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Abstract—This paper addresses a novel and flexible control 

algorithm based on complex virtual impedance for improvement 

of power sharing in a multi-bus microgrid with complex 

impedance of lines. In the proposed method, first, the Extended 

Impedance-Power droop equations are derived. Using nonlinear 

droop equations, equivalent resistance and inductance of each DG 

unit are obtained by active and reactive power, separately. Then, 

an appropriate algorithm is employed to implement Impedance-

Power droop to manage the virtual impedances adaptively. The 

proposed algorithm can optimally share both active and reactive 

power, even when the structure is changed without any knowledge 

of microgrid parameters and high-bandwidth communication 

links. The parameters of the proposed controller are designed 

based on the nominal power of inverters. Moreover, the stability 

margin of the system is analyzed. Finally, the feasibility of the 

proposed control scheme is confirmed via simulations and 

experiments. 

 
Index Terms—Complex impedance, impedance-power droop, 

multi-bus microgrid, power sharing, virtual impedance.  

I. INTRODUCTION 

N recent years, extensive researches on renewable energy 

sources (RES) and distributed generation (DG) has taken 

place as a promising solution to compensate energy shortages 

and environmental problems [1], [2]. DG units typically 

connect to the microgrid with parallel inverters serving as 

interface devices. The structure of parallel inverters can be 

mainly divided into two categories: the single-bus type and a 

multi-bus one [3]. In the single-bus structure, all inverters are 

connected to the common ac bus through the respective feeders. 

Nevertheless, in the multi-bus structure, there is no common 

bus and inverters can be connected freely to any point of a 

microgrid. The multi-bus structure is generic and includes the 

single-bus structure.  

As the number of DG units increases, there are some notable 

issues, such as power management, synchronization, resonance, 

and system stability [4]. In this regard, the parallel operation of  
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inverters is pursued as a key technique in the control system. In 

fact, load power demands must be shared in proportion to the 

nominal power of islanded parallel inverters in order to avoid 

overload, power quality issues, additional stress and delay 

aging [5]–[7].  

The droop method is the most popular control method for 

power sharing requirement in parallel inverters [8]. The 

conventional droop method works well in a single-bus 

microgrid with inductive line impedances. Besides, in a low 

voltage microgrid, where the feeder impedance is resistive, it is 

better to use the P/V and Q/f droop characteristics. As stated in 

the literature, this method has some known limitations 

regarding power quality [9]. To overcome this drawback, 

various improved methods have been presented based on 

droop's characteristics. For example, in [10], the optimal angle 

droop control method is introduced that uses phase angle for 

power sharing enhancement with improvement in stability. The 

main advantage of this method is the low-frequency deviation, 

but the asynchronous operation of the controllers can lead to a 

non-identical frequency in inverters and even instability. 

Furthermore, in [11], [12], voltage regulation, stability and 

power sharing have been improved with the adaptive droop 

control method, but physical parameters must be identified. In 

[13], a developed double-droop voltage controller is proposed 

that the overall system stops when a communication error 

occurs. In addition, the mentioned methods use R-type or L-

type droop, which may lead to an unstable mode in microgrids 

with complex impedance of lines due to the coupling between 

active and reactive power. 

The virtual impedance technique is another improved 

method in droop control that is introduced to solve the problems 

of system control instability and inaccurate power sharing, 

simultaneously [14]. In this technique, the output voltage 

reference is improved by a current feedforward loop, but due to 

the mismatch of large equivalent impedances, the power-

sharing error is not completely eliminated, and the quality of 

output voltage will get worse. In [15] and [16], equivalent 

impedances are calculated using the output current and feeder 

impedance, and these problems are solved with the help of 

adaptive adjustable virtual impedance. However, it is difficult 

to identify the feeder impedance in practical applications and 

the proposed method will be ineffective. Moreover, in [17], a 

simple impedance-power droop method is proposed for the 
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parallel inverters but only in islanded resistive low voltage 

microgrids. Until here, the mentioned methods focus on the 

single-bus structure. In fact, previous studies in relation to 

single-bus structures cannot be generalized to multi-bus 

structures. In the multi-bus structure, the feeder impedance 

cannot be determined for each inverter. In addition, this 

structure is not constant and the impedance between two nodes 

can change continuously. 

