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ABSTRACT    

Microgrids are nowadays used to produce electric energy with more 
efficiency and advantage. However, the use of microgrids presents 
some challenges. One of the main problems of the microgrids widely 
used in electrical power systems is the control of voltage, frequency 
and load sharing balance among inverter- based distributed 
generators (DGs) in islanded mode. Droop method performance 
degrades when the feeder impedances of two DGs are different and 
thereby, further modification is required. In this article, a new 
method based on virtual impedance and compensating voltage is 
proposed and simulation results show that this method combined 
with droop control results in balanced power sharing with negligible 
voltage and frequency drop. Simulation results have been extracted 
from the Simulink, MATLAB and showed that the proposed method 
has a good performance in equal load sharing between two DGs with 
different feeder impedances; both in equal and different droop gains, 
and with different loads such as nonlinear or unbalanced ones. 
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1. Introduction 

Changes in climate and consumption pattern 
imposes a great effect on electricity generation 
methods. A significant number of countries 
have focused on reducing greenhouse gasses 
up until 2020 [1]. In distribution level, 
renewable resources such as photovoltaic, 
wind turbine, fuel cell and other resources, can 
connect to the main grid and produce a great 
amount of electric energy and thus these 
resources are called Distributed Energy 
Resources (DERs) or distributed generators 
(DGs). Nowadays, increase in fuel cost and 
geographic problems presents a scope to use 
these DERs in electric power systems. So, 
microgrid is defined as the set of DERs in an 
electrical power system including DGs, storage 
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 systems, and linear, unbalanced or nonlinear 
loads, that can be connected to the main grid 
or be islanded. 

The presence of several DGs in a microgrid 
yields some challenges that can affect the 
system performance. When a microgrid is 
connected to the main grid, the voltage and 
frequency are supported by the grid. One of 
the main challenges is the frequency and 
voltage control of microgrid in islanded 
mode, especially when various loads are 
connected or disconnected. Voltage and 
frequency drop may be common in this status 
and voltage and frequency distortion cannot 
be avoided. So, the voltage and frequency 
control of microgrid was considered to be a 
major research problem in many scientific 
studies. 

The main aspect of microgrid control is the 
stability of voltage and frequency. Low 
frequency stability   due   to   power   demand 
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changes is discussed in [2], wherein, low 
frequency displacement to the new status due 
to power demand changes has affected 
relative stability of the system. Robust 
stability of voltages and currents for islanded 
DGs was analyzed in [3] where discrete- time 
slipping mode control was used. In [4], small 
signal stability analysis is done by a 
combination of droop control and power 
averaging method for power sharing of 
several islanded DGs. Droop control is one of 
the most pertinent and useful control methods 
based on the behavior of synchronous 
generator of power systems. In this method, 
the control of real and reactive power sharing 
is adjusted using output frequency and voltage 
adjustment, respectively. Droop control does 
not need communication links. Some 
advantages (such as simplicity) and 
disadvantages (such as compromise between 
voltage adjustment and load sharing) of droop 
method are discussed in [5-7]. In Some 
studies such as [8, 9], the control of the real 
and reactive power of electronic-interfaced 
DGs in a microgrid was investigated. Robust 
control with harmonic suppression in 
islanding mode and power control without 
coupling in the grid-connected mode were 
discussed in [10, 11]. The load sharing using 
inherently oscillatory droop control was 
improved by the PI control in [12]. Transient 
sharing was also improved and resulted in 
better stability of frequency and current. In 
[13], the transient power sharing was 
improved using virtual impedance current 
limiting. 

It is desirable in microgrids that all DGs 
respond similarly to the load steps to avoid 
overloading of some lead or lag DGs. When 
the impedances of two inverter-based DGs are 
not equal, the DG with smaller impedance 
responds more quickly to load steps and picks 
more power shared. To overcome the droop 
control drawbacks in load sharing of different 
DGs, modifications were applied in some 
researches. To correct the compromise of 
voltage adjustment and load sharing, feedback 
control [14, 15], dynamic coefficients [16, 17] 
and phase droop instead of frequency droop 
[18] have been used. For harmonic load 
sharing correction, the method of the extra 
loop for bandwidth [19] and virtual 
impedance [20-23] were proposed. Also, 
cooperative harmonic filtering was suggested 
in [24]. For coupling inductors degradation, 
virtual impedance method [20], variable 
virtual impedance [21, 22], and a method 
based on virtual power  for  real  and  reactive  

