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Abstract

Stability in island microgrids is crucial for efficient power distribution among distributed generation (DG) inverters. Conventional droop 

control, while effective in power sharing, poses challenges with voltage stability due to frequency and voltage deviations resulting 

from changing load power. Such deviations can lead to system instability, impacting power flows within each inverter. Therefore, this 

paper introduces a proposed droop control approach that effectively tackles the issues of frequency and voltage deviation, aiming to 

restore them to their rated values and significantly enhance transient response in power flows among inverters. The novel method 

incorporates integrating controllers for frequency and voltage, coupled with the utilization of virtual impedances. These virtual 

impedances, comprising virtual positive/negative-sequence impedance (VPI/VNI) loops at the fundamental frequency and a virtual 

harmonic impedance (VHI) loop at harmonic frequencies, play a crucial role in overcoming mismatched line impedance conditions, 

ultimately improving overall system performance. Simulation results demonstrate the effectiveness and outstanding performance of 

inverters operating in parallel within an island AC microgrid. The proposed approach ensures stable voltage and frequency levels in all 

operational states, regardless of varying load conditions.
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1 Introduction
Conventional energy production worldwide heavily relies 
on fossil fuel sources such as diesel, fuel, and gas to meet 
the growing demand for electricity. However, this depen-
dence has led to the depletion of non-renewable resources 
and significant environmental damage. As a result, there 
is a pressing need for distributed generation (DG) systems 
that harness power from renewable sources [1, 2]. DG sys-
tems offer the advantage of providing reliable electricity 
through solar, wind, and other renewable resources [3]. 
Nevertheless, the seamless integration of these renewable 
resources within the microgrid and their synchronization 
with the utility grid present a significant challenge.

A microgrid provides a solution for addressing the chal-
lenges associated with DG units, serving as a link between 
distributed renewable resources and the utility grid. 
It consists of DG units that can operate autonomously or 
in conjunction with the grid, depending on the mode. In 
AC microgrids, inverters are used to connect DG units to 
the AC distribution system, as shown in Fig. 1. To ensure 

efficient and reliable power flow, various control strategies 
have been developed and implemented. These strategies 
focus on regulating power sharing among the DG units 
and delivering high-quality power within the microgrid, 

Fig. 1 Schematic of an AC microgrid
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which can be classified into two commonly used control 
schemes: The first scheme employs a communication sys-
tem among parallel-connected inverters, including popu-
lar methods such as the master-slave control method [4–7], 
the average current-sharing method [8–10], and circular 
chain control [11]. While these schemes effectively con-
trol output voltage and power sharing, their reliance on 
communication links can compromise system reliabil-
ity. An alternative approach is the second type of con-
trol, which utilizes droop control [12–15]. This technique 
efficiently shares load power among parallel-connected 
inverters by utilizing the active and reactive power flows 
to regulate the frequency and amplitude of the output volt-
age without the need for inter-inverter communication. 
With each inverter relying solely on local measurements, 
this method provides higher flexibility and reliability, par-
ticularly in terms of the physical positioning of the units.

Nevertheless, the conventional droop technique has 
a certain number of drawbacks [13], including the fact that 
mismatched line impedance has a significant impact on 
power-sharing accuracy, slow transient response, inad-
equate adjustment of harmonic power when nonlinear 
loads are supplied, and that the droop characteristics lead 
to a decrease in the voltage amplitude and frequency of 
each inverter. Addressing the decoupling of active and 
reactive power in AC microgrids presents a significant 
challenge, leading to the exploration of various solu-
tions. One approach tackles this challenge by introducing 
an inductor or resistor in series with the inverter output, 
modifying the overall equivalent impedance to be either 
inductive (P−F/Q−E) or resistive (P−E/Q−F). However, 
this inclusion of components increases both the cost and 
size of the inverter, primarily due to the required physi-
cal space. To overcome these drawbacks, virtual imped-
ance techniques [16] have emerged as a promising solu-
tion. These techniques leverage rapid control loops to 
mitigate line impedance mismatches without incurring 
power losses. However, it's important to note that integrat-
ing virtual impedance alongside the inherent deviations 
associated with droop control may reduce the output volt-
age from individual inverters. To effectively compensate 
for voltage and frequency deviations within the microgrid, 
secondary control assumes a crucial role [17]. Operating 
at a higher level than primary control (droop control with 
the virtual impedance), this mechanism aims to maintain 
stability and ensure the high-quality delivery of power. 
By actively monitoring system parameters, the secondary 

control system swiftly responds to deviations, fostering 
a stable and reliable power supply within the microgrid.

