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Abstract - This article reviews the current landscape of droop control methods in Microgrids (MG), specifically focusing on
advanced, communication-less strategies that enhance real and reactive power sharing accuracy. While widely utilised,
Conventional Droop Control (CDC) techniques often struggle with power sharing inaccuracies and dynamic response
inefficiencies, particularly in systems with resistive, complex or mismatched line impedances. This review introduces a novel and
systematic classification of advanced droop control strategies aimed at addressing these limitations. The proposed classification
categorizes methods based on their ability to improve power-sharing precision in different scenarios, including Low-Voltage
(LV) MGs with resistive lines, Medium-Voltage (MV) systems with complex feeder impedances, dynamic loading conditions, and
mismatched line impedance scenarios. For example, virtual impedance-based droop methods enhance reactive power sharing
in mismatched impedances, while reverse droop control improves power sharing in resistive LV networks. Power decoupling
transforms are also employed to enhance power-sharing precision in complex and resistive MG. This review also provides an
in-depth analysis of the CDC, with its limitations verified through extensive simulations. A comparative study of advanced droop
methods based on key parameters clearly explains their applicability in various operational scenarios. The findings are validated

through simulations, providing practical insights into using advanced droop control methods in MG.

Keywords - Microgrid, Conventional Droop Control, Active power sharing, Power management in microgrid, Reactive Power

Sharing, Inaccuracies in power sharing, Classification of Droop Control.

1. Introduction

Energy demand is increasing globally due to several
interconnected factors such as urbanization, population
growth demanding energy for transportation, heating, and
cooling, industrialization in developed countries, and
technological advances in many sectors leading to higher
energy consumption [1]. The need to generate more electricity
and the growing interest in greener technology drive the
emergence of power distribution networks centered on
renewable energy-based Distributed Generation (DG) units.
[2-4]. DG units contribute to power grid stability,
sustainability, and efficiency by reducing emissions,
minimizing transmission losses, and promoting the adoption
of local Renewable Energy Sources (RES). This enhances the
resilience and capacity of the large-scale electrical
infrastructure [5, 6]. DG units, however, can complicate the
distribution network by causing reverse power flow, voltage
level variations, and voltage instability. The aggregation of
multiple DG units into an MG can effectively address these
challenges [7], facilitating the widespread adoption of DG
systems by enhancing their integration and operational
stability within the power distribution framework [8]. Figure
1 shows the model of hybrid MG. It comprises RES-based
DGs, such as photovoltaic arrays, wind turbines, Battery

Energy Storage Systems (BESS), and different loads. DC to
AC converters connect the solar PV arrays and BESS to the
AC bus. Wind power plants can be tied to an AC bus utilizing
back-to-back converters that convert DC to AC and AC to DC.
MG can operate in islanding mode or grid-tied [9-11]. During
islanding mode, MG is disconnected from the utility grid and
the electrical energy needed for local loads is primarily
provided by internal DG sources and their power converters.
In grid tied mode, surplus power generated by DG units flows
from the MG to the utility grid and can offer ancillary services.

If the power from the DG units is insufficient to meet the
load demands of the utility grid, the power system
supplements it by drawing power from the utility grid [12].
Efficient MG management, whether in grid-tied or islanding
mode, requires advanced control strategies to ensure effective
power management and sharing among DG units. By
leveraging advanced control techniques, MGs can optimize
the integration and utilization of RES, reducing dependency
on fossil fuels and enhancing sustainability. Additionally,
these methods ensure seamless coordination between DG
units, contributing to the overall power system's economy,
stability, and reliability, even during dynamic operating
conditions or disturbances.
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A fundamental challenge in MG management is
achieving precise and efficient power sharing among DG
units. Interfacing inverters, essential to power sharing control
algorithms, interface different DGs, including photovoltaic
panels, wind energy, and BESS, with the MG infrastructure
[13]. Power sharing control approaches that operate
independently of communication typically use the droop
concept as their basis [14-17]. The operating principle of
droop-based methods originates from traditional synchronous
generators, balancing input and output power under steady-
state conditions. In synchronous generators, when the
mechanical input power exceeds the electrical output power
(Pm>Pe), the generator's rotor accelerates, leading to an
increase in frequency. Conversely, when (Pm<Pe), the rotor
decelerates, causing the frequency to drop. Reactive power
fluctuations similarly affect voltage magnitude, with increased
demand causing voltage drops and reduced demand causing
voltage rises. These steady-state variations in frequency and
voltage serve as control parameters to regulate power flow.
The droop method utilizes this principle, proportionally
adjusting frequency and voltage in response to active and
reactive power changes. Droop based power sharing
mechanism can be artificially crafted for parallel connected
converter-based DG units. It mimics the behavior of
traditional synchronous generators by adjusting active power
based on frequency (P-f) and reactive power based on voltage
(Q-V). This enables proportional power sharing among DG
units without relying on communication networks, making it
ideal for MG applications.

