.6 0.8

15000

75000 75000 500

T B

T

a b q

x x

P

k k k

 



  

 

The power transfer 

range and its control 

coefficients 

fficients are determined is described in details in [35], [36]. 

Eq. (13) shows the relationship of the output current: 

   

   

11 11

00 00
.

ref

IC IC

n n n

IC IC

i G s i Y s u

i G s i Y s u

       

   
 

(13-a) 

(13-b) 

In Eq. (13), the output currents of the αβ for the currents of 

positive and zero sequence are represented by +s and for the 

negative sequence are represented by –s. The frequency re-

sponse of the transfer function (13) is shown in Fig. 11, con-

sidering the data presented in Table III. As seen in this figure, 

the system bandwidth is wide enough to track the reference 

currents of positive, negative, and zero sequences. 

III. GENERATING THE REFERENCE CURRENT 

FOR VOLTAGE UNBALANCE COMPENSA-

TION 

If the load of the AC subgrid is unbalanced, it will cause an 

unbalanced current pass through the system and as a result of 

unbalanced voltage drops in system impedances, the load 

voltage will also be unbalanced. To compensate the voltage 

unbalance, the IC could be used as a current source. If the 

distributed generation source generates a balanced voltage in 

the AC subgrid (this assumption is true because of the high 

gain of voltage controller in the control system shown in Fig. 

4), Fig.12 can be considered as a model for the AC subgrid 

and the IC. In this figure, 𝑘0 and 𝑘2 are real or complex 

coefficients. By applying the electrical circuit rules on the 

network shown in Fig. 12, the following equation can be 

written: 
abc abc abc

L ln
  z iu u  (14) 

where, 

  ; ,
Tabc

a b c
x x x x u i x  

T
a b c

L L L

abc

L
u u u   u  

la n n n

ln n lb n n

n n lc n

z z z z

z z z z

z z z z

 
 

 
 
  

z  

and the superscript T represents the transposed vector. As-

suming that injecting a current proportional to the voltages of 

negative and zero sequences affects the voltages of negative 

and zero sequences, equations (15) is formed: 

0 2

0 2

0 2

0 2

0 2 2

0 2

a

L a

b

L load b

c

L c

i k k

i

u u u

u u uk ak

i k a ku u u

    
   

     
       

Z  (15) 

where, 

0 0

0 0

0 0

La

load Lb

Lc

Z

Z

Z

 
 


 
  

Z  

and 𝑎 = 1∠120°. Using the symmetric components theory 

[37]: 
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Fig. 12. A model of the AC subgrid, the four-leg inverter, and 

the unbalanced load 

0

012 2 012 1

2 2

1 1 1

,, 1

1

abc a a

a a

u

u

u

  
  

     
     

u uAu A  (16) 

and by substituting the voltages of negative and zero se-

quences from Eq. (16) into Eq. (15) and (14), the load voltage 

is calculated as Eq. (17): 
1

012 1 012

1

load ln

L

load ln









u

Z z
A Au

M Z z
 (17) 

where, 

012 0 0
6

T

AC
U 

  
 

u  

20 2

2

1 0 0 1 1

0 1 0 1
3 3

0 0 1 1

.

T T

La La

Lb Lb

Lc Lc

Z Z
k k

Z aZ a

Z a Z a

         
         

  
         
                  

M  

Since this network is assumed to be completely asymmet-

ric, therefore the three networks of positive, negative, and 

zero sequence are related to each other. To understand the 

relationship between these three networks, the effect of the 

variations of parameters 𝑘0 and 𝑘2 on voltages of negative, 

positive, and zero sequences is shown in Fig. 13 for a system 

with characteristics presented in Table III. It can be seen in 

Fig. 13 that voltages of negative and zero sequences show 

less sensitivity to the variations of 𝑘0 and 𝑘2, respectively. 

It is worth noting that the coefficients 𝑘0 and 𝑘2 might  

 
Fig. 13. Variations of positive, negative and zero sequence 

voltages versus variations of the coefficients 𝑘0 and 𝑘2 

 
Fig. 14. The effect of real (the red line) and complex (the blue 

line) 𝑘0 and 𝑘2 coefficients on reduction of zero and negative 

sequence voltages 

be complex. Since the network has an inductive-ohmic na-

ture, the amount of current that flows in the IC could be de-

creased by selecting an inductive-ohmic admittance (the im-

pedance of which would be capacitive-ohmic). Fig. 14 shows 

this for pure real and pure imaginary admittances. It is clear 

from this figure that for equal values of admittance, the im-

aginary admittance creates greater reduction in the value of 

the zero and negative sequence voltages. Since the real part 

of the admittance damps the oscillations in the system, the 

coefficients 𝑘0 and 𝑘2 are considered to be complex with 

an angle of 80 degrees. 