To address the aforementioned drawbacks and enhance 
load sharing, a proposed droop approach is implemented, 
providing control over the output voltage and restoring the 
frequency and amplitude voltage deviations of each inverter 
to their specified values. This approach is characterized by 
a rapid transient response, enabling seamless adaptation to 
load changes. Furthermore, the limitation of mismatched 
line impedance is effectively resolved through the imple-
mentation of virtual impedance using the combination of 
the current component extraction method with the summing 
approach, which will be discussed in detail later in the paper.

The paper is organized as follows: Section 2 offers 
an overview of the power flow of the conventional droop 
control technique. Section 3 introduces a comprehensive 
set of techniques and methodologies. including the decom-
position of current components, the calculation of funda-
mental positive power, the implementation of double loop 
voltage and current control, selective virtual impedance 
implementation, and the proposed droop control tech-
nique. Section 4 shows the simulation results conducted 
using the MATLAB/Simulink environment. Finally, 
the paper concludes in Section 5.

2 Theory of droop controller
Droop control is a technique used to emulate the behav-
ior of synchronous generators in order to achieve pow-
er-sharing among parallel-connected inverters. Inspired 
by the behavior of synchronous generators, droop control 
adjusts the output frequency and voltage of each inverter 
in response to changes in load conditions.

Fig. 2 depicts the equivalent circuit of two parallel 
inverters coupled to an alternating current bus through dif-
ferent output impedances. The load current should prefera-
bly be divided equally between the two inverters. However, 
when the equivalent output impedances of the two inverters 

Fig. 2 Operation of two parallel inverters connected to AC bus
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differ, the power shared between them becomes inaccurate. 
The active and reactive power transmitted to the common 
AC bus can be represented as follows [18]:
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where V and E are the amplitudes of the microgrid bus 
voltage and the inverter output voltage, δ indicating the 
phase angle between the microgrid bus voltage and the 
output voltage of the inverter. Z and θ are the amplitude 
and the angle of the output impedance, respectively.

Due to the large inductor filter and high inductive line 
impedance, it is expected that the inverter output imped-
ance is entirely inductive, Z = j X (θ = 90°) where X is the 
output reactance of the inverter, and hence, it is possible 
to express the active and reactive powers applied to the 
AC bus by:
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In general, the power angle δ is extremely low 
(sin (δ) = δ and cos (δ) = 1). It is obvious that the active 
power is strongly influenced by the phase angle, whereas 
the reactive power is mostly dependent on the amplitude 
of the inverter voltage. Therefore, the majority of par-
alleled-inverter wireless controls use the conventional 
droop method, which results in droops in the frequency 
and amplitude of the inverter output voltage. As a result, 
the characteristics defining the droop properties of P−F 
and Q−E as shown in Fig. 3 can be given by:
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where Fo and Eo represent the output voltage frequency and 
amplitude with no load, kf and kv represent the coefficients 

for the drop frequency and amplitude, which are calcu-
lated as follows:
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where ∆F and ∆E are the maximum allowed deviations 
in frequency and voltage, respectively. Pmax and Qmax are 
the maximal active and reactive power delivered from the 
inverter, respectively.

In low voltage power, the line impedance becomes 
nearly resistive Z = R (θ = 0°), which leads to a change in 
P and Q power flow expressions and becomes:
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The active power is clearly influenced by the inverter 
voltage amplitude, while the reactive power is primarily 
influenced by the phase angle. As a consequence, the for-
mulas for P−E/Q−F droop can be expressed by:
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As a result, a control strategy based on the P−F/Q−E 
droop control must be implemented for inductive out-
put impedance, whereas the P−E/Q−F droop strategy is 
applied for resistive impedance.