1.1. Lierature Review

The use of droop characteristics to control DG units is
widely documented in research studies [10, 18-21]. The CDC
method implemented for DG units offers benefits like simple
implementation and decentralized functioning. However, it
faces several challenges in precise power sharing among
parallel connected DG wunits. These challenges include
ineffective distribution of harmonic power [22, 23] sub
optimal performance in LV distribution networks due to a low
reactance-to-resistance (X/R) ratio 7, 24], and the degraded
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real and reactive power sharing in complex and mismatched
line impedance conditions [7, 24, 25]. Several advancements
in CDC methods have been suggested to overcome these
limitations. In resistive networks, CDC may reduce the
accuracy of active power sharing. Decoupling methods like
linear transformations [18, 24, 26] are used before applying
CDC to fix this issue. A transformation frame based on the
R/X ratio of the lines is used to calculate virtual powers. P/Q
decoupling is possible if the system is purely inductive or the
R/X ratio is known [26]. A virtual frequency and voltage
frame is also proposed in [27-30], similar to [26]. An
enhanced droop control technique is designed by adding a
virtual negative impedance with the CDC approach [31]. In
reference [7], a virtual inductor is proposed to estimate the
voltage drops due to mismatched line impedance. This method
improves the power sharing accuracy, specifically for LVMG
with low X/R ratios.

In [32], a controller is proposed to address problems
associated with complex impedance in MVMG. It simplifies
the coupling between active and reactive power, improves
dynamic performance, and works effectively when resistance
and inductance are similar (X = R). In [29, 33], P-Q-V controis
proposes improving voltage regulation and controlling power
components at PCC. In reference [34], a supplementary loop
is introduced to enhance the power-sharing capabilities by
utilising high droop gains. This loop is designed to filter out
the DC component, thus isolating the oscillatory behavior
around the steady-state value of the real power output of each
converter. In [35], droop coefficients are adjusted dynamically
according to the loading condition instead of having constant
values to improve power sharing precision and stability. A
novel method to damp low frequency oscillations and improve
power sharing using virtual inertia and adaptive frequency
restoration loop is proposed in [15, 36]. Virtual inertia and
damping are simulated by incorporating a time delay into the
control system through a low pass filter, effectively replicating
the effects of physical inertia. An improved Q-V droop control
is proposed, which uses the first-order derivative of the
reactive power of the inverter and maintains the required
reactive power. This control remains stable under the
acceptable limit of droop coefficients. However, a further
increment of the voltage droop coefficient could lead to
instability. CDC has a linear relationship between power and
frequency. The arctangent-based method [37] introduces a
nonlinear relationship by incorporating an arctan function into
the active power droop equation. This nonlinear approach
allows the slope of the droop to vary with active power,
providing a flexible response to changes in power. One of the
drawbacks of this method is that if the local inverter
controllers are not synchronized, the minor inaccuracies in
their timing crystals can cause the inverters' frequencies to
drift apart. In [38], virtual flux drooping is proposed instead
of drooping the inverter output voltage. This approach avoids
complex inner multi-loop feedback control. It also reduces
frequency and voltage deviations to some extent.
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Fig. 2 Classification of advanced droop control methods

