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    Abstract-1 Virtual flux droop (VFD) method is a scheme, in 

which, instead of frequency and voltage amplitude, the phase 

angle and amplitude of the virtual flux are respectively adjusted 

to active and reactive power sharing. However, mismatched line 

impedances lead to improper power sharing. An adaptive virtual 

flux droop (AVFD) control strategy is proposed in this paper to 

solve this problem. Firstly, the effect of the mismatched line 

impedances on the VFD method is analyzed. Then, the idea of 

virtual impedance is employed to develop the AVFD control 

strategy. In addition, a small-signal model is presented which is 

used to tune the control parameters. Furthermore, the microgrid 

control approach is made based on the direct flux control (DFC) 

method to apply the proposed strategy. The resultant control 

scheme is simple without needing multiple feedback loops and 

complex transformations. In order to validate feasibility and 

effectiveness of the proposed control strategy, both simulation 

and experimental studies are implemented. The results show that 

by the proposed method, accurate power sharing proportional to 

the ratings of the sources can be achieved in spite of mismatched 

line impedances. 

 

    Index Terms— Power Sharing, Virtual Flux, Droop Control, 

Microgrid, Virtual Impedance, Inverter, Renewable Energy. 

 

I.  INTRODUCTION 

 

In recent decades, distributed generation (DG) units based 

on renewable energy sources such as solar arrays and wind 

turbines have played an important role to address the energy 

crisis and environmental issues, which can reduce harmful 

emissions and dependency on fossil fuels [1-4]. In this regard, 

the concept of microgrid, which is a local power grid 

including interconnected DGs, storage system units, and loads 

with coordinated control strategy, has received worldwide 

attention as a promising approach to facilitate the integration 
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of DGs in the power distribution system. A microgrid can 

operate in grid-connected or islanded mode. In the first mode, 

the microgrid is connected to the main grid through the point 

of common coupling (PCC) and is able to exchange power 

with the upstream grid. In this condition, the main grid 

dictates the voltage and frequency due to its higher inertia 

compared to the microgrid. In the islanded mode, the 

microgrid operates autonomously. Hence, an effective control 

strategy, which can keep the power balance between 

production and consumption as well as maintaining the 

voltage and the frequency within the desired range, must be 

applied in this condition. 

Inverter based DGs are widely used in the islanded 

microgrids and are usually connected in parallel. As a result, 

power supply reliability is improved by providing this 

redundancy. In such systems, the droop control strategy is a 

popular method, which can provide the so-called “plug and 

play” feature for DGs. In spite of the advantages of the droop 

control method, it suffers from disadvantages including 

voltage and frequency deviation and dependency on the 

inverter output impedance [5-6]. In an attempt to solve these 

issues, several improved strategies based on the droop control 

method have been proposed which usually use the virtual 

impedance idea. 

The idea of virtual impedance has been investigated in [7-

11], which is based on designing and adding virtual resistive, 

inductive or resistive-inductive impedance into the control 

loops. Thus, the effects of mismatched output impedances of 

the inverters are compensated. The resistive-capacitive type of 

virtual impedance has been introduced to improve the voltage 

control of the PCC in [12]. However, variations in the 

parameters of the output filter result in improper reactive 

power sharing between DGs. A genetic algorithm can be used 

to calculate the optimized virtual impedance [13], but 

knowledge of the line parameters is needed. An improved 

method has been presented in [14], in which the virtual 

impedance is used in both frequency and voltage control 

loops. Moreover, the control coefficients are optimized using 

intelligent algorithms such as particle swarm optimization. 

However, the number of control coefficients has significantly 

increased. The multiple control coefficients and the necessity 

of careful selection of their values lead to the complexity of 

the control system. 

An efficient way of enhancing the virtual flux idea is to 

establish the communication between DGs together or 

between DGs and the central control unit in order to send and 

receive control signals and measured data, as it is used in [8], 
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[15-18]. For example, [15] has developed an adaptive virtual 

impedance method, which requires low band communication 

links to adjust the virtual impedance. Therefore, the adverse 

effects of the output impedance mismatches of inverters are 

mitigated and appropriate reactive power sharing is achieved. 

However, voltage regulation cannot be guaranteed and 

frequency deviations cannot be avoided due to the use of 

P   droop. Moreover, the use of sinusoidal pulse width 

modulation (SPWM) technique and complex transformations 

and the existence of multiple control loops make it difficult to 

implement it in practice [19]. 

Improvement in the performance of the frequency loop has 

received less attention according to the literature. An 

improved method, in this regard, is the indirect control of the 

frequency using P   droop, thus allowing for more precise 

frequency control [20-22]. However, it suffers from some 

drawbacks such as adjusting an initial value of   and reactive 

power sharing errors. The problem of adjusting the initial   

can be solved by using GPS for synchronization. Moreover, 

the VFD control method has been developed to tackle the 

issue of improper reactive power sharing, which has a simple 

control structure and does not require the SPWM to generate 

the switching signal commands [19]. However, the accuracy 

of power sharing is severely affected by the unequal line 

impedances of the inverters. 

This paper deals with the adverse impacts of the 

mismatched line impedances on the accuracy of the VFD 

control method, which may result in improper power sharing. 