A. Generating Current Reference 

In the proposed scheme, first the sequence components of 

the voltage of the IC terminal are separated by an adaptive 

notch filter [38], then the unbalance indices of voltages of 

zero and negative sequences are calculated using Eq. (18): 
0 2

0 21 1
, .rms rms

rms rms

UF U
u u

u
F

u
   (18) 

The error between the values calculated using Eq. (18) and 

their reference values passes through the PI controller and the 

magnitudes of the coefficients 𝑘0 and 𝑘2 are obtained. By 

multiplying these coefficients by the zero and negative se-

quence voltages and finally multiplying the result into a com-

plex number (G+jB), 𝑖𝑎𝑏𝑐
′  and 𝑖0 (shown in Fig. 12) are 

calculated. Adding up the values of the currents related to the 

power transfer between subgrids and currents related to the 

reduction of voltage unbalance creates the reference currents 

of the four-leg inverter. Furthermore, the reference current of 

the fourth leg will be 𝑖0. Therefore, by calculating the error 

between the reference current and the actual current of the 

converter and applying it to a PR controller, switching signals 

are generated in a way that the actual current of the converter 

properly tracks the reference current. Fig. 15 shows the block 

diagram of the generation of reference current for the four leg 

inverter in details. 

B. Determining the Amount of Voltage Unbalance Com-

pensation 

As it was mentioned before, the IC must use its free capacity 
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Fig. 15. The block diagram of generating the reference current of the four leg inverter 

 

to provide additional services such as voltage unbalance 

compensation. On the other hand, the capacity of IC for this 

task is constantly changing. To avoid overloading the IC and to 

optimally use the capacity of this converter, these changes 

must be taken into account in the control system. If the system 

operates under balanced conditions, the free capacity of the 

converter could be calculated from its nominal power and the 

power passing through it. In this paper, in order to avoid 

overloading the IC, the effective value of the current of each 

leg has been used for determining the compensation reference 

(𝑈𝑅0 & 𝑈𝑅2) such that a greater free capacity causes the un-

balance compensation reference to become smaller and con-

sequently the coefficients 𝑘0 and 𝑘2 to increase. Equations 

(19) and (20) show the way the voltage unbalance compensa-

tion reference is determined. Eq. (19) and (20) are obtained 

considering the fact that the zero sequence current affects all 

four legs of inverter, while the negative sequence current only 

affects three legs of inverter. Therefore, 

 

 

max , , ,

max , ,       

a rms b rms c rms n rms
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a rms

IC IC IC IC

IC I
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c r
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I i i i i

I i i i

   
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 
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0 0 0

2 2 2

R M

R N

UR UF m I I

UR UF m I I

  
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 (20) 

where max is a function for selecting the maximum value 

between the inputs, m0 and m2 are the droop slopes of the 

unbalance compensation reference value, IR is the maximum 

value of the allowed current of each leg, and 𝑈𝑅0 and 𝑈𝑅2 

are the compensation references of the negative and zero 

sequence voltage components. 

IV. SIMULATION RESULTS 

In this section, the results of simulation carried out for im-

proving the voltage unbalance on the AC subgrid side of a 

hybrid microgrid are presented. Simulations are performed 

for three different cases. In these cases, the capabilities of 

control scheme in compensating voltage unbalance are fully 

investigated. A hybrid microgrid as shown in Fig.1 is imple-

mented in MATLAB/Simulink environment. The specifica-

tions of the subgrids, line impedances, and controllers are 

presented in Tables I-III. 

A. The First Case 

In the first case, in the beginning the load of the AC subgrid 

is balanced and equal to 𝑃𝐿_3𝑝ℎ = 27𝑘𝑉𝐴∠66° and the load of 

the DC subgrid is 𝑃𝐿_𝐷𝐶 = 5𝑘𝑊 . Therefore, both subgrids are 

under under-load conditions. At t=0.7s a single phase load 

(𝑃𝐿_1𝑝ℎ = 13𝑘𝑊) is added to phase a. Consequently, the AC 

subgrid experiences a frequency drop and demands power 

from the DC subgrid. Furthermore, due to the existence of the 

single phase load, the AC subgrid voltage becomes unbal-

anced. At t=1.25s, the voltage unbalance compensation block 

is activated and tries to compensate the voltage unbalance 

considering the free capacity of the IC. Simulation results for 

this case are shown in Fig. 16. 