In [18], a virtual impedance controller is presented based on 

the exact recognition of the microgrid structure to eliminate the 

power-sharing error in a multi-bus structure. This method is no 

longer valid when the microgrid structure changes. In [19] and 

[20], consensus-based controllers are used to adjust the virtual 

impedances adaptively, which is very complicated due to a 

significant number of controller gains. Also, the virtual 

impedance obtained in the consensus protocol is large, which 

causes power quality problems. In [3], the power-sharing 

performance is improved in a multi-bus structure with virtual 

resistors, but the robustness of the controller is not guaranteed 

when changing the local load or microgrid structure. Recently, 

the use of low-bandwidth communication (LBC) and central 

controller have been proposed in [21] to improve the control 

plan. However, this method cannot take into account the 

restructuring of the microgrid and the system reliability is 

reduced by using the central controller. Therefore, most of the 

existing methods in the literature are based on system 

information that is not usually available or identifiable, such as 

line impedance and equivalent load. 

Motivated by the aforementioned challenges, in this paper, a 

novel control strategy based on virtual impedance is presented, 

called Impedance-Power droop, which can effectively ensure 

the power sharing in a multi-bus microgrid with complex 

impedance of lines. The proposed method can be easily 

implemented in any type of microgrid topology without the 

need for network structure information and high-bandwidth 

communication. It also works properly by changing the 

microgrid structure or load conditions. Significant features of 

the proposed method are: 

 Considering coupling between active and reactive powers, 

 No frequency deviation caused by load control, 

 Voltage control without the need for a central controller.   

II. POWER SHARING THEORETICAL BACKGROUND 

In this section, the effective factors in injected power by each 

inverter are examined. An islanded inverter can be considered 

as an ideal voltage source and an inherent series impedance 

[22]. Therefore, the parallel connection of the inverters 

thorough feeder impedances in the single-bus structure is 

modeled as Fig. 1. 𝑍𝐿𝑖, 𝑍𝑖𝑛𝑣𝑖  and 𝑍𝑡𝑖 represent the feeder 

impedance, inherent inverter impedance and total impedance 

for inverter i, respectively. 𝑉𝑟𝑒𝑓𝑖 , 𝐼𝑖  and 𝑉𝑜 are the reference 

voltage, the output current of the inverter and the common bus 

voltage for inverter i, respectively. 

The apparent power injection into the microgrid by each 

inverter can be expressed as, 
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 As shown in Equation (1), the apparent power of each 

inverter is related to the reference voltage (Vref) and total 

impedance (Zt). In fact, with the assumption of two DG units, 

the load current IL is divided according to (2), where a DG unit 

with a lower rate may supply more power. 
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In power sharing control methods based on droop's 

characteristics, the relationship between power and reference 

voltage is considered. However, the droop equations are 

obtained in accordance with the characteristic of the equivalent 

impedance and assuming a small power angle (δ). Table I shows 

different types of power equations based on the equivalent 

output impedance. In this paper, another variable dependent on 

apparent power, i.e. total impedance, is used to control 

injectable power. In other words, by providing a novel control 

method based on complex virtual impedance, accurate power 

sharing is obtained in a multi-bus structure with complex 

impedances. In order to provide a simple expression and better 

understanding, the proposed method is introduced in the single-

bus structure and then generalized to the multi-bus one. 

TABLE I 

DIFFERENT TYPES OF POWER EQUATIONS 
Type Impedance angle Power equations 
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Fig. 1. Single-bus structure of islanded parallel inverters. 
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III. PROPOSED CONTROL STRATEGY 

As stated in [23], using the virtual impedance technique to 

improve power sharing in multi-bus microgrid requires some 

information such as feeder impedances, microgrid structure and 

local and common loads power. This information is time-

variable, it is not readily available and it increases the 

computational burden. In this paper, the virtual impedance 

technique is used in another way to solve these problems. In 

fact, the proposed strategy attempts to eliminate some 

uncertainties and to use parameters that are easily accessible or 

detectable. 