The main contribution of this paper is proposing an adaptive 

virtual flux droop control strategy which employs the idea of 

virtual impedance to mitigate the effects of the mismatched 

line impedances. Thus, the simple structure of the VFD 

control method and the effectiveness of the virtual impedance 

idea are combined which leads to the appropriate power 

sharing between DGs proportional to their ratings. In addition, 

a small-signal model is developed to tune the control 

parameters. Furthermore, the proposed microgrid control 

scheme is adopted, which employs the direct flux control 

algorithm to generate the switching signals of the inverters 

based on the proposed AVFD control strategy. A 

communication link is used to synchronize and tune the 

reference active and reactive powers. The merits of the 

proposed control scheme are: 

1) It is straightforward, and it does not require complex 

transformations. 

2) There is no need to use the multiple feedback loops and 

cascaded control structure of the voltage and current. 

3) The knowledge of the line impedance and load is not 

required to adjust the control parameters. Therefore, 

there is no need for estimation methods. 

4) Appropriate power sharing between inverter based-

DGs proportional to their ratings can be achieved in 

spite of the line impedances being unequal. 

The rest of this paper is organized as follows. The virtual 

flux droop control is described by the mathematical equations 

in Section II. Then, the proposed control scheme is developed 

and explained in detail in Section III. Afterward, a small-

signal model is presented in section IV, which is used to 

investigate the stability and adjust the control parameters. In 

Section V, it is explained how the proposed control scheme is 

incorporated into the overall control strategy of the microgrid. 

Section VI provides simulation and experimental laboratory 

studies to validate the proposed strategy; then, compares and 

discusses the results obtained by the proposed AVFD strategy 

versus the conventional VFD. Finally, the paper is 

summarized in Section VII. 

 

II.  VIRTUAL FLUX DROOP CONTROL METHOD 
 

A. Motivations 

The conventional droop control, which is based on P   

and Q V , suffers from poor reactive power sharing. In 

addition, the voltage and the frequency deviations are 

inevitable. Moreover, multiple control loops are needed to 

regulate the voltage and the control accuracy depends on the 

quality of the inner current control strategy. Furthermore, 

multiple signal feedbacks, PI regulators and complex 

coordinate transformation result in a complicated control 

structure which needs much tuning effort to guarantee stability 

and good dynamic response. 

In the VFD control method, good dynamic and steady-state 

performance can be achieved by regulating the flux vector. 

Therefore, it is useful to develop the power sharing scheme 

based on the flux vector. The resultant control structure is 

straightforward, as the switching signals are generated by 

direct control of two independent parameters, while there is no 

need for the complex transformations, the multiple feedback 

controls are avoided and the related PI regulators are not 

required [19]. Furthermore, fast dynamic response, good 

voltage control and lower frequency deviation as well as 

proportionally power sharing are provided. However, the 

mismatched line impedances lead to improper power sharing. 

The concept of virtual impedance is a popular method to deal 

with this problem. Nevertheless, because of the simple 

structure of the VFD control method, it cannot be employed 

directly. Thus, incorporating the virtual impedance in the 

structure of the VFD control method is challenging. 

Considering the drawbacks of the conventional droop 

control and VFD control methods, this paper proposes a 

strategy to overcome these challenges. Firstly, the effects of 

the virtual impedance on the control parameters of the VFD 

method are calculated and then the controllers which can 

produce the same effects are proposed. As a result, the 

disadvantage of the VFD control method in the case of 

mismatched line impedances is overcome by using the concept 

of virtual impedance. 
 

B. Mathematical Equations 

Based on [19], a simple islanded microgrid, which consists 

of two parallel inverter-based DGs is shown in Fig. 1. Each 

inverter is connected to the PCC through a cable, with the 

given impedances. This equivalent circuit can be described by: 

( 1,2)i
i i i i

dI
V R I L E i

dt
     (1) 
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Fig. 1.  Simplified model of an islanded microgrid with parallel configuration. 
 

where E  is the voltage of the PCC, iV  is the output voltage of 

inverter i and iI  is its line current. In addition, iR  and iL  are 

the line resistance and inductance, respectively, connected to 

DGi. 

As flux can be obtained by the time integral of voltage in 

electrical machines, the virtual flux vectors are defined as: 

ii j
i i

V
V dt e




   (2) 

Ej
E

E
E dt e




   (3) 

where i  and E  are the virtual flux vectors of inverter i and 

the PCC, respectively. Moreover, i  and E  are their 

corresponding angles. Thus, the mathematical equations of the 

virtual flux droop control for inverter i can be derived as [19]: 

 n n
i i i i im P P     (4) 

 n n
i i i i in Q Q     (5) 

where i i E     is the angular difference, n
iP  is the 

nominal active power and n
iQ  is the nominal reactive power. 

Moreover, n
i  and | |n

i  are the nominal angular difference 

and amplitude of the virtual flux vector, respectively. 

Furthermore, im  and in  are the droop coefficients. The 

fundamental power components including iP  and iQ are 

extracted by filtering the total active and reactive powers to 

the PCC. Then, the set values, i.e. i  and | |i  are specified 

using the VFD control method. 
 

III.  PROPOSED CONTROL STRATEGY 
 

Effectiveness of the VFD control method depends on the 

line impedances. In other words, proportional power sharing 

will be feasible, if the line impedances are equal. However, the 

line impedance mismatches deteriorate significantly the 

effectiveness of the VFD control method and lead to active 

and reactive power sharing errors. Therefore, it is important to 

analyze the effect of the line impedance mismatch on the 

power sharing based on the VFD. 