 power decoupling for droop-controlled 
parallel inverters [25] were previously stated. 
For the problem of feeder impedances, an 
extra loop for grid impedance estimation was 
used in [26]. For a slow dynamic response, 
phase droop [27], adaptive decentralized 
droop [28], droop based on coupling filter 
parameters [29], and adaptive droop gains 
[30] have been proposed. For assembly of 
DGs, nonlinear droop control [31], a 
combination of droop control and MPPT [32] 
and power management of DGs [33] have 
been applied so far. 

Some researches applied integrated control 
strategies called hierarchical structures which 
usually included primary, secondary and 
tertiary control [34-36]. In [37] a multitier 
hierarchical control of self-sustaining energy 
infrastructure with islanding and demand 
response capabilities for microgrids is 
presented. Hierarchical control strategy for 
enhancing the economics and the resilient 
operation of DC microgrid is stated in [38]. 
Hierarchical cooperative distributed control is 
also proposed in [39] that uses voltage, real 
and reactive power regulators to adjust 
voltage and frequency of inverters. Some new 
challenges for the frequency control and 
stability of power systems with the 
deregulation of power system in an electric 
vehicle(EV) are discussed in [40]. In this 
method, EV charging is controlled and, when 
necessary, EV battery is discharged in the 
grid. Also, an optimized fuzzy controller is 
used to control EVs. 

In this paper, our purpose is to equalize the 
power sharing between two DGs by control of 
the voltage and frequency of the test 
microgrid in islanded mode. This paper uses a 
new method including two steps: virtual 
impedance and compensating voltage. Virtual 
impedance is used for transient power sharing. 
Compensating voltage step is used to model 
and estimate the relation of impedance 
differences and real and reactive powers and 
so the voltage drop difference is compensated 
in steady state. Therefore, this approach 
equalizes the real and reactive power sharing 
between two inverters with different feeder 
impedances. Simulation results verify this 
method. 

The remainder of this paper is organized as 
follows; in section 2 the test microgrid model 
is proposed and the proposed method is 
discussed in section 3. In section 4, simulation 
results have been shown while in section 5, 
total harmonic distortion (THD) is discussed. 
Finally, the conclusion is stated in the last 
section of this paper, section 6. 
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2. SYSTEM MODEL 
 
A simple microgrid model is assumed in 
Fig.1. In this figure, two inverter-based DGs 
with different feeder impedances are shown to 
feed the loads. Reference pulses produced 
from the control unit of each DG are injected 
to PWM of each inverter to adjust the output 
voltage and current of inverters. RC filter has 
been used for the two DGs to eliminate the 
harmonics. To control the microgrid 
frequency and voltage, droop control is used 
with following equations [41]: 

s mP    (1) 

V V nQ   (2) 

where m and n are the droop gains and    is 
the synchronous frequency and    is the 
magnitude of reference output voltage of 
inverter.   is the output voltage frequency, 
and P and Q are real and reactive power of 
inverter, respectively. Per these equations, the 
frequency is controlled by real power and the 
voltage is controlled by the reactive power of 
the DGs. If the feeder impedances of the two 
inverters are equal,        and         are  equal  

 too and the power sharing is similar. But in 
general cases, the feeder impedances are 
different and that impacts the power sharing. 
 
3.  PROPOSED METHOD 
 
The control system of an inverter can be 
implemented in the synchronous reference 
frame (dq coordinates) or natural reference 
frame (abc coordinates). 

In the abc coordinates, variables are 
sinusoidal but in dq coordinates, they are DC 
values, and PI control can be applied. The 
phase angle used by the abc to dq 
transformation module must be extracted from 
the grid voltages. The phase-locked loop 
(PLL) method is the state of art method in 
extracting the phase angle of the grid 
voltages.  