Derived from (1), the injected apparent power is inversely 

proportional to the total impedance module. As a result, it is 

possible to control the apparent power by changing the 

inverter's effective impedance. In literature, the most common 

way to change the effective impedance is to use the virtual 

impedance technique according to Equation (3), 

.
i i i i

new old

ref ref L vV V I Z   (3) 

where 𝑉𝑟𝑒𝑓
𝑛𝑒𝑤 is the new reference voltage, 𝑉𝑟𝑒𝑓

𝑜𝑙𝑑 is the old 

reference voltage and Zv is virtual impedance. Therefore, to 

increase (decrease) the apparent power of the inverter, negative 

(positive) virtual impedance can be used. As a result, inspired 

by the traditional droop equations, a relationship between 

apparent power and virtual impedance, called Impedance-

Power droop, can be obtained. 

( ) ( )new

v vZ Z b S    (4) 

where b is the droop coefficient. Impedance-power droop 

method is well described in [17]. 

Equation (4) uses virtual impedance for apparent power 

sharing. If the resistive or inductive part of the equivalent 

impedance is dominant enough, active and reactive power are 

automatically shared and decoupled. Nevertheless, in a 

microgrid with complex impedances, the apparent power 

sharing cannot be generalized to active and reactive power. So, 

the impedance-power droop can be provided for a complex 

microgrid.  

A. Extended Impedance-Power droop  

From (1), the following relationships can be obtained for 

active and reactive powers: 
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with 𝑍𝑡𝑖𝑒
𝑗𝜃𝑖 = 𝑅𝑡𝑖 + 𝑗𝑋𝑡𝑖 , (5) is rewritten as 
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Hence, the relationship between power and impedance can 

be calculated as 
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where, 

cos( )
ii ref o it V V    (8) 

sin( )i o is V   (9) 

By solving the matrix equation (7), the following 

 
Fig. 2. Overall block diagram of the desired multi-bus microgrid. 

ZL 1

DG unit 1

M
es

h
ed

-S
tr

u
ct

u
reCommon 

Load 1

Z
1,2

L1

rL1

C1

feeder1

fe
e
d

e
r

1,2PR

Vref 1
Vo 1+-

--

iC 1

Rv Lv 

io 1
io 1

ʹ 

Vo 1

iC 1

io 1

Gate Signals

Voltage controller 1

Proposed Algorithm

(Fig. 3)

+

Power-Droop 

nonlinear Equations

(Equations (10)-(13))

Power controller 1
Vo 1

1
io 

1 1

Rv 1

1
Xv 

ZL 2

DG unit 2

Power Stage Z
2,3

feeder2

fe
e
d

e
r

2,3

Vo 2

iC 2

io 2

Gate Signals

Voltage controller 2Power controller 2

Vo 2

2
io 

Rv 2

2
Xv 

ZLN

DG unit N

Power Stage

Z
N

-1
,N

feederN

fe
e
d

e
r

N
-1

,N

Vo N

iC N

io N

Gate Signals

Voltage controller NPower controller N

Vo N

N
io 

Rv N

N
Xv 

L
B

C
s

L
B

C
s

L
B

C
s

Local controller 1

Local 

Load 1

Common 

Load 2

Local 

Load 2

Common 

Load N

Local 

Load N

K

-+



 

 

 

relationships are obtained 
2 2

2 2

( )( )
( , , )

( ) ( )

i

i

ref i i i i i i

i r i i o

i i i i i i i i

V t s t P s Q
R f P Q v

t P s Q s P t Q

   
 

      
 (10) 

2 2

2 2

( )( )
( , , )

( ) ( )

i

i

ref i i i i i i

i x i i o

i i i i i i i i

V t s s P t Q
X f P Q v

t P s Q t P s Q

   
 

      
 (11) 

 As can be seen in (10) and (11), equivalent resistance and 

inductance of each inverter are nonlinear functions of active 

power, reactive power, and bus voltage. Dependence on bus 

voltage is one of the drawbacks in control methods [16], [18], 

but this paper overcomes this problem using the singular 

characteristics of the extended impedance-power droop 

method. In fact, in this method, the output voltage can be 

approximated as a constant variable. Similar to (4), the 

nonlinear equations of extended Impedance-Power droop are 

defined as follows 
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where br and bx are the droop coefficients, and Rv and Xv are the 

virtual resistive and virtual inductive, respectively. By using 

these equations in the structure of an appropriate algorithm in 

the next section, the values for virtual resistance and inductance 

can be selected so that exact power sharing is obtained. 