According to Fig. 1, the voltage drop across line i is 

calculated as: 

i i i iV V E Z I      (6) 

And the injected current of inverter i to the PCC is obtained 

as: 

i i
i

P jQ
I

E


  (7) 

Considering i i iZ R j L   and substituting iI  from (7) in 

(6) leads to: 

i i i i i i i i
i

L Q R P L P R Q
V j

E E

  
    (8) 

The angular difference between iV  and E , i.e.  , is generally 

small. So, it is supposed that sin( )   and cos( ) 1   [15], 

[19]. Consequently: 

i i i i
i i

L Q R P
V V E

E

 
   (9) 

i i i iL P R Q

E





 (10) 

which result in: 

i i i i i i
i E

V V E L Q R P

E


  

  

  
     (11) 

i i i i
i i E

L P R Q

E


  


   (12) 

The above equations indicate the effects of the line 

impedances on the parameters of the VFD control method. 

Without loss of generality, a microgrid with two DGs, as 

shown in Fig. 1 is considered and it is assumed that both DGs 

have the same power ratings. Therefore, each of the DGs 

should deliver equal active and reactive powers to the PCC. In 

order to have an equal power sharing for both DGs, the set 

values for both DGs, i.e. i  and i , have to be equal based 

on (2)-(3). The parameters of line impedance 2 are considered 

as references. Therefore: 

2 2,ref refR R X X   (13) 

The mismatches in the parameters of the line impedances are 

calculated as: 

1 2X X X    (14) 

1 2R R R    (15) 

Considering (13)-(15), the parameters of the line impedance 1 

can be expressed as: 

1 refX X X   (16) 

1 refR R R   (17) 

Now, the effects of the line impedances on the difference 

between the virtual flux vectors of the inverters and the PCC 

can be obtained as follows: 

2 2

2

ref ref

ref

X Q R P

E
 




     (18) 

1 1 1 1
1

ref ref

ref

X Q R P XQ RP
d

E E
 

 

  
        (19) 

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on September 07,2021 at 07:38:10 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3108179, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 

As can be seen from (19), since 2 ref    , d  is 

responsible for improper reactive power sharing between the 

DGs. In a similar manner, the effects of the line impedances 

on the angular difference can be calculated as follows: 

2 2

2

ref refX P R Q

E



  (20) 

   1 1

1

ref ref

ref

X X P R R Q
d

E
  

  
    (21) 

Similarly, d  is responsible for improper active power 

sharing between the DGs. Equal line resistances ( 1 2R R ) and 

equal line reactances 1 2( )X X  result in 0d   and 

0d  . Consequently, accurate power sharing between the 

sources proportional to their ratings is achieved. But, in the 

case of the mismatched line impedances, i.e. 1 2( )R R  and 

1 2( )X X , d  and d  are nonzero, which leads to power 

sharing errors. In order to deal with this problem, the concept 

of virtual impedance is a useful approach, which can be 

employed as: 

VX X   (22) 

VR R   (23) 

where VX  and VR  are the virtual reactance and resistance, 

respectively. Hence, the terms of d  and d  in (19) and 

(21) are mitigated, and therefore the appropriate power sharing 

between the sources can be achieved. Nevertheless, 

knowledge of the line impedances, (which are not readily 

accessible), is required. However, this problem can be 

resolved by another solution so that the virtual impedance is 

employed to compensate for the unsuitable effects of the line 

impedance mismatches on the angular difference and the 

difference between the fluxes of the inverter and the PCC. The 

set values for both sources with the same ratings using the 

VFD control are obtained as: 

1 ref d     (24) 

2 ref   (25) 

1 E ref d       (26) 

2 E ref     (27) 

The set values generated by the VFD should be modified to 

overcome the unsuitable effects of the line impedance 

mismatches on the power sharing. The values are: 

1 refd d       (28) 

1 E refd d         (29) 

To meet the above requirements and considering Fig. 2, the 

control scheme should be designed in such a way: 

d d   (30) 

d d    (31) 

Hence, the compensatory terms should be added to alleviate 

d  and d . As the knowledge of the line parameters is not 

readily accessed, matching the impedances is not the aim of 
 

2Load

1Load

refXrefR
1 1,P Q

refXrefR

2 2 

2 2,P Q
2I

Inverter 2

1 1 

Inverter1
XR 1I

ref ref   d d

ref ref  

E E 

 
Fig. 2.  Simplified structure of microgrid seen from inverter 2. 
 

this paper. For this reason, the virtual impedance is used as: 

vd d    (32) 

vd d    (33) 

where vd  and vd  are the angular difference and the 

difference between fluxes of the inverter and the PCC caused 

by the proposed virtual impedance. Thus: 
 

1 1 1 1v vX P R Q XP RQ

E E 

  
   (34) 

1 1 1 1v vX P R Q XP RQ

E E 

  
   (35) 

Finally, this paper suggests using the benefits of the VFD 

control method and virtual impedance idea simultaneously. 