3 System configuration
Fig. 4 depicts the detailed configuration of an island micro-
grid that comprises two parallel DG units linked to the 
AC bus, each with a different line impedance. The power 
stage of each DG unit consists of a DC link, an interface 
inverter, and an LC filter. Additionally, both DG units are 
equipped with a primary controller, which incorporates 
the droop control technique, virtual impedance, as well as 
voltage and current control.

3.1 Current component decomposition
In order to enhance power calculations and enable effec-
tive implementation of virtual impedance, a combination 
of three key blocks is utilized: a harmonic decoupling 
network (HDN), parallel dual second-order generalized 
integrator-quadrature signal generation (DSOGI-QSG), Fig. 3 P−F and Q−E droop characteristic
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and positive-negative sequence calculation (PNSC). These 
blocks collaborate harmoniously to ensure the precise 
extraction of important components from the output cur-
rent. This includes accurately isolating the fundamen-
tal positive and negative sequence currents as well as 
the dominant harmonic currents [19]. The overall signal 
extraction structure is illustrated in Fig. 5.

Initially, as a fundamental step in the signal processing 
chain, the HDN is introduced. This mechanism incorpo-
rates a cross-feedback structure that separates and man-
ages the interactions among the various harmonics present 
in the input current signal, followed by the DSOGI-QSGs, 
which are finely tuned at distinct frequencies and oper-
ate concurrently to effectively separate various current 
components. Each DSOGI-QSG comprises two SOGI-
QSGs that function in parallel, as depicted in Fig. 5(b). 
The implementation of the SOGI-QSG allows for the 
extraction of both in-phase and in-quadrature signals 
from the input signal [20]. The transfer functions based 
on closed-loop linking the input i and outputs i' and qi' of 
the SOGI-QSG are denoted by Eq. (7), and the associated 
Bode diagrams are shown in Fig. 6.
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Fig. 6 (a) and (b) illustrate that the bandwidth of both 
the band-pass and low-pass filters is solely influenced by 

the gain parameter (k) and remains independent of the 
center frequency (ω). When k decreases, the bandwidth 
becomes narrower; however, that can lead to slower sys-
tem responses. It is worth noting that i' is the output ver-
sion of the band-pass filter of the input i with unit gain 
and 0° phase shift. On the other hand, the output qi' in 
Fig. 6(b) represents the low-pass filtered version, charac-
terized by unit gain and a 90° phase shift. For this reason, 
the structure is referred to as a "quadrature signal gen-
erator". Ultimately, the positive sequence component (i+) 
and negative sequence component (i−) can be effectively 
obtained using the PNSC block, as depicted in Fig. 5 (c).

3.2 Fundamental positive power calculation
Based on the identified current components, the determi-
nation of the active and reactive power is carried out by 
considering the output voltages and the output fundamen-
tal positive sequence currents in the αβ axis as follows [21]:
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where ωLPF is the cut-off frequency of the low-pass filter 
(LPF), i o1 �

�  and i o1 �
�  are fundamental positive sequence 

output currents. The LPF plays a crucial role in attenuat-
ing the undesired ripples present in the active and reactive 
power signals.

Fig. 4 Block diagram of the control scheme for two parallel distributed generation units in islanded mode
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3.3 Double loop voltage and current control
Outer and inner control loops are considered by a cascad-
ing control that uses the output voltage and the capacitor 
current. As shown in Fig. 7, the output voltage is used as 
feedback in the first loop in order to track the reference 
voltage generated by the droop controller, while the sec-
ond inner loop uses the current in the capacitor as infor-
mation to enhance the stability of the system, improve 

Fig. 5 The block diagram illustrates the current signal extraction: 
(a) the comprehensive framework; (b) the DSOGI-QSG structure; 

(c) the PNSC configuration

(a)

(b)

(c)

Fig. 6 Adaptive filter based on SOGI-QSG: (a) D(s) Bode diagram; 
(b) Q(s) Bode diagram

(a)