The droop control method is one of the 
most applicable and simplest one for voltage 
and frequency control in microgrids system. 
But the main defect of this method is 
unbalanced initial load sharing between DGs 
during a load change in the system. In 
Fig.1feeder impedances of two DGs are not 
equal, and DG with smaller impedance picks 
more power   relative  to   another   DG  with   

 

 

Fig.1. Simple microgrid model 
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greater impedance. Some researchers suggest 
the use of transient droop or adaptive droop to 
overcome this effect but these methods 
degrade the load sharing and voltage and 
frequency in the steady state. In this article, a 
control method is suggested, in which load 
sharing would be equalized between two DGs 
in both transient and stable mode, and 
frequency and voltage drop would be also 
negligible. 

In order to apply the proposed method, dq 
coordinates are used. Thus, all voltages and 
currents in the control unit were transformed 
from abc to dq and also the real and reactive 
powers were calculated in this coordination.  
The Proposed method consists of two steps 
discussed below: 
 

A. Virtual impedance 
 
In the first step, the voltage drop on DG with 
smaller impedance must be modified. In other 
words, it is obvious that the voltage of DG 
with greater impedance cannot be reduced 
because that is not available. So, the 
impedance of DG with smaller impedance can 
be increased virtually in the control unit to 
equalize the voltage loss in both the DG 
feeder circuits. If there is a method to equalize 
the impedances, the voltage drops will be 
equal and that will ensure the similarity of the 
load sharing between two DGs. The 
difference between two impedances especially 
affects reactive power sharing because the 
reactive power is justified by the voltage. In 
this paper, it is assumed the impedance of 
DG1 is smaller. As mentioned, it is 
impossible to apply the real impedance in the 
feeder of DG1 so the virtual impedance must 
be used to modify the difference of voltage 
drops. The virtual impedance effect is more 
obvious in transient load sharing and less 
effective in stable mode. So, in the first step, 
the virtual impedance can be used as follows 
[42, 43]: 

VI VI VIjZ R X    (3) 

qVI VId VI d
V R i X i   (4) 

q qVI VI VI d
V R i X i   (5) 

These equations are depicted in Fig.2. 
 

 

 
(a) 

 
(b) 

Fig. 2. Virtual impedance in a) q-axis b) d-axis 
 

For stability of the proposed method in 
transient power sharing, the least sensitivity to 
the change of feeder impedances and change 
of load types (such as common linear, 
unbalanced and nonlinear - unbalanced loads) 
the coefficient of applied virtual impedance is 
updated according to the equation below (in 
the case of equal droop gain): 

1 2Q Q Q   (6) 

Then, this difference is controlled by PI 
controller to remain close to zero in the 
transient mode as shown in Fig.3. 
 

 
(a) 

 

 
(b) 

Fig.3. Block diagram for automatically adjusting 
virtual impedance in a) q-axis and b) d-axis 
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It is noticeable that the values of ∆  and ∆  
are only the initial values or initial guesses of 
feeder impedance differences and the exact 
values are not really considered. In fact, the 
real values of feeder impedances are not 
available [44]. This does not raise a concern, 
because the feedback structure of Figure 3 is 
sufficient for stability and convergence of the 
transient mode of control circuit. 

In the case of different droop gains (e.g., if 
droop gain of inverter 1 becomes double) the 
Eq.(6) changes as below: 

1 22Q Q Q   (7) 

The above equation means that the inverter 
1 picks more power of load, double the load 
sharing of the inverter 2. 

The virtual impedance is calculated 
proportional to the voltage drop from above 
equations and directly decreases the voltage 
reference of the control unit of inverter 1. 
With this approach, the transient load sharing 
is improved between two DGs. This step has a 
great effect on proper transient load sharing of 
DG1 and DG2 and reduces voltage 
differences as shown in the next section. The 
modification of steady state load sharing will 
be done in the second step of the proposed 
algorithm. 
 