Therefore, the adaptive virtual flux droop control strategy, as 

shown in Fig. 3, is proposed as: 

   *n n
i i i i i ip im P P k P P dt       (36) 

   *n n
i i i i i iq in Q Q k Q Q dt       (37) 

where ipk  and iqk  are the compensatory coefficients for active 

and reactive powers, respectively. The last terms in (36) and 

(37) produce effects similar to the parameters of the virtual 

impedance on the set values to compensate for the bad effects 

of the mismatched line impedances. Thus, the idea of virtual 

impedance is indirectly employed as mentioned in (32)-(35), 

while there is no need for the knowledge of the line 

impedances. As shown in Fig. 3, the simple integral control 

loops are added to regulate the active and reactive powers. It 

should be noted that, instead of matching the parameters of the 

line impedances, the effects of the mismatched line 

impedances are indirectly compensated. In other words, 

regarding (34) and (35), the compensatory terms of (36) and 

(37) produce the same effects as the parameters of the 

supposed virtual impedance. Therefore, accurate power 

sharing proportional to the ratings of the sources is achieved. 
It should be noted that the data of the power delivered to the 

PCC by each inverter are transferred to the Energy 

Management System (EMS) via the communication links and 

appropriate *P  and *Q  references are sent back to the control 

units proportional to the ratings of sources, so that, the sources 

with the same ratings receive the same references. As the 

communication link is not used in the closed loop control, the 

accuracy of power sharing is not affected by time delays. 
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Fig. 3.  Proposed adaptive virtual flux droop control. 

 

IV.  SMALL-SIGNAL ANALYSIS 
 

As shown in Fig. 1, DG units are connected to the PCC via 

power electronic converters. This results in lower inertia 

compared to the synchronous machines of similar ratings, and 

therefore dynamic responses are much faster than 

conventional rotary generators. On the other hand, 

disturbances can lead to improper power sharing. To address 

these issues, small-signal analysis is now discussed to 

investigate the stability of the proposed AVFD control 

strategy, which can be employed to adjust the control 

parameters. 

The linearized models of the active and reactive powers 

delivered by each inverter to the PCC [19] are given below:  

( ) . ( )pP s G s    (38) 

( ) . ( )qQ s G s    (39) 

where   represents perturbation values. pG  and qG  are 

calculated around the operating point and obtained as: 

cosp E VG
L


    (40) 

cosq EG
L


   (41) 

The small-signal dynamics of the proposed AVFD control 

strategy can be expressed by linearizing (36)-(37) as: 

*

( ) ( ) ( ) ( )

( ) ( )

n n c

c

p c

c

s s m P s P s
s

k
P s P s

s s


 







      


   


 
 
 

 
 
 

 (42) 

*

( ) ( ) ( ) ( )

( ) ( )

n n c

c

q c

c

s s n Q s Q s
s

k
Q s Q s

s s


 







 
       

 
 

   
 

 (43) 

where the low pass filter can be modeled as a first order 

approximation, in which c is the cut-off angular frequency. 

Considering P  as the output and n , nP  and *P  as the 

inputs of the P   droop control loop, it is achieved that: 

  *
( )

( ) ( ) ( ) ( )
p c n n

p

G s
P s s s m P s k P s

denP





        (44) 

Accordingly, the characteristic equation of (44) is obtained as: 
2: (1 ) 0c p p c pdenP s G m s k G      (45) 

Similarly, considering Q  as the output and | |n , nQ  

and *Q  as the inputs of the | |Q   droop control loop, it is 

obtained that: 

  *
( )

( ) ( ) ( ) ( )
q c n n

q

G s
Q s s s n Q s k Q s

denQ





        (46) 

Subsequently, the related characteristic equation is derived as:  
2: (1 ) 0c q q c qdenQ s G n s k G      (47) 

The eigenvalues of the characteristic equations (45) and 

(47) are related to the parameters of the proposed control 

scheme, which should be adjusted to ensure system stability. 

In this regard, the trajectories of the eigenvalues related to (44) 

with respect to change pk and eqL for both simulation and 

experimental parameters are shown in Fig. 4. Furthermore, 

Fig. 5 shows the trajectories of the eigenvalues corresponded 

to (47) with respect to change qk and eqL for both simulation 

and experimental parameters. The eigenvalues of P   and 

| |Q  control loops are on the left side of the imaginary axis 

for 0pk   and 0qk  , respectively. Moreover, as the 

equivalent inductance of line and filter, i.e. eqL , increases, the 

eigenvalues get closer to the imaginary axis from the left. In 

addition, because of the conflict between the maximum 

overshoot and the rise time in typical second order models, the 

damping ratio should be between 0.4 and 0.8 [22-23]. 

Considering this constraint for (45) and (47) leads that: 

(1 )
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p c p
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k G






 


 (48) 
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q c q
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 (49) 

As a result, the transient response will be adequately fast and 

be sufficiently damped [23]. The permissible ranges of pk  and 

qk  to establish (48) and (49) are obtained as: 

2 2

2 2

(1 ) (1 )
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   (50) 

2 2
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c q c q
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q q
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G G

  
   (51) 

As 0pG  , 0qG  , 0m  , 0n   and 0c  , therefore: 

2

2
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0

1.6
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G

 
  (52) 

2

2

(1 )
0

1.6

c q

q

G n

G

 
  (53) 

Regarding (50)-(53), the final design ranges of permissible 

values for pk  and qk  are respectively equal to (50) and (51) 
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which satisfy the stability and appropriate transient response 

criteria, simultaneously. 

In the following, the effects of the communication delay on 

the transient response behavior of the system are investigated. 

As mentioned previously, the control parameters are tuned 

based on the small-signal analysis. In fact, the values of these 

parameters are adjusted offline for each inverter using its 

corresponding local data, while there is no need to 

communicate with the EMS. Furthermore, until the load is not 

changed, the reference values of *P  and *Q  will not change, 

and therefore in this condition, the accuracy of the power 

sharing is not affected by the communication time delays. 