(b)
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transient response, and provide damping of filter reso-
nance [22]. The output voltage can be given by:

v G s v Z s i so ref o o� � � � � � � � ,  (9)

where G(s) is the closed-loop transfer function between vo 
and vref (voltage gain) and Zo(s) is the closed-loop transfer 
function between vo and io (output impedance). To deter-
mine the expressions of G(s) and Zo(s), first, assume that io 
is equal to zero, therefore G(s) is given by:
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To include a fast transient response and a stable steady-
state error, the voltage proportional gain kvp was set to 150 
and the integral gain kvi to 50, while the current propor-
tional kip was adjusted to 60. The steady-state response 
can be investigated using a G(s) bode diagram, as can be 
seen in Fig. 8 (a). At a frequency of 50 Hz, the gain is 
−0.0569 dB, indicating that the amplitudes of the refer-
ence voltage and output voltage are identical, while the 
phase is −0.366 degrees, indicating that the voltage output 
and voltage reference are in phase.

The closed-loop output impedance must be examined 
to ensure the decoupling of the power-sharing in parallel 
operation. The expression for Zo(s) is obtained by assum-
ing vref  is equal to zero. therefore Zo(s) is given by:
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A Bode diagram in Fig. 8 (b) illustrates the frequen-
cy-domain characteristics of the output impedance. 
It reveals an inductive behavior (89.6°) around the fun-
damental frequency (50 Hz). This characteristic suggests 
that the implementation of the P−F/Q−E droop control 
technique is appropriate in this scenario.

Fig. 7 Double loop voltage and current control

Fig. 8 Bode diagrams of: (a) voltage gain G(s); (b) output impedance Zo(s)

(a)

(b)
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3.4 Selective virtual impedance implementation
In the context of a microgrid, unbalanced and nonlin-
ear loads pose challenges that introduce components in 
the point of common coupling (PCC) current, leading 
to distortion in the output voltage of DG units. The pri-
mary objectives are to mitigate this distortion and achieve 
equitable sharing of current components among the DG 
units [23]. To address these challenges, the paper suggests 
the utilization of virtual positive- and negative-sequence 
impedance, as well as harmonic virtual impedance. These 
techniques effectively enhance the performance of droop 
controllers, minimize circulating currents, compensate 
for voltage distortion, and improve the sharing of har-
monic power among the DG units. Furthermore, it has 
been observed that the output impedance of each DG unit 
predominantly exhibits inductive characteristics, as dis-
cussed previously. However, the accuracy of power control 
sharing among the DG units is impacted by mismatched 
line impedance. Therefore, the virtual impedance allows 
for precise adjustment of the phase and magnitude of the 
output impedance, ensuring that all DG units perceive 
an identical output impedance.

The voltage drops occurring at the fundamental posi-
tive-negative- sequence and specific harmonic frequencies 
can be defined by:
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where the virtual voltage drops at the fundamental pos-
itive- and negative-sequence frequencies are denoted by 
vv f�� ,
�  and vv f�� , ,�  respectively. Additionally, the virtual 

voltage drop for the harmonic frequency is represented by 
vvαβ,h. The variable 'h' is used to indicate the primary har-
monic components, such as −5, 7, −11, and 13.

Finally, the total voltage drop associated with the virtual 
impedance is obtained by adding all of the previously calcu-
lated components, as expressed in Eq. 16. The implementa-
tion details of the virtual impedance are illustrated in Fig. 9.

v v v v v v v

v v v v v
v

v

� � � � � � �

� � � � �

� � � � � �

� � � �

� � � � � �

� � � �

1 1 5 7 11 13

1 1 5 7
�� �

�
�
�

��
� �v v
11 13� �

.  (16)

To ensure optimal system performance, suitable values 
for virtual inductance ( Lv ) and positive virtual resistance 
Rv f,
�� �  are determined using a precise summing approach. 

Knowledge of the feeders' impedances is crucial for apply-
ing this method, enabling the calculation of specific vir-
tual impedance values for each inverter. Obtaining the 
necessary impedance information for each feeder can be 

Fig. 9 Selective virtual impedance implementation
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achieved through the knowledge of the system's design 
and cable specifications, while the other employs real-
time online impedance estimation techniques, such as 
the "non-invasive estimation based on the recursive least 
squares (RLS) algorithm" [24].