B. Proposed algorithm to implement droop equations  

In the previous section, the relation of equivalent resistance 

and inductance was obtained in terms of other system 

parameters. Here, with the help of these relationships and the 

proposed algorithm, the values of virtual resistance and 

inductance are adaptively obtained to achieve the desired output 

power.  

Various methods have been introduced in the literature to 

control islanded single inverters [24]. In this paper, the multi-

loop control in [25], is inspired. In this control structure, the PR 

controller is used in the main loop to adjust the output voltage 

of the inverter and a simple proportional controller is used in 

the inner loop to compensate for disturbances and increase the 

system dynamics. The overall block diagram of the desired 

multi-bus microgrid is shown in Fig. 2. System parameters are 

also listed in Table II. 

As shown in Fig. 2, the values of virtual resistance and 

inductance are transmitted to the voltage controller from the 

power controller. In this paper, the algorithm, which is shown 

in Fig. 3, is used to calculate complex virtual impedances. In 

general, this algorithm consists of four parts: 1. The output 

fundamental power of each inverter is calculated locally using 

the voltage and output current. 2. The power is multiplied by 

the droop gain and pulse train and sent to related DGs. The 

purpose of applying droop gain is to obtain a benchmark for 

comparing the power of inverters. In addition, the pulse train is 

used to create a duty cycle in the proposed algorithm. 3. The 

power changes on each inverter are calculated using local data 

and received information from other units (one unit is enough). 

4. The final power for each inverter is specified and the virtual 

resistance and inductance are updated using extended droop 

equations. 

Regarding the algorithm structure, the droop equations are 

applied to the system at any period (Tpulse). In the case of a small 

duty cycle, the algorithm does not have enough time to change 

the power of inverters with new virtual impedances. Here, the 

period is assumed 20 milliseconds. 

The parameter b plays two roles in the extended impedance-

power algorithm: 1. Power normalization (denominator of the 

parameter) 2. Step-by-step compensation of the power 

difference (numerator of the parameter). In the first role, the 

output power of the inverters is calculated relative to their 

nominal power to obtain a suitable criterion for comparison. In 

the second role, the step of compensating the power difference 

is determined. This role is defined by the tradeoff between the 

accuracy and speed of the algorithm. If a small b is chosen, the 

less power difference is compensated in each period of the 

algorithm, but the more accurate power-sharing condition can 

be applied. In contrast, by choosing a larger value for b, 

although the power difference compensation speed increases, 

TABLE II 

SYSTEM PARAMETERS 
Power stage parameters Symbol  Value 

LC filter L / rL / C 2 mH / 0.2 Ω / 20 µf 

DC link voltage VDC 
400 V (sim.) 
200 V (exp.) 

Operating voltage vo 
220 V, 50 Hz (sim.) 

70 V, 50 Hz (exp.) 

Switching frequency fs 20 kHz 
Control parameters Symbol Value 

PR controller gains kp / ki 0.125 / 15 

Proportional controller k 36.2 

Cutoff frequency ωc 5 rad/s 
Network parameters Symbol Value 

DG feeder ZL1 / ZL2 
2 Ω, 1 mH / 1 Ω (sim.) 

0.5 Ω, 2 mH / 1 Ω, 1 mH (exp.) 

Network feeder Z1,2 
0.5 Ω, 0.2 mH (sim.) 

0.5 Ω, 2 mH (exp.) 

 

 
Fig. 3. Proposed algorithm to implement droop equations. 
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the accuracy of power-sharing decreases. In this paper, b is 

determined in such a way that at each run of the algorithm, 10% 

of the power difference between the inverters is compensated. 
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i
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S
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It should be noted that in this work, it is assumed that the 

power factors of the inverters are similar; in this case, b is 

independent of the power factor. Obviously, assuming different 

power factors for parallel inverters, b is not the same for active 

and reactive power and is modified as 
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With respect to the definition of b, (17) is used to verify the 

power sharing. 