Nevertheless, in order to theoretically study the effects of the 

communication time delay on the dynamic behavior of the 

proposed control strategy, small-signal analysis is carried out. 

Regarding that D  is the time delay in the communication 

links, (42) and (43) are changed as: 

*
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 (55) 

In a similar manner to reach (45) and (47), the characteristic 

equations of P   and Q   control loops by considering 

the communication delay are respectively obtained as: 
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Fig. 4. The trajectory of closed loop poles of P   droop control: 

(a) with respect to change kp based on simulation parameters. 
(b) with respect to change kp based on experimental parameters. 

(c) with respect to change Leq based on simulation parameters. 

(d) with respect to change Leq based on experimental parameters. 
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(57) 

Based on the above characteristic equations, the responses of 

P   and Q   control loops in the proposed control 

strategy are the sum of the first order ( B ) and the second 

order ( 1A  and 2A ) systems [23]. Furthermore, 1A  and 2A  

are the characteristic equations achieved in (45) and (47), 

respectively. Although the root of the first order equation only 

relies on the time delay, the roots of the second order 

equations are independent from the time delay and are only 

affected by the control parameters. A necessary condition to 

fulfill (48) is that the roots of 1A  have to be complex-

conjugate. Similarly, this point has to be established for 2A  to 

satisfy (49). Moreover, in order to lessen the communication 

time delay impacts on the transient response, the control 

parameters are selected such that the absolute values of the 

real parts of the roots of 1A  and 2A , i.e. 1A  and 2A  

should meet the following criteria: 
1

1 0.2A D    (58) 

1
2 0.2A D    (59) 

Satisfying (58) and (59) means that the ratios between the 

absolute value of the real part of the pole which is made by the 

time delay, i.e. 1/ D , and the absolute values of the real parts 

of the poles belong to the second order equations, i.e. 1A  and 

2A  exceed 5. Therefore, the roots of 1A  and 2A  become the 

dominant poles for P   and Q   control loops,  
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Fig. 5. The trajectory of closed loop poles of Q   droop control: 

(a) with respect to change kq based on simulation parameters. 

(b) with respect to change kq based on experimental parameters. 
(c) with respect to change Leq based on simulation parameters. 

(d) with respect to change Leq based on experimental parameters. 
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respectively. As a result, the transient response behavior of the 

system is only affected by the control parameters and 

immunes from the communication delay. Here, the maximum 

time delay is considered 20 ms. Therefore, the pole of B  in 

(56) and (57) is located in 1/ 50Ds     . Based on (58) 

and (59), the line 1/ (5 ) 10D      is plotted by a red 

vertical line in Figs. (4) and (5). Thus the operating points for 

P   and Q   control loops in the proposed control 

strategy have to be between the mentioned red line and the 

imaginary axis. As can be seen, it is completely possible to 

simultaneously satisfy (58) and (48) for P   control loop 

and also (59) and (49) for Q   control loop. Therefore, the 

time delays less than 20 ms do not impact on the transient 

response in this paper. It is worth mentioning that the 

parameters of the control system can be adjusted in such a way 

that the larger values of the time delay will not adversely 

affect the transient response of the system. However, it leads 

to slower transient response. 
 

V. PROPOSED MICROGRID CONTROL STRATEGY 
 

The proposed microgrid control scheme is shown in Fig. 6, 

where the AVFD control strategy is used to compute the 

command signals i.e. the angular difference and the virtual 

flux amplitude for each inverter and accordingly, DFC is 

employed to generate the appropriate switching vector. Thus, 

both control quantities are compared to their respective 

instantaneous values, which are calculated using the current 

voltage vector. The generated errors are the inputs of the 

hysteresis controllers. A three-level controller is used for the 

angular difference error and a two-level controller is employed 

for the virtual flux amplitude error. Furthermore, the    

plane is divided into six sections, as shown in Fig. 7, where 

two null and six active voltage vectors are also depicted, and 

the number of the sector, where the virtual flux vector of the  
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Fig. 6.  Block diagram of the proposed microgrid control strategy. 

 
TABLE I 

SWITCHING TABLE OF DFC STRATEGY 

 

    Selected voltage 

1 1 Vm+1 

1 0 Vm+2 

0 1 V0 

0 0 V0 

-1 1 Vm+5 

-1 0 Vm+4 

 

 

 1 100V
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 0 000V
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Fig. 7.  Voltage space vectors in the    plane. 

 

inverter is located, is specified. Finally, the appropriate voltage 

vector, which should be applied to the inverter, is selected 

based on the basic idea of the DFC strategy from Table I, 

where m is the sector number,  and   are the outputs of 

angular difference and virtual flux hysteresis controllers, 

respectively. 

It should be noted that the frequency and the voltage 

amplitude of the PCC are controlled indirectly. In other words, 

firstly, a three-phase AC voltage with a constant frequency 

defined as a virtual reference is employed to compute the 

angle of the virtual flux vector of the PCC. Then, it is 

subtracted from the angle of the virtual flux vector of the 

inverter, and therefore the instantaneous angular difference is 

obtained. As it is controlled firmly, both virtual flux vectors of 

each inverter and the PCC rotate with the same frequency. 