Many control methods have been suggested to adapt to
the dynamic conditions in power systems and work with CDC
to improve power sharing, dynamic and transient response and
voltage regulation. In [39], a new adaptive voltage droop
scheme is proposed for parallel DG operation in islanded AC
MGs. This method adds two terms to the conventional Q-V
control. One term compensates for the voltage drop across
transmission lines. The other term adjusts the voltage droop
for better performance. Control in [40] adaptively adjusts the
reference voltage of each converter module. This is achieved
by monitoring the reactive power drawn from each DG
inverter module and adjusting the reference voltage to
improve both voltage regulation and reactive power sharing
performance. The concept of combining static and transient
droop gains is proposed in [41]. The primary goal of the
transient droop gains is to dampen low-frequency power-
sharing modes. A mode-adaptive droop control approach is
presented in [42], functioning effectively in both islanded and
grid-connected conditions. In islanded mode, a derivative term
for improved power loop dynamics is added to the P-f droop.
During grid connection, integral control in the Q-V droop is
used to achieve a better power factor.

In recent years, many review papers have been published
summarizing the key characteristics of droop controllers and
advancements in these techniques [43-47]. Review in [43]
offers a broader examination of droop control techniques,
discussing  conventional ~methods alongside virtual
impedance, adaptive, and robust droop controls. It includes a
more general analysis of these strategies, touching on their
benefits for managing DG units without focusing on specific
improvements over CDC. In [44], a thorough review of
control strategies across various MG types, examining the
primary, secondary, and tertiary control layers and their
unique demands. Ref. [45]comprehensively reviews control
strategies for microgrid power converters, including
concentrated control, master-slave control, droop mechanism,
virtual synchronous generators, virtual oscillator control,
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distributed cooperative control, and model predictive control.
References [46, 47] discuss control strategies for hybrid AC-
DC MGs, highlighting their benefits and complexities. They
outline hybrid MG power topologies and interlinking
converters, systematically covering control strategies for
objectives like modeling, power management, coordinated
control, stability analysis, power quality, and protection. In
summary, the surveyed literature extensively covers various
aspects of power management strategies in MGs, focusing on
theoretical frameworks and practical implementations.
However, there remains a notable gap in the critical, detailed
analysis of droop control variations and their systematic
categorization for power sharing, which remains the focus of
this review.

1.2. Problem Definition and Review Outline

While several modified droop control methods have been
proposed to address the limitations of CDC, there is no
comprehensive framework to categorize these methods
systematically based on their specific challenges. This lack of
a structured approach makes it difficult for researchers and
practitioners to identify the most suitable control methodology
for particular operational conditions in MG. To fill this gap,
this review introduces a novel and systematic method for
classifying the advanced droop control methodologies, as
shown in Figure 2. It is designed to address specific issues that
cause power-sharing inaccuracies in CDC under different
operating conditions, such as low reactance-to-resistance
(X/R) ratios, complex feeder impedances, dynamic load
changes, and mismatched line impedances.

The classification highlights advanced droop methods
targeting these issues, offering refined solutions to improve
power sharing precision and operational stability. It also
compares the performance of the methods on varying
operation scenarios, highlighting their advantages and
disadvantages. The categorization is constructed to offer clear,
solution-oriented approaches to these problems.
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Fig. 3 Equivalent circuit of parallel connected inverters

For instance, each category within the framework is
aligned with particular challenges associated with power
sharing inaccuracies. This allows for a focused analysis of
how each method contributes to enhancing the performance of
MG. Through a detailed examination of each method’s
operational principle, strengths, and limitations, this paper
seeks to provide a structured overview of the current state and
future directions in droop control technologies for MG. This
structured approach aims to guide future research and practical
applications in developing and implementing efficient droop
control strategies for MGs, bridging the gap between existing
limitations and the growing demand for robust, decentralized
power-sharing solutions. This review is organized in the
following way: Section 2 outlines the basic principles of the
CDC method and its inherent limitations in power sharing.
The drawbacks are highlighted using extensive Simulink
simulations. Section 3 provides a detailed categorization and
analysis of the advantages and disadvantages of enhanced
droop control adaptions designed to address each power
sharing limitation of the CDC. Section 4 offers a comparative
analysis and critical review of each CDC adaptions. It also
compares various droop control strategies  using
MATLAB/Simulink simulations of an islanded MG. Section
5 proposes prospects for future research, and section 6
concludes the article.