1 11 1 2 2 1 1 2 2( ) ( )n p n qS b P b P e or S b Q b Q e       (17) 

where e shows the acceptable error of the power difference. In 

fact, the algorithm continues as long as this equation is satisfied. 

ep and eq are considered to be 0.05(P1+P2) and 0.05(Q1+Q2), 

respectively, in which power sharing is accepted by a margin of 

lower than 10%.  

Obviously, this algorithm is inherently resistant against the 

delay of communication links because it has enough time to 

send information, as shown in Fig. 4. In fact, in each Tpulse, the 

parameters must be updated and the link delay is not affected. 

In addition, if the communication link is disconnected, the 

virtual impedance will remain in its final value, and as long as 

the network does not change, there is no need for a link.  

C. Stability and convergence speed analysis 

It should be noted that acting on impedance could have a 

serious effect on system stability. To investigate the effect of 

the virtual impedance obtained from extended droop equations 

on system stability, the Routh–Hurwitz stability criterion is 

used. For each converter, the transfer function of the inner 

current control loop is obtained as 

2

,

( )
( ( ) )

C

i

C ref L L

i ZCks
G s

i ZCLs ZC r k L s r
 

   
 (18) 

where Z is the load impedance. The phase margin (PM) and 

closed-loop stability are reduced slightly under no-load or light-

load conditions [25]. Therefore, the stability study is conducted 

under these conditions (worst-case), although it simplifies the 

analysis, but confirms the stability for all operating conditions. 

Given the converter at light-load (Z => ∞), Equation (18) is 

changed as  

,

( ) C

i

C ref L

i k
G s

i Ls r k
 

 
 (19) 

Finally, the characteristic equation of the voltage control 

system, in which the virtual impedance resulting from the 

extended impedance-power algorithm is also considered, can be 

written as [17] 

1
1 (1 ) ( ) ( ) 0v

PR i

Z
G s G s

Z Cs
    (20) 

Assuming Rv << Z and Lv << Z/103, the characteristic 

equation is simplified as  

8 4 4 3 2

5

4 10 (7.284 10 4.525) 4.525 5475

4.461 10 0

vL
s s s s

Z

      

  

 (21) 

By applying the Routh–Hurwitz stability criterion to (21), the 

stability conditions of the system are obtained as 
30.161 10vL Z     (22) 

312.112 10vL Z    (23) 

As can be seen, the virtual resistor does not affect the stability 

of the system but the virtual inductance is limited to the upper 

and lower bands in terms of load impedance. In our case, the 

load impedance in the worst-case conditions equals 20 ohms, 

which results in  
3 33.22 10 242.24 10vL       (24) 

Equation (24) shows that although the upper band is 

unavailable, lower band discriminant must be considered. 

Therefore, this equation is examined in the last step of the 

proposed algorithm, and if this is violated, the value of the 

virtual inductance returns to the nearest stable area value. 

After checking the system stability, the stability margin is 

also evaluated. The bode plot of open-loop transfer function 

with and without the proposed algorithm is plotted in Fig. 5 

[17]. As shown, the PM in the presence of virtual impedance in 

the worst-case conditions is reduced by only 1   degree, which 

can be ignored and PM is sufficient for power electronic 

applications. 

 Besides, the convergence speed analysis can provide a better 

view of the performance of the impedance-power method. It is 

very complicated in the microgrids with complex impedances 

 
Fig. 4. Control timing diagram in a Tpulse. 
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Fig. 5. Analysis of PM with and without proposed algorithm. 
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to investigate the convergence speed of active and reactive 

power sharing, simultaneously. Nevertheless, it is assumed for 

simplicity that the microgrid is purely resistive or inductive that 

the active and reactive powers do not affect each other. In the 

first period of the power sharing compensation, according to 

Equation (14), each of the converters compensates 10 percent 

of the power difference. So at the end of this period, the power 

difference is calculated as 

1 2 1 2

1 1 2 1 20.8
10 10

P P P P
P P P P P

 
         (25) 

In the next period, each of the converters shall again 

compensate 10 percent of the power difference in the previous 

period as 

21 2

2 1 2 1 2

0.8 ( )
0.8 2 (0.8)

10

P P
P P P P P

 
          (26) 

Finally, the power difference at the end of the nth period is 

obtained from the simple following formula: 

1 2(0.8)n

nP P P     (27) 

Therefore, the impedance-power droop algorithm reduces 

the power difference to about 10% of the initial power 

difference after 10 periods (about 200 milliseconds). Under 

strict conditions, assuming ten times the power of one converter 

over another, Equation (17) will be satisfied in the twelfth 

period. It should be noted again that reactive power sharing 

could have a positive or negative effect on the convergence 

speed of active power sharing in the microgrids with complex 

impedances.  