Hence, even if the initial angle of the virtual flux vector of 

each inverter is unknown, without dependence on the changes 

of the angular difference, the frequency will not be changed. 

Moreover, the voltage amplitude of the PCC can be controlled 

by regulating the nominal amplitude of the inverter flux. 

 

VI.  STUDY RESULTS 
 

The proposed control strategy is evaluated by simulating the 

microgrid and control system in the Matlab/Simulink 

software. In addition, the results of the proposed AVFD 

control strategy are compared to conventional methods. 

Moreover, a laboratory experiment is conducted to validate the 

feasibility of the presented method. 
 

A. Simulation Results 

The microgrid consisting of three parallel three-phase 

inverter based-DGs connected through the tie-lines, as shown 

in Fig. 8, has been simulated in Matlab/Simulink. The 

parameters are listed in Table II. The line inductance and the 

filter inductance are modeled as eqL  [19]. Without loss of 

generality, it has been assumed that the DGs have the same 

ratings. The microgrid control scheme using the proposed 

AVFD control strategy is compared to the conventional VFD 

control method and also the conventional droop technique 

based on P   and Q V  with virtual impedance (CD-VI). 

The delivered powers by DGs based on the conventional VFD 

control method, the conventional droop with virtual 

impedance and the proposed AVFD control strategy are 

respectively shown in Figs. 9-11. A step decrease and a step  
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Fig. 8.  Schematic diagram of the islanded microgrid under study. 
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Fig. 9.  Power sharing based on the conventional VFD method. 
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Fig. 10.  Power sharing based on the CD-VI method. 
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Fig. 11.  Power sharing based on the proposed AVFD strategy. 

 

increase of the total load power occur at t=4s and t=7s, 

respectively. Both the CD-VI method and the proposed AVFD 

control strategy are applied at t=1s. As can be seen in these 

figures, the conventional VFD control method leads to 

significant both active and reactive power mismatches 

between DGs. Although the conventional droop method with 

virtual impedance can reduce the power mismatches between 

the DGs, it is not effective enough and the power mismatches 

are not negligible and even increase when the demanded load 

power changes during t=4s and t=7s. But, the proposed AVFD 

control strategy can deal adequately with the line impedance 

mismatches which leads to appropriate power sharing between 

DGs despite the load changes during t=4s and t=7s, which 

shows the effectiveness of the proposed method. 

Fig. 12 shows the injected currents by the DGs based on the 

conventional VFD control method, where improper current 

sharing between the DGs is visible. These current waveforms 

are different in phase and magnitude. Although enabling the 

CD-VI control method at t=1s can mitigate somewhat the 

phase and the magnitude differences between the injected 

current waveforms of DGs shown in Fig. 13, these differences 

are still significant and thus the performance of the CD-VI 

control method cannot meet the requirements. But, the 

injected currents of DGs become quite similar in phase and 

magnitude after activating the proposed AVFD control method 

at t=1s, as shown in Fig. 14. As a result, it represents a 

significant improvement in the accuracy of the current sharing. 

Figs. 15 and 16 show the load-side voltages for the DGs 

based on the CD-VI control method and the proposed AVFD 

control strategy, respectively, which are enabled at t=1s. The 

voltage difference between bus 1 and bus 2 is negligible, but 

the voltage difference between bus 1 and bus 3 is about 100 V 

before t=1s. After enabling the CD-VI control method, it 

cannot show good performance in the voltage control of the 

microgrid. Therefore, the voltage differences between the 

load-side buses are still significant and also the voltage 

deviations are visible. By contrast, as a result of activating the 
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Fig. 12.  Injected current to the PCC based on the conventional VFD method. 
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Fig. 13.  Injected current to the PCC based on the CD-VI method. 
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Fig. 14.  Injected current to the PCC based on the proposed AVFD strategy. 

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on September 07,2021 at 07:38:10 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3108179, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 

0 1 2 3 4 5 6 7 8 9 10
0

700

1400

2100

Time (sec)

V
o

lt
a

g
e
 (

V
)

 

 
DG3 DG2 DG1

1 1.5 2 2.5
1800

2000

2200

 
Fig. 15.  Load-side voltages based on enabling the CD-VI method at t=1s. 
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Fig. 16.  Load-side voltages based on enabling the proposed AVFD strategy at 

t=1s. 
 

proposed control strategy, the voltage differences between the 

load-side buses tend to zero and also the problem of voltage 

deviations does not emerge. In other words, regarding the 

issue that the last terms of (36) and (37) can produce the same 

effects as the supposed virtual impedances, the proposed 

AVFD strategy improves the voltage control of the PCC. As a 

result, the supposed virtual impedance is increased indirectly 

for the line with, smaller physical impedance. Similarly, it can 

happen vice-versa. Hence, the load-side voltages of the 

microgrid can be controlled correctly, which confirms the 

effectiveness of the proposed AVFD strategy. 

Fig. 17 shows the PCC frequency of the microgrid. At t=1s, 

when the CD-VI and the proposed AVFD control methods are 

applied, fluctuations emerge during the transient state. 

However, the better frequency control based on angle droop 

employed by the VFD and the proposed AVFD control 

methods leads to that the magnitude of fluctuations is very 

smaller than the CD-VI method which uses P   droop. 

Moreover, the frequency deviations are fairly small in the 

conventional VFD and the proposed AVFD control methods 

in the steady-state. In addition, when the load changes at t=4s 

and t=7s, the magnitude of frequency fluctuations is not high. 