The virtual output impedance selection can be accom-
plished using the summation approach [25, 26], which 
ensures balanced reactive power sharing by maintaining 
a consistent voltage drop from each inverter to the AC bus 
as follows:

v Z Z i v Z Z idrop f v o dropk fk vk ok1 1 1 1
� �� � � � �� � ,  (17)

where Zv1 = Rv1 + jXv1 and Zvk = Rvk + jXvk represent the vir-
tual output impedance of inverter 1 and the kth inverter, 
respectively. Similarly, Zf1 = Rf1 + jXf1 and Zfk = Rfk + jXfk 
signify the line impedance of inverters 1 and kth.

In the summation approach, one of the virtual output 
impedances is set to zero, while the remaining virtual out-
put impedances are adjusted to emulate the line imped-
ance. By considering Eq. (17) and assuming that one line 
impedance is greater than the other ( Zf1 > Zfk ), we can 
select Zv1 to be zero. Hence, tuning the optimal values of 
virtual impedances in a system with multiple inverters, 
ranging from the first to the kth inverter, as follows:

Z
Z Z Z

Z Z Z

v

v f f

vk f fk

1

2 1 2

1

0�
� �

� �

�

�

�
�

�

�
�
�

.  (18)

As a result, the values of Lv and Rv f,
+  can be expressed 

in the following manner:
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Moreover, to introduce damping in the system, smaller 
virtual resistances are specifically chosen for the funda-
mental negative sequence Rv f,

�� �  and selected harmonic 
frequencies ( Rv,5 , Rv,7 , Rv,11 and Rv,13 ).

3.5 The proposed droop control technique
The variation in load power led to deviations in each 
inverter's output voltage amplitude and frequency. 
To ensure voltage quality and high precision of active and 
reactive power distribution, a proposed droop control uses 
the difference frequency (F−Fo) and the difference volt-
age (E−Eo) as information with integrator control km and kn 

respectively to restore the deviation frequency and ampli-
tude of the output voltage to their rated values. Fig. 10 
shows the proposed method for controlling the active 
and reactive power. The frequency and amplitude of the 
inverter's voltage reference are expressed as follows:
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where km and kn are the integrator coefficients of frequency 
and amplitude voltage, respectively.

4 Simulation results and discussion
To validate the proposed control, two DG inverters oper-
ating in parallel, as shown in Fig. 4, were built and tested. 
The loads are connected to a 380 V (line-to-line RMS), 
50 Hz AC bus, and the system parameters are listed in 
Table A1 in the Appendix.

4.1 Proposed control against linear load
Four different scenarios were investigated to assess the per-
formance of the proposed control strategy in the context of 
linear RL load with an initial active power of 6 kW and reac-
tive power of 3 kVAR. In the first scenario, the proposed 
control was applied without the inclusion of virtual imped-
ance for t < 0.5 s. Subsequently, in the second scenario, 
starting at t ≥ 0.5 s, the virtual impedance was enabled. 
To figure out how the load will be affected by the proposed 
control strategy, at t = 1 s, the active and reactive powers 
of the load were increased to 10 kW and 5 kVAR, respec-
tively. Following that, in the fourth scenario, at t  = 1.5 s, 
the load powers were returned to their initial conditions of 
6 kW active power and 3 kVAR reactive power. The sim-
ulation results for this case are shown in Figs. 11 (a)–(h).

Fig. 10 Proposed droop control
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As observed in Fig. 11 (a), the voltage of the load 
remains stable across all scenarios, exhibiting a consistent 
frequency of 50 Hz and a steady amplitude of 311 V (phase 
to ground). This indicates that the proposed control strat-
egy effectively maintains voltage stability throughout the 
different load variations.