B. Compensating Voltage 
 
In step 2, the goal is a proper load sharing in 
steady state with negligible voltage and 
frequency drops from the reference values. 
The feeder impedance difference between two 
inverters is dependent on the powers and 
feeder impedances as follows [45, 46]: 

  (8) 

So, in order to define the compensating 
voltage, and due to the voltage and current 
relation in the power circuit, this impedance 
can be multiplied by d and q-axis currents to 
produce the required compensating voltage in 
two axes as below: 
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(9) 

This compensating voltage is needed to 
implement with known values of real and 
imaginary parts of feeder impedances; but as 
stated before, these values are not available 
[44]. Also, the proposed controller must be 
independent of feeder impedances, therefore 
the compensating voltage calculation is done 
based on reactive power differences (∆Q) as 
shown in Eqs. (10) and (11) and implemented 
as Fig.4. The final compensating voltage 
calculation is done based on the initial guess 
of compensating voltage (as ∆  , ∆  ) and 
reactive power differences (∆ ). The gains   
and   are updated automatically using PI 
controller and ∆ . 
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Fig.4. a) The block diagram of          
 b) The block diagram of          
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By applying the PI controller, the same as 
virtual impedance, the weighted         and 
        can be automatically updated 
according to the new value of feeder 
impedances and for any kind of loads. 

The general control unit of the proposed 
algorithm including voltage and frequency 
control of DG1 is shown in Fig.5. 

The virtual impedance and compensating 
voltage  will   not   be  applied  to  the  control 

 circuit of inverter 2 since it is assumed the 
feeder impedance of inverter 1 is smaller than 
that in inverter 2. 

Finally, the reference voltage signal  in abc 
coordinates,       is produced and used as a 
command signal for the PWM of the inverter 
to control the voltage and frequency of each 
DG. 

The flowchart of system and control unit is 
shown in Fig.6. 

 

 
(a) 

 
(b) 

 
(c) 

Fig.5. Control unit of     a) q-axis voltage control b) d-axis voltage control c) frequency control 
 

 
Fig.6. The flowchart of system and control unit 
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The proposed algorithm, as is shown in the 
next section has a good performance in real 
and reactive power sharing in both transient 
and stable modes.  

 
4.Simulation Results 

 
The proposed algorithm was simulated with 
Simulink/MATLAB using simpower toolbox. 
The simulation parameters are described in 
Table 1. 

Before discussion of the results, it should be 
noted that the values are stated in per unit 
(P.U.). 

In the simulation results, first we have 
investigated power sharing with linear, 
unbalanced and nonlinear - unbalanced loads 
separately in different interval times. Then the 
power sharing is analyzed in the case of these 
three loads simultaneously connected to the 
test microgrid in combination. In the 
following subsection, the simulation results of 
reactive power sharing are discussed first and 
then the same is done for the real power 
sharing. 

 In the simulation results, first we have 
investigated power sharing with linear, 
unbalanced and nonlinear - unbalanced loads 
separately in different interval times. Then the 
power sharing is analyzed in the case of these 
three loads simultaneously connected to the 
test microgrid in combination. In the 
following subsection, the simulation results of 
reactive power sharing are discussed first and 
then the same is done for the real power 
sharing. 

 
A. Equal Droop Gain  
 
1) Reactive Power Sharing 
 
1-1) Power Sharing with Virtual Impedance 
 

Figure 7 shows the reactive power sharing 
with     (step 1 of the algorithm). As shown 
in this figure, it can be concluded that     
affects transient power sharing and by 
applying     , transient part remains balanced 
and two inverters track each other without any 
overshoot    in    transient    case.  Also,   it   is 

 

  Table 1. Simulation Parameters  

Parameters Value 

Frequency (Hz) 60 

Voltage (Volt) 220 

   (   )(KVA) 7 

   (   ) (KVA) 9 

Frequency droop slope ((rad/s)/     ),       

Voltage droop slope (   /    ,    0.05 

  =  3 (PI proportional virtual impedance 
Gain, inv1, q-axis and d-axis, 
respectively) 

1 
 

   (virtual impedance Gain, inv1, q-axis) 0.1 

 4 (virtual impedance Gain, inv1, d-axis) 0.05 

  =   (         PI integration Gain, inv1, 
q-axis and d-axis, respectively)  

30 

   =   (         PI proportional Gain, 
inv1, q-axis) 

2 

  =    (         PI proportional Gain, 
inv1, q-axis and d-axis, respectively) 

500 

   =     (         PI proportional Gain, 
inv1, d-axis) 

2 

  3 (PI proportional voltage Gain, inv1, d-
axis)                                     

0.95 

  4 =    (output voltage Gain, inv1, q-
axis and d-axis, respectively) 

0.1 

Feeder impedance 1 1.1+j1.5 

Feeder impedance 2 1.6+j2.45 

RC filter C=15 f, R=20 
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observed that the steady state part is not 
balanced, because the feeder impedances are 
different, and this difference causes an error 
in steady state reactive power sharing even 
with equal droop gains of two DGs. 
 