Therefore, the performance of the proposed method in 

frequency control is appropriate. 
 

B. Performance Comparison 

In this section, a quantitative performance assessment of the 

proposed AVFD control method in the condition of the 

unequal line impedances is provided in comparison to the 

conventional VFD control and also the CD-VI control 

methods. Based on the simulation analysis, the comparison 

results are reported in Table III. errf  and errV  are respectively 

magnitudes of the frequency and the voltage deviations in 

steady-state, vTHD  and cTHD  are respectively PCC voltage 

and delivered current THD indices. Moreover, the active 
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Fig.17.  Microgrid frequency. 

 

power the reactive power errors are calculated as: 
exp

, exp
100i i
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Q Q
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exp
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100i i

err i

i

P P
P

P


   (61) 

where, iP  and iQ  are respectively the actual active power and 

the actual reactive power, exp
iP  and exp

iQ  are respectively the 

expected active power and the reactive power. Given that the 

DGs are assumed to have similar ratings, the active power and 

the reactive power delivered by DG1 are considered as the 

expected values. 

According to Figs. 9-11, errP  and errQ  change when the 

total load decreases from the nominal value. As can be seen, 

the power sharing errors based on the conventional VFD 

control method are significant. 

Performance of the CD-VI control method in the condition 

of the nominal load can be acceptable because the power 

sharing errors are about 2%. However, the errors (especially 

reactive power error) increase significantly when the total load 

changes. In contrary, the proposed AVFD control method 

shows an excellent performance in proportional power 

sharing, compared to the two other methods despite changing 

the total load. This proves the efficiency of the proposed 

AVFD control method. It should be noted that the values of 

errP  and errQ  in Table III are related to the condition of a step 

decrease of the total load occurs. 

According to Figs. 12-16, the mismatched line impedances 

and consequently inappropriate power sharing lead to unequal 

line currents. Therefore, more current flows through the line 

with smaller equivalent inductance that results in the 

deterioration of THD indices. In addition, despite using the 

multiple feedback signals and the multi-loop structure, the 

CD-VI control method suffers from voltage and frequency 

deviations, and the control accuracy depends on the quality of 

the current control loop which uses PI regulators. The results 

comparison indicates that the THD indices in the CD-VI 

control method are greater than the virtual flux based control 

methods. Furthermore, In the structure of the proposed AVFD 

control method, the impacts of mismatched line impedances 

on the control parameters, i.e. d  and d , are compensated, 

and therefore proportional power sharing is achieved. 

Furthermore, less frequency variation and better voltage and 

current control are also obtained which in-turn reduce THD indices. 
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C. Experimental Results 

In order to validate the performance of the proposed control 

strategy, an islanded microgrid with parallel configuration, 

which consists of two inverter based-DGs with the same 

ratings, and its control system was made in the laboratory, as 

shown in Fig. 18. The parameters are listed in Table II. The 

primary sources for the inverters are supplied by two three-

phase full-bridge rectifiers connected to the secondary of an 

autotransformer. The inverters use IRGP4069D IGBT 

modules. The proposed control method for inverters is carried 

out in Matlab/Simulink. The Matlab/Embedded Coder is 

employed to generate the usable code for Code Composer 

Studio Integrated Development Environment. The code is 

finally run on a TMS320F28335 32-bit floating-point DSP. 

This microcontroller contains six enhanced PWM modules 

(each one consists of two reversed PWM channels), which are 

used to send the switching commands to the IGBTs. Twelve 

analog-to-digital converter channels are used to provide inputs 

of the control strategy. The active and reactive powers are 

calculated internally by DSP and sent to the Host by SCI 

connection. The sampling frequency of the system is 10 kHz. 
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Fig. 18.  Full experimental setup of the islanded microgrid. 

 

TABLE II 

PARAMETERS OF THE MICROGRID 
 

Item Symbol Simulation Experiment 

Line Resistances R1,R2,R3 20, 40, 30 mΩ 40, 40 mΩ 

Line Inductances L1,L2,L3 3,4.5, 1.5 mH 2, 4 mH 

Tie- line Resistance RTie-Line 75 mΩ 75 mΩ 

Tie-line Inductance LTie-Line 10 mH 10 mH 

Filter Capacitance C 120 µF 100 µF 

Filter Inductance L 4 mH 4 mH 

Nominal Voltage En 3500 V 155 V 

Nominal Frequency f 60 Hz 60 Hz 

DGs Output Voltage Vdc 10 kV 250 V 

Nominal Flux Amplitude |ψn|  7.8 Wb 0.42 Wb 

Nominal Active Power Pn 1400 kW 220 W 

Nominal Reactive Power Qn 500 kVAr 145 VAr 

Slope of P – δ Droop m -1.67×10-7 rad/W -12×10-5 rad/W 

Slope of Q – |ψ| Droop n -1.65×10-6 Wb/Var -4×10-5 Wb/VAr 

Gain of kq kq 12×10-5 8×10-4 

Gain of kp kp 1×10-5 14×10-4 
 

TABLE III 
COMPARISON BETWEEN THE PROPOSED AVFD METHOD  

AND THE CONVENTIONAL METHODS 
 

c
THD  

v
THD  

,1,2err
Q  

,1,2err
P  %

err
E  

err
f  Method 

2.55 3.23 25.4,22.6 17.5, 17.8 4.87 0.01 VFD 

4.63 3.39 22.6, 23.2 25, 24,4 3.75 0.05 CD-VI 

1.70 2.08 - - <1 0.02 AVFD 

 

In order to experimentally evaluate the operation of the 

proposed control method, three cases are considered. In case 1, 

the proposed AVFD control strategy is activated after the 

conventional VFD control method. In case 2, a step decrease 

in load occurs. Finally, in case 3 the load increases to the 

initial value by a step change. It is noteworthy to mention that 

20 ms has been considered for the elapsed time during the 

process of receiving the references by control units of the DGs 

from EMS. 