In Figs. 11 (c) and (d), it is evident that there is an initial 
disparity in the currents supplied by the inverters, lead-
ing to the emergence of circulating currents. Nonetheless, 
upon enabling the virtual impedance at t = 0.5 s, the 
currents equalize, resulting in a substantial reduction 
in the circulating current to a range of [−0.2 A, 0.2 A], 

Fig. 11 The results of the first test: (a) load voltages; (b) Circulating currents; (c) DG1 output currents; (d) DG2 output currents; (e) DG1/DG2 active 
power; (f) DG1/DG2 reactive power; (g) DG1/DG2 frequency response; (h) DG1/DG2 amplitude response

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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as depicted in Fig. 11(b). This highlights the effectiveness 
of the virtual impedance strategy in minimizing circulat-
ing currents between the inverters.

Fig. 11 (e)–(f) depict the behavior of the system power 
under different load steps. Initially, there is a decoupling 
between the active and reactive powers. However, the pow-
er-sharing between the two inverters is inequitable due to 
mismatched line impedances. Nevertheless, with the enable-
ment of the virtual impedances at t = 0.5 s, each DG inverter 
provides half of the total required power to the load, ensur-
ing equitable power sharing. Notably, as the load power 
increases at t = 1 s to 10 kW of active power and 5 kVAR 
of reactive power, each DG inverter promptly responds 
by increasing its power output to meet the load require-
ments. This fast transient response demonstrates the resil-
ience of the control system. Similarly, when the load power 
decreases at t = 1.5 s to 6 kW of active power and 3 kVAR 
of reactive power, the control system effectively adjusts the 
power delivered from each DG according to load changes.

The performance of the proposed droop control strategy 
in regulating the output frequency and amplitude of each 
DG unit is highlighted in Fig. 11 (g) and (h). When active 
power increases at t = 1 s, there is a Slight frequency devi-
ation, quickly returning to its nominal value. Similarly, 
an increase in reactive power causes a minor ampli-
tude decrease, which is promptly restored to its nominal 
value. Conversely, at t = 1.5 s, as both active and reactive 
power decrease, the frequency shows a temporary increase 
before converging back to the nominal value. Additionally, 
a decrease in reactive power leads to a slight amplitude 
increase, subsequently returning to the nominal value. 
These observations indicate that the proposed droop control 
effectively maintains the nominal frequency and amplitude 
values for each DG unit without any steady-state deviation.

4.2 Proposed control against non-linear load
The second test evaluates the effectiveness of the pro-
posed control strategy when dealing with a non-linear 
load. In this case, the non-linear load is represented by 
a diode-bridge rectifier with Rnl = 50 Ω and Lnl = 1 mH. 
During the initial period (t < 0.5 s), the virtual impedance 
is not applied. However, from t ≥ 0.5 s, the virtual imped-
ance becomes active. The simulation results for this test 
are shown in Figs. 12 and 13.

In Fig. 12 (a) and (b), it is evident that despite the pres-
ence of distorted current from the non-linear load, the volt-
age at the AC bus remained stable in both frequency and 
amplitude throughout the entire test.

To thoroughly validate the proposed scheme, the ampli-
tude of each order of harmonic current obtained by the 
signal extraction block is presented in Figs. 12 (c)–(h). 
The results reveal that the proposed scheme evenly dis-
tributes each order of harmonic current. This demon-
strates the reliability of the proposed approach in address-
ing various types of harmonics and ensuring balanced 
current sharing.

In order to gain a comprehensive understanding of the 
currents supplied by each Distributed Generator and the 
method for extracting their positive sequence, which is 
subsequently used to calculate active and reactive power 
for droop control, we refer to Fig. 13 (a) and (c). These fig-
ures illustrate the currents delivered by the DGs, reveal-
ing the presence of high harmonics. On the other hand, 
Fig. 13 (b) and (d) demonstrate the positive sequence 
extractions, displaying a sinusoidal waveform with sig-
nificantly low Total Harmonic Distortion (THD). This 
indicates that the proposed method effectively extracts the 
positive sequence from the currents, ensuring accurate 
power calculations and enhancing the droop control per-
formance with reduced harmonic distortion and ripples.

4.3 Disconnection and reconnection of the DG unit
In this test, the primary focus is on investigating the 
dynamic behavior of the power system under the dis-
connection and reconnection of a DG unit. At t = 0.3 s, 
DG2 is disconnected from the microgrid. Following 
this, at t = 0.6 s, DG2 is reintegrated into the microg-
rid. The simulation results for these tests are depicted in 
Fig. 14 (a)–(d), respectively.