2. Conventional Droop Control (CDC)

The underlying principle of CDC is to mimic the
behaviour of conventional synchronous generators, allowing
inverters to share load dynamically and proportionally without
centralized communication. CDC is widely used and
documented in literature [10, 18-21, 48-50]. When the CDC
technique is applied to parallel inverters, it enables the
adjustment of inverter frequency and power output based on
the real time measured real and reactive power values. The
theoretical analysis of power sharing among parallel inverters
using CDC and the limitations of CDC in power sharing are
discussed in the subsequent sections.
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2.1. Theoretical Analysis of Power Sharing Using CDC
The analysis of CDC is based on the equivalent circuit of
parallel connected inverters shown in Figure 3. The DG
powers P; and Q; at the i bus can be derived as [22, 51-54]
1
P = Z [(V;V, cos 8; — V) cos 6; 0
+ V;V, sin §; sin 6;]

1 ;
Q; = Z [(V;V, cos 8; = V) sin 6; )
+ V;V, sin 6; cos 6;]

Where, 8 and 6 are phase and impedance angles,
respectively. The voltage at PCC, inverter output voltage and
impedance magnitude are denoted by V,V; and Z;,
respectively. Due to the significant inductive line impedance
and the large inductor filter, the inverter output impedance in
the CDC is regarded as purely inductive [50, 55]. Considering
6 =90°, for MG with DG serving inductive load, the
corresponding power outputs of the DG inverter are
determined as follows:

ViVo .
= X, sin §; 3)
g 2
_ V;V, cos 6; — Vs )

i Xi

In practical systems, the phase difference §; between bus
voltages is small, leading to cos§; =1 and, sing; = §;.
Hence, power transfer Equations in (3) and (4) can be
simplified to (5) and (6).

ViVo

)2
L Xl

% (5)

=5V~ (©

As indicated by Equations (5) and (6), the generation of
reactive power is directly tied to the difference in voltage
magnitude.
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The real power output from the DG unit is entirely based
on the phase angle difference. The control equations
representing the relation between reactive power and voltage
and actual power and frequency are:

fi—f"=-Dp(P,—PF) (7)
Vi—=V"=-Dg@;—0Q)) (8

(*) represent the nominal system values and (i) the
measured values of frequency, voltage and powers of i
parallel inverter. The P-f and Q-V characteristic slope is
constant, and the P-f droop coefficient represents it. Dp; and
Q-V coefficient Dy;. The selection of Dp; and Dy
significantly influences network stability, necessitating their
careful and suitable design [56, 57]. The droop characteristics
typical of the CDC are depicted in Figure 4 [17]. fmin
represents the system's minimum permissible operating
frequency, while Vmin denotes the lowest acceptable output
voltage amplitude.

The maximum power outputs of the DG unit’s inverter
are indicated by Pmax and Qmax, respectively. The power shared
by the DG unit will be increased by the Droop controller when
there is a frequency drop and vice versa. When load reactive
power demand is increased, the voltage of the AC system
reduces and vice versa, and system AC voltage is maintained
by modulation of reactive power [46]. This strategy can be
effectively implemented in all MG's modes of operation. The
droop coefficients are calculated according to the criteria for

steady-state performance found in references [9, 19, 50]. The
equations of droop coefficients can be written as follows:

Af — fmax _fmin

Dp = ©)
F Prax Prax

D, = AV _ Vinax = Vinin !
¢ Qmax Qmax (10)

2.2. Problems with Precise Active and Reactive Power
Sharing in CDC

Accurate power sharing is possible in CDC when the
feeder impedance is predominantly inductive. However, CDC
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control presents several challenges for precise power sharing
in various operational scenarios. These are discussed in depth
in this section, supported by simulation results to provide
deeper insights into the issues.

2.2.1. Power Coupling Due to Low X/R Ratio in LV Resistive
MG

When employed in a power grid with predominantly
inductive line impedances, the traditional CDC method for
real and reactive power control neglects the line resistance,
which may be sufficient under those circumstances. However,
this approach becomes problematic in LV MGs, where feeder
impedances are not predominantly inductive, and the
resistance component (R) cannot be Ignored. This issue is
particularly significant for DG units interfaced with power
electronics, which lack a grid-side inductor or transformer,
resulting in minimal output inductance. Under these
conditions, even minor phase angle changes or voltage
magnitude changes c significantly affect the real and reactive
power flows [7, 24, 58]. If we assume a small power angle 8,
we must modify Equations (1) and (2) accordingly.