 

Case 1: 

In order to compare the results, firstly, the power sharing is 

controlled by the conventional VFD method. Then, the 

proposed AVFD control strategy is applied at t=2s. The 

waveforms of the load-side voltages for both bus 1 and bus 2,  
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Fig. 19.  Load-side voltage waveforms based on the conventional VFD control 
strategy for power sharing, captured from the laboratory test in case 1. 
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Fig. 20.  Load-side voltage waveforms after applying the proposed AVFD 

control strategy for power sharing, captured from the laboratory test in case 1. 
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before and after applying the proposed AVFD control strategy 

are respectively shown in Figs. 19 and 20. As can be seen, the 

waveforms are quite sinusoidal. Moreover, the load-side 

voltages are similar in amplitude, which is about 125 V. 

Figs. 21 and 22 show the injected currents of DGs, before 

and after enabling the proposed AVFD control strategy for 

power sharing. The current waveforms are firstly different in 

amplitude and phase. In addition, harmonics analysis has 

shown the THD index is equal to 4.08%. When the proposed 

AVFD control strategy is applied, the injected currents of DGs 

look quite similar in amplitude and phase. Also, it is found 

that the THD index for this case is 3.36%. 

As mentioned earlier, the power data is captured from DSP 

by the SCI connection and plotted in the environment of  
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Fig. 21.  Injected current waveforms to the PCC based on the VFD control 

strategy for power sharing, captured from the laboratory test in case 1. 
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Fig. 22.  Injected current waveforms after applying the proposed AVFD 
control strategy for power sharing, captured from the laboratory test in case 1. 
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Fig. 23.  Delivered powers to the PCC captured from the laboratory test in 
case 1. 

Matlab/Simulink software as shown in Fig. 23. DG1 with 

lower line impedance delivers higher active and reactive 

powers while the conventional VFD control method is used 

for the power sharing, which leads to +10% error for the 

reactive power and +34% error for the active power. 

Moreover, the active and reactive power errors of DG2, which 

has higher line impedance, are -34% and -10%, respectively. 

After the proposed AVFD control strategy is activated, DG1 

and DG2 become similar in the delivered active and reactive 

powers. This is primarily due to the effect of enabling the 

proposed AVFD control strategy for power sharing, which 

leads to an increase in the total impedance of the line with 

lower physical impedance and a decrease in the impedance of 

the line with higher physical impedance. 
 

Case 2: 

In this case, a step decrease occurs in load. Fig. 24 shows 

the voltage waveforms. As can be seen, the changes are 

negligible. However, the voltages are increased slightly, due to 

the change in the voltage drop across the line impedances. 

Fig. 25 shows the injected current waveforms of the DGs 

which are reduced because of the reduction in the load. 

Therefore, as shown in Fig. 26, the injected powers by DGs 

are decreased. As can be seen, the output active and reactive 
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Fig. 24.  Load-side voltage waveforms based on the proposed AVFD control 
strategy for power sharing, captured from the laboratory test in case 2. 
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Fig. 25.  Injected current waveforms to the PCC based on the proposed AVFD 

control strategy for power sharing, captured from the laboratory test in case 2. 
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Fig. 26.  Delivered powers to the PCC, captured from the laboratory test in 

case 2. 
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Fig. 27.  Delivered powers to the PCC, captured from the laboratory test in 

case 3. 
 

powers of the DGs are still similar in the new steady-state 

achieved after the step decrease occurs in load. In this 

situation, it is found that the THD index of the current 

waveforms is equal to 2.98%. 
 

Case 3: 

In this case, the total load demand reaches the initial value 

by a step increase. The output active and reactive powers of 

both DGs are shown in Fig. 27. It is observed that the injected 

powers are increased immediately to meet the new load 

demand. Subsequently, both DG1 and DG2 become similar in 

the output power when the system reaches the new steady-

state, which shows the effectiveness of the proposed control 

strategy. 
 

VII.  CONCLUSION 
 

Mismatched line impedances in the islanded AC microgrid 

with parallel configuration can result in active and reactive 

power sharing errors. An adaptive virtual flux droop control 

strategy has been proposed in this paper to solve this problem. 

In addition, the idea of virtual impedance has been employed 

to propose the control strategy. Moreover, in the microgrid 

control algorithm, the direct flux control technique has been 

used to generate the switching signals of the inverters based 

on the specified angular difference and the virtual flux 

amplitude of the inverter. Therefore, a simple control strategy 

is achieved without the need for complex transformations, 

multiple feedback control loops, knowledge of the line 

parameters and load data. The effectiveness and the feasibility 

of the proposed control strategy are verified by simulation and 

laboratory experiments. The corresponding results show that 

the proposed method can share active and reactive powers 

between the inverter-based DGs proportionally to their ratings 

despite unequal line impedances. 
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