Fig. 14 (a) and (b) illustrate the active and reactive 
power supplied by each DG unit. Initially, both DG units 
delivered equal power to the load. However, at t = 0.3 s, 
DG2 is disconnected, prompting DG1 to increase its active 
and reactive power output to fulfill the load demand. Upon 
DG2's reconnection at t = 0.6 s, the load power is equally 
shared between the two DG units.

The frequency and amplitude responses of the output 
voltage for each DG unit are depicted in Fig. 14 (c) and (d). 
Whenever DG2 is disconnected, DG1 lowers its frequency 
to increase active power output and reduces its ampli-
tude voltage to increase reactive power output. On the 
other hand, when DG2 is connected, DG1 increases its 
frequency to decrease active power output and raises 
its amplitude voltage to decrease reactive power output. 
This relationship demonstrates that an increase in active 
power is accompanied by a decrease in frequency, while 
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Fig. 12 The results of the second test: (a) load voltages; (b) load currents; (c) fundamental positive sequence current; (d) fundamental negative 
sequence current; (e) fifth order negative sequence harmonic current; (f) seventh order positive sequence harmonic current; (g) eleventh order 

negative sequence harmonic current; (h) thirteenth order positive sequence harmonic current

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Fig. 13 The results of the second test: (a) DG1 output currents; (b) DG1 fundamental positive sequence currents; (c) DG2 output currents; 
(d) DG2 fundamental positive sequence currents

(a) (b)

(c) (d)

Fig. 14 The results of the third test: (a) DG1/DG2 active power; (b) DG1/DG2 reactive power; (c) Frequencies of DG1 and DG2; (d) Amplitudes of 
DG1 and DG2

(a) (b)

(c) (d)
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an increase in reactive power corresponds to a decrease in 
amplitude voltage, and vice versa.

5 Conclusion
This paper introduces an innovative droop control tech-
nique aimed at regulating power delivery from parallel 
DG inverters and achieving stable voltage at the connected 
common-coupled AC bus. The main goal of this method is 
to address frequency and amplitude deviations in the output 
voltage caused by changes in load power, effectively tack-
ling these issues compared to conventional droop control. 
Moreover, the current extraction technique is leveraged 
to introduce selective virtual impedance at fundamental 

positive, fundamental negative, and harmonic frequencies 
in the microgrid. This approach effectively tackles line 
impedance mismatch, enhances load sharing among DG 
sources, and improves the performance of droop control-
lers. By implementing positive-sequence virtual imped-
ance, the microgrid ensures balanced load sharing, while 
negative-sequence virtual impedance works to minimize 
negative-sequence circulating currents and compensate 
for voltage distortion. Furthermore, the virtual variable 
harmonic impedance loop facilitates the sharing of har-
monic power, leading to an overall improvement in power 
quality within the microgrid.
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Appendix

Table A1 Microgrid parameter values

System parameter Value

DC link voltage 650 V

LCr-filter L = 3 mH, C = 50 µF, r = 1 mΩ

Amplitude (phase to ground) E = 311 V

Frequency F = 50 Hz

DG feeder
DG1: Rf1 = 0.4 Ω, Lf1 = 2 mH

DG2: Rf2 = 0.2 Ω, Lf2 = 1 mH

Proposed droop control Value

Frequency droop coefficient kf = 1 × 10−4

Amplitude droop coefficient kv = 3 × 10−4

Integral frequency coefficient km = 1000

Integral amplitude coefficient kn = 1000

Voltage and current control Value

Proportional voltage gain kvp = 150

Integral voltage gain kvi = 50

Proportional current gain kip = 60

Switching frequency Fsw = 10 kHz

Selective virtual impedance Value

Virtual inductance
DG1: Lv1 = 0 mH

DG2: Lv2 = 1 mH

Positive virtual resistance
DG1: R+  = 0 Ω

DG2: R+  = 0.2 Ω
vf1

vf2
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