It is clear from Fig. 16 that the amount of the power trans-

ferred from the DC subgrid to the AC subgrid is equal to 5.5 

kW. Moreover, the ratios of the negative and zero sequence 
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voltages to the positive sequence voltage have been decreased 

from 0.8% to 0.3% and from 4% to 2.2%, respectively and as 

a result, the effective value of phase voltages have also been 

modified. This is due to the decrease in the amount of the 

unbalance in the current drawn from the source of AC sub-

grid. As can be seen from Fig. 16, the voltage oscillations of 

DC subgrid are very low due to the difference in DC and AC 

subgrid voltage levels. In fact, the active power oscillations 

created by the unbalanced voltage compensation have affect-

ed voltage of CB. As a result of the presence of a buck/boost 

converter, these oscillations do not have a significant effect 

on DC subgrid voltage. In fact, the buck/boost converter acts 

as an operator which improve voltage quality of the DC sub-

grid. If the maximum allowable current of the four-leg in-

verter increases, the voltage unbalance percentage decreases 

even more. This is shown in Fig. 17 by doubling the maxi-

mum allowable current. 

B. The Second Case 

In the second case, a single load phase, 𝑃𝐿_1𝑝ℎ = 15𝑘𝑊 , is 

connected to phase a and a load of 𝑃𝐿_2𝑝ℎ = 11.2𝑘𝑉𝐴∠26° is 

connected between phases a and c of the AC subgrid. A load of 

𝑃𝐿_𝐷𝐶 = 5𝑘𝑊 is connected to the DC subgrid. At t=0.7s the 

load 𝑃𝐿_𝐷𝐶 = 30𝑘𝑊enters the circuit. Therefore, the DC sub-

grid demands power from the AC subgrid which has unbal-

anced load. The amount of power transferred from the AC 

subgrid to the DC subgrid is equal to 8𝑘𝑊 as shown in Fig. 18. 

At t=1.25s, the voltage unbalance compensation block is ac-

tivated and the ratios of the negative and zero sequence volt-

ages to the positive sequence voltage are decreased from 1.7% 

to 1.2% and from 5% to 3.1%, respectively. Simulation results 

are shown in Fig. 18.

 

Fig. 16. Simulation results of the first case 

 

Fig. 17. Simulation results of the first case with a maximum current of 50 A for four-leg inverter 
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C. The Third Case 

In the third case, both subgrids are under conditions that 

none of them has extra power to transfer to the other. The AC 

subgrid has a balanced load of 𝑃𝐿_3𝑝ℎ = 27𝑘𝑉𝐴∠66° , a single 

of 𝑃𝐿_1𝑝ℎ = 10𝑘𝑊 in phase a, and a load of 𝑃𝐿_2𝑝ℎ =

9.5𝑘𝑉𝐴∠32° between phases a and c. The DC subgrid supplies 

a load of 𝑃𝐿_𝐷𝐶 = 40𝑘𝑊 . At t=1.25, the voltage unbalance 

compensation block is activated and the ratios of zero and 

negative sequence voltages to the positive sequence voltage 

are decreased from 1.5% to 0.05% and from 4% to 2%, re-

spectively. Under such condition, during the first half-cycle 

the IC receives the power required for compensating voltage 

unbalance, and during the next half-cycle it returns this power 

back to the subgrid. This is clearly observed in the current of 

the buck/boost converter. Of course some power is dissipated 

under such conditions that must be supplied by both subgrids. 

Fig. 19 shows the simulation results of this case. 

 

Fig. 18. Simulation results of the second case 

 

Fig. 19. Simulation results of the third case 

 

V. CONCLUSION 

In this paper, using the free capacity of the IC in the hybrid 

microgrid made it possible to decrease the voltage unbalance 

on the AC subgrid side. This is carried out by injecting a cur-

rent proportional to the negative and zero sequence voltages. 

The IC acts as a controlled current source, therefore the ca-

pacity of the converter must be taken into consideration in the 

amount of its injected current. In this paper, the value of the 

voltage unbalance compensation reference is determined in a 

floating manner in proportion to the effective value of the 
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current of each leg of the converter. On the other hand, to 

optimally use the capacity of IC, the injected currents are 

considered to be leading with respect to the zero and negative 

sequences. Consequently, the IC does its best to decrease the 

voltage unbalance considering its free capacity. 
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