IV. SIMULATION RESULTS 

To evaluate the performance of the proposed algorithm, the 

microgrid benchmark in Fig. 2 is simulated in 

MATLAB/Simulink software with the parameters in Table II. 

In this structure, two DGs are integrated into the microgrid with 

complex impedance of lines to feed the common and local 

loads. Simulation studies are conducted for three different 

cases. In the first two cases, the single-bus structure and in the 

third case, the multi-bus structure is considered. 

Case 1: Single-bus structure with complex impedance of 

lines  

Initially, as the simplest case, the microgrid is in single-bus 

structure, and a common RL load (20 Ω -5 mH) is fed by two 

inverters. As shown in Table II, the feeder impedance of the 

first inverter is complex and the feeder impedance of the second 

inverter is considered as pure resistive. The waveforms of the 

active and reactive power with and without the proposed 

controller are demonstrated in Fig. 6(a)-(b). The conventional 

droop scheme with virtual impedance in [22] is also compared 

with these waveforms. In the steady state, the power sharing 

without controller exhibits poor performance. In fact, without 

the proposed controller, the active power of DG2 is greater than 

DG1, but DG2 produces less reactive power, which shows unfair 

power sharing. Also, the active power is not shared properly in 

the conventional droop scheme due to the large and complex 

impedances. However, the proposed method achieves 

appropriate values for active and reactive power in less than 0.2 

seconds and satisfies the algorithm in less than 0.5 seconds. The 

active and reactive power sharing errors are 6.7% and 0.5%, 

respectively. It should be noted that the power sharing error is 

due to the algorithm constraints that can change the accuracy 

and dynamics of the method. Fig. 6(c)-(d) illustrates the values 

of virtual resistance and inductance, which surprisingly 

compensated for the difference in equivalent impedances. As 

can be seen, virtual impedances are updated every 20 

milliseconds to the point where the power-sharing requirement 

is met. In this method, virtual impedance values are much lower 

than traditional droop methods, and negative virtual impedance 

can be used without the system information. The bus voltage 

and frequency and voltage deviations are also presented in Fig. 

7. The proposed method is compared with the conventional 

droop method, which shows the superiority of the proposed 

method. The impedance-power method does not cause 

frequency deviation, unlike the conventional droop method. 

 
Fig. 7.  Comparison of voltage for proposed and conventional method. 
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Fig. 6.  Performance of the proposed algorithm under case 1. (a) Active power, 

(b) Reactive power, (c) Virtual resistance, (d) Virtual inductance. 
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Besides, the voltage magnitude deviation is much less than the 

conventional method due to smaller and negative virtual 

impedances. However, it should be noted that the voltage 

fluctuates within the standard range due to other considerations 

such as load changes. The bus voltage variations can be 

considered as the secondary virtual impedance for both 

inverters. The impact of this impedance on the virtual 

impedance variations obtained from the proposed algorithm 

(Equations (12) and (13)) is very small and negligible. 

Therefore, bus voltage information in the proposed method can 

be considered almost constant. In other words, in these 

equations, only a reference is needed to calculate the virtual 

impedance variations of the parallel inverters. Therefore, the 

dependence of the method on bus voltage will be solved by an 

initial sampling of the voltage, which is also necessary for 

synchronization, and the algorithm does not add complexity to 

the system.  