1-2) Power Sharing with Proposed Method  
 
The reactive power sharing result using the 
proposed method (virtual impedance and 
compensating voltage) has been shown in 
Figure 8. Both transient and steady state load 
sharing are balanced between two DGs and 
inverters track each other. Although with 
different feeder impedances, the proposed 
method by addition of the       has 
compensated the voltage drop difference and 
the reactive power sharing is equalized. 

 2) Real Power Sharing 
 

2-1) Power Sharing with Compensating 
Voltage  

 
The real power sharing using (compensating 
voltage has been shown in Fig.9. The steady 
state mode becomes balanced. Thus, 
compensating voltage has affected steady 
state mode in real power sharing. From this 
figure, it can be suggested that only transient 
power sharing is degraded especially for 
linear and nonlinear-unbalanced loads, due to 
impedance differences between two DGs. In 
fact, inverter 1 overshoots when a load is 
connected initially and picks more power. As 
the transient time passed, the load sharing 
becomes approximately equalized. 
 

 

 

Fig.7. Reactive power sharing using the virtual impedance 
 

 

Fig.8. Reactive power sharing using the proposed algorithm 
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2-2) Power Sharing with Proposed Method 

 
In Fig.10, it is shown that using the proposed 
method (virtual impedance and compensating 
voltage), both transient and steady state real 
power sharing become balanced and two DGs 
track each other with equal droop gains and 
different feeder impedances. It can be 
concluded that virtual impedance influences 
transient mode and compensating voltage 
influences steady-state mode. 
 

B. Different Droop Gain 
  
In this section, the behavior of the test 
microgrid under different feeder impedances 
and different droop gains is discussed. The 
simulation results show the real and reactive 
power is shared between two DGs 
proportional to their droop gains. The 
simulation parameters are the same as in Table 
1.   

 1) Power Sharing Accuracy 
 

To investigate the accuracy of power sharing 
of proposed method in different droop gains, 
the accuracy error is defined and analyzed as 
below: 

0
100% ref

ref

Q Q
accuracy error

Q


  

(12) 

where Qref  and Qo are the planned and output 
reactive power of inverter, respectively. It can 
be seen that when the various loads are 
connected to the microgrid in methods other 
than the proposed one, the accuracy error 
increases. But by applying the proposed 
method, the accuracy of power sharing is not 
degraded and it is bound to a small value near 
to zero. 
 

 
 

 
Fig.9. Real power sharing with compensating voltage  

 

 
Fig.10. Real power sharing using the proposed method 
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2) Reactive Power Sharing 
 

2-1) Power Sharing with Virtual Impedance 
 
The reactive power sharing with the 
application of the first step of the proposed 
method (virtual impedance) has been shown 
in Fig.11 when droop gains ratio is 2:1. From 
this figure, it can be concluded that transient 
sharing of two inverters approximately track 
each other. But in steady state mode, reactive 
power sharing between two DGs is not 
divided proportionally to the droop gains and 
the accuracy error is high. 

The accuracy error for linear, unbalanced 
and nonlinear-unbalanced load is 18.42%, 
22.4% and 8.63% for inverter 1, and -36.84%, 
-44.79% and -17.25% for inverter 2, 
respectively. 
 

 2-2) Power Sharing with Proposed Method 
 
The reactive power sharing result using the 
proposed method (virtual impedance and 
compensating voltage) has been shown in Fig. 
12. Both the transient and steady state load 
sharing are balanced between two DGs and 
the inverters track each other proportional to 
their droop gains. So even with different 
feeder impedances, compensating voltage 
affects the steady state sharing to improve it.  
Addition of the       to virtual impedance 
has modified the voltage drop difference and 
the reactive power sharing is done according 
to the droop gains. The accuracy errors for 
linear, unbalanced and nonlinear-unbalanced 
load are 1.8%, 0.33% and 0.0% for inverter 1 
and 0.9%, 0.1% and 0.0% for inverter 2, 
respectively.  
 