Case 2: Local and common load changes  

In this case, the non-linear local load is added at the output 

of the first inverter to check the performance of the proposed 

method in the presence of local loads. The non-linear load 

consists of a resistor (2 Ω) in series with a diode rectifier 

feeding a parallel R-C circuit (RN = 20 Ω, CN = 680 uF). The 

rest of the system structure is similar to the previous case. The 

performance of the microgrid in different states of this case is 

shown in Fig. 8. Initially, the system is started without any 

controller for power sharing. Because of the microgrid 

structure, the active power of DG1 is about three times the 

second one, and while DG1 consumes significant reactive 

power, the second unit is the reactive power generator. Then, 

the proposed control method is applied in t = 0.2 s, which uses 

bus voltage information at startup for the proposed method. As 

can be seen, the exact power sharing is achieved in less than 0.6 

seconds. In fact, the proposed control method adjusts the virtual 

impedances so that local and common loads are shared 

proportionally between the inverters. In the last step in t = 0.9 

s, the common linear load (dynamic load) becomes double. 

Once a sudden load change is occurring, the proposed algorithm 

functions to compensate for the power mismatch automatically. 

At the beginning of this step, the injected power of the first 

inverter will increase immediately but the proposed controller 

is able to coordinate active and reactive power among the DG 

units. As a result, the proposed control algorithm achieves 

accurate power sharing in both active and reactive power under 

any load condition.  

Case 3: Multi-bus microgrid with non-identical inverters 

In this case, the performance of the proposed control method 

is investigated in the multi-bus structure with complex 

impedance of lines. For this purpose, the common bus has been 

removed and replaced by impedance Z1,2 instead. As the last 

simulation study, three different states are examined. Fig. 9 

shows the performance when DG units have the same and 

different power ratings, respectively. During state one (0 < t < 

1), the multi-bus microgrid is operated with the same power 

rating of DG units. As can be seen, the proposed method shares 

both active and reactive power efficiently regardless of network 

structure and complex impedance of lines. The DG units inject 

3728 W and 3613 W and consume 162.6 Var and 148.4 Var, 

respectively. At the end, it is assumed that the nominal power 

of DG1 is reduced by half in t = 1 s. By changing the droop gain, 

the virtual impedances are updated to reset the power sharing 

 
Fig. 9.  Performance of the proposed algorithm under case 3. (a) Active power, 

(b) Reactive power, (c) Virtual resistance, (d) Virtual inductance. 
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Fig. 8.  Performance of the proposed algorithm under case 2. (a) Active power, 

(b) Reactive power, (c) Virtual resistance, (d) Virtual inductance. 
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based on the nominal power of the inverters. It can be seen that 

in spite of different ratings of inverters, the proposed method 

still works well. The active and reactive power sharing errors is 

0.04% and 0.78%, respectively. Finally, in the last step at t = 

1.75 s, another inverter with a RL line impedance (1.5 Ω -1.5 

mH) and a non-linear local load is added to the output of the 

second inverter. In this state, at t = 2 s, the proposed algorithm 

is applied again and by adjusting the proper virtual impedances, 

all inverters participate fairly in power generation. In other 

words, the proposed control method is suitable for microgrids 

even with more than two inverters and has the plug and play 

feature. In result, even when the microgrid is changed from a 

single-bus to a multi-bus form, accurate power sharing is 

achieved. A rough comparison between the proposed algorithm 

and some control methods is presented in Table III.    

V. EXPERIMENTAL VERIFICATION 

In this section, a laboratory-scale multi-bus microgrid is used 

to evaluate the feasibility of the proposed control method to 

achieve active and reactive power sharing. The hardware 

implementation is controlled by using a TMS320F28335 digital 

signal processor (Texas Instruments). The experimental system 

parameters are also listed in Table II. Due to the limitation of 

laboratory equipment to test the higher voltages, practical 

results are presented in 70 Vrms. To demonstrate the method 

efficacy, three experiments are analyzed. 

In the first experiment, the performance of the proposed 

control method is investigated when applied to the system. The 

voltage and current waveforms of each inverter and their output 

power are shown in Fig. 10. The active power, reactive power 

and frequency are obtained indirectly from the voltage and 

current waveforms. Initially, microgrid has been launched 

without any controller for power sharing. As can be seen, the 

 
Fig. 11.  Performance of the proposed control method in presence of common 

load change. 
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Fig. 10. Experimental power sharing performance of the proposed controller 

method. 
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TABLE III 

COMPARISON OF DIFFERENT CONTROL METHODS PERFORMANCE 

                                      METHOD 

    FEATURE    

VIRTUAL IMPEDANCE 

CONTROLLER [18]  

LINEAR IMPEDANCE-

POWER DROOP [17] 

CONSENSUS 

ALGORITHM [19], [20] 

CONTROL OF INHERENT 

IMPEDANCE [22] 
PROPOSED METHOD 

CAPABILITY OF POWER SHARING IN 

MULTI-BUS STRUCTURE  
YES NO YES NO YES 

POWER SHARING ACCURACY GOOD EXCELLENT EXCELLENT FAIR EXCELLENT 

COMPUTATIONAL AND COMPLEXITY MEDIUM LOW HIGH HIGH MEDIUM 

FREQUENCY DEVIATION HIGH LOW HIGH HIGH LOW 

VOLTAGE REGULATION FAIR GOOD POOR GOOD GOOD 

VIRTUAL IMPEDANCE LARGE MEDIUM LARGE LOW MEDIUM 

THD HIGH MEDIUM HIGH LOW MEDIUM 

LIMITATION 
EXACT RECOGNITION OF 

STRUCTURE 
SINGLE-BUS, LBC COMPLEXITY, LBC 

SINGLE-BUS, LOW LINE 

IMPEDANCES 

LOW BANDWIDTH 

COMMUNICATION (LBC) 

 



 

 

 

active and reactive power between the two DG units is not the 

same. At t = 0.3 s, the proposed controller is activated, which 

after about 0.9 seconds, the system reaches steady state and 

active and reactive power are shared equally. The zoomed 

waveforms of the voltage and current in steady state are also 

shown in Fig. 10, which are identical for both DGs. Also, the 

frequency waveforms for both inverters show their non-

deviation from the reference values similar to the simulation 

result. 

 In the next experiment, the transient performance of the 

proposed method is studied when the common load is changed 

suddenly. Fig. 11 shows the waveforms associated with this 

case. In this test, the resistance of common load 1 changes from 

24 Ω to 12 Ω at t = 0.09 s. With the violation of the constraint 

of reactive power sharing, the proposed controller is activated 

and after about 0.2 seconds, the desired results are reached. 

Although the accurate reactive power sharing can be achieved, 

an inappropriate difference exists in the active power sharing 

due to the precision constraint of the algorithm. At t = 0.4 s, the 

accuracy of the proposed method is improved with the change 

in the impedance-power droop coefficient, which the result can 

be well observed in active power sharing. 

 Finally, the performance of the proposed control method in 

the presence of local load is examined and the results are 

depicted in Fig. 12. In this experiment, the local load of 48 ohms 

is added to the output of the second inverter. At t = 0.18 s, the 

proposed controller is activated and the system achieves 

accurate power sharing after about 0.45 seconds by adjusting 

the virtual impedances.  

For the sake of more clarity, the power sharing error and 

convergence time of the proposed algorithm are presented in 

Table IV for all simulation and experimental tests. As can be 

seen, the power sharing error is less than 10% for all tests, 

which satisfy the power-sharing condition. Also, the 

convergence time is within a satisfactory range, which shows 

the acceptable performance of the proposed method.  

VI. CONCLUSION 

The active and reactive power sharing in multi-bus 

microgrids with complex impedance of lines have significant 

challenges because the network structure is variable, the 

specific feeder impedance cannot be defined and there is a 

coupling between active and reactive powers. In this paper, a 

simple control algorithm based on complex virtual impedance 

was presented to obtain accurate power sharing between DG 

units. The proposed control algorithm uses a modified droop 

method, called extended impedance-power droop, to 

systematically adjust the equivalent inverter impedance. The 

resistive and inductive components of the virtual impedance 

was adaptively obtained by using nonlinear extended droop. 

This method did not require the identification of the system 

parameters, high bandwidth communication links, and the use 

of traditional droop method. In addition, with the proposed 

control scheme, the inherent frequency deviation of droop 

methods is eliminated. Finally, the simulation and practical 

results confirmed the correct operation under different 

operating scenarios. This method always provides accurate 

power sharing for both active and reactive power under 

different load conditions and microgrid configurations.  
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