 

 

Fig.1. Reactive power sharing with virtual impedance in droop gain 2:1 
 

 
Fig.12. Reactive power sharing using the proposed method with droop gain 2:1 
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3) Real Power Sharing 
 

3-1) Power Sharing with Compensating 
Voltage 

 
Figure 13 shows the real power sharing with 
only the step 2 of the proposed method. As 
shown and expected, when the transient time 
passed, the compensating voltage affects the 
stable mode of real power sharing and it is 
divided approximately in the ratio of 2:1. 
Also, we can see the transient power sharing 
is degraded due to the impedance difference 
between two DGs. In fact, DG2 overshoots 
when the load is connected and picks more 
power to support the load because of the 
smaller impedance. The respective accuracy 
error of inverter 1 for linear, unbalanced and 
nonlinear - unbalanced  load   is -12%, -0.31%  

 and 0.8% and it is 0.06%, 0.15% and -0.44% 
for inverter 2. 

 
3-2) Power Sharing with Proposed Method 

 
In Fig.14, it is shown that using the proposed 
method, both the transient and steady state 
parts of real power are shared accurately 
according to a droop gain ratio of 2:1. It is 
shown that with different feeder impedances, 
two inverters track each other so that inverter 
2 picks twice the power compared to inverter 
1. Also, using the virtual impedance, the 
transient part of Fig.13 is modified and the 
result is improved. The accuracy errors for 
linear, unbalanced and nonlinear-unbalanced 
load are -0.03%, -0.1% and -0.1% for of 
inverter 1 and are 0.06%, 0.36% and 0.23% 
for inverter 2, respectively. 

 
 

 
Fig.13. real power sharing with using compensating voltage in droop gain 2:1 

 

 
Fig.14. Real power sharing using the proposed method in droop gain 2:1 
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C. Investigation of Feeder Impedance 
Change on Power Sharing 

 
1)Reducing Feeder Impedance of Inverter 1 

(20 Percent) 
 
In this section, the robustness of the proposed 
method in case of a higher difference between 
the feeder impedances of two inverters is 
evaluated. First, the feeder impedance of 
inverter 1 (with smaller impedance) is again 
reduced about 20 percent from its first value 
while the feeder impedance of inverter 2 is 
not changed. Thus, the impedance difference 
of two inverters is increased and the results 
are shown in Figs. 15 and 16 for reactive and 
real power, respectively. The reactive power 
sharing errors for linear, unbalanced and 
nonlinear-unbalanced load are 0.06%, -0.08% 
and 0.0% for inverter 1 and are 0.0%, -0.08% 
and 0.0% for inverter 2, respectively. 

The real power sharing errors for linear, 
unbalanced and nonlinear-unbalanced load are 
-0.2%, 0.0% and -0.56% for inverter 1 and are 
0.12%, 0.0% and 0.28% for inverter 2, 
respectively. 

 2) Increasing Feeder Impedance of Inverter 
2 (20 Percent) 

 
In this test case, the feeder's impedance of 
inverter 2 is increased up to 20 percent when 
the feeder impedance of inverter 1 remains 
fixed. Figures 17 and 18 show reactive and 
real power sharing between the two inverters. 
The results verify the robustness of the 
proposed method to change of feeder's 
impedance. 
 
5. Conclusion 
 
In this article, following a description of a 
conventional droop control method, an 
implementation of transient power sharing is 
explained. A new robust droop control for 
microgrid's inverters has been developed 
using virtual impedance and compensating 
voltage control loops.  

The proposed method was verified by three 
case studies: different droop gains, nonlinear 
and unbalanced load and different feeder 
impedance. 

The  results  show  an  improvement  in  the 
  

 
 

Fig.15. Reactive power sharing using the proposed method with 20 percent reduction in feeder impedance of inverter 1 
 

 

Fig.16. Real power sharing using the proposed method with 20 percent reduction in feeder impedance of inverter 1 
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Fig.17. Reactive power sharing using the proposed method with 20 percent addition in feeder impedance of inverter 2 
 

 
Fig.18. Real power sharing using the proposed method with 20 percent addition in feeder impedance of inverter 2 

 
power-sharing accuracy and system 
robustness when compared with the previous 
control method.  This control method could 
also be applied well for microgrids with 
multiple DGs. 
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