V.
P~ o (V; = Vocos(8)) = V; = Vo =

7 (11)

RQ

ViVO Sin(5i)
r———— = —
ViV

B R

(12)

As a result, controlling the power flow using the
conventional P-w and Q-V droop methods will introduce a
significant coupling between the real and reactive power
flows, especially during transients and power sharing
inaccuracies between the parallel connected inverters.

To better understand how system impedance influences
power sharing, output active and reactive power behaviour
across resistive impedance is depicted using polar coordinates
in Figure 5. In this diagram, the radii represent the magnitudes
of active and reactive power. In contrast, the polar angles
represent the power angle 9, the phase difference between the
inverter output voltage and the AC common bus voltage.
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Fig. 5 Polar plot of the P/Q behaviours of parallel inverter with pure
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It is important to note that only the shaded areas in these
figures are relevant in practical scenarios, as the power angle
d for each inverter is typically very small. In the case of pure
resistive impedance, the behaviors of the active and reactive
powers are inverse to the pure inductive impedances. Note that
the inverter's delivered active and reactive powers still
increase with the increase of V. However, here, the polar
radius of the reactive power increases with the power angle 6,
whereas the polar radius of the active power remains constant
with § variations.

2.2.2. Power Sharing Inaccuracy Due to Smaller Droop
Coefficients

A small droop coefficient is essential to maintain system
stability when managing frequency deviations within a narrow
range. This approach ensures minimal frequency fluctuations,
which is crucial for maintaining synchronous operation across
the network. However, employing a small droop coefficient
typically limits the effectiveness of active power sharing
among distributed generators or units within the network [59—
61]. This constraint is due to the reduced responsiveness of the
power output to frequency changes, which is a core
component of the droop control mechanism. Conversely,
increasing the droop coefficient can significantly improve
active power sharing.

With a larger droop coefficient, the system responds more
dynamically to frequency changes, allowing for a more
effective distribution of load changes among various power
sources. This enhanced sharing capability helps balance load
more efficiently and maintain operational reliability across the
grid. However, the trade-off for better active power sharing is
an increase in voltage deviations from their nominal values. A
higher droop coefficient leads to greater output voltage
sensitivity to frequency variations. This heightened sensitivity
can result in larger voltage swings as the power output adjusts
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to maintain system frequency, potentially compromising
voltage stability [59-61]. Such voltage fluctuations can affect
the quality of power delivered to consumers and might require
additional regulation or compensation mechanisms to manage.
This balance between droop coefficient size, active power
sharing, and voltage stability is critical in the design and
operation of MG and other decentralized energy systems.
Ensuring optimal droop settings requires carefully analysing
the specific network characteristics and operational goals,
often compromising stability, efficiency, and power quality.

2.2.3. Power Sharing Inaccuracy Due to Complex Line
Impedance

The feeder line impedance is complex in several practical
distribution grid applications [58]. Hence, neither the
resistance nor the reactance of the line can be neglected in
Equations (1) and (2). In feeders with complex impedance,
there is a pronounced coupling between active and reactive
power, which leads to inaccuracies in power sharing. This
coupling complicates the decoupling process, making it more
challenging to manage effectively [32]. Assuming that the
phase differences & between the inverter output voltage and
the common bus voltage are minimal because the inverters are
first synchronized by using the Phase-Locked Loop (PLL)
module, then (3) and (4) can be simplified to

V:
P~ 71 [(V; = V,) cos 0; + V;V, sin 6;] (13)
L
v, _
Q; = i[(Vi — Vo) sin6; + ViV, cos 6] (14)

It is seen from equations that the relationships between
the output voltage and the delivered power are determined by
the system impedance angle 6 [62] According to Figure 6, both
the active and the reactive powers increase their polar radius
when the power angle  increases. The active and imaginary
power increases in a counter- clockwise direction when &
varies. The more inductive behavior of the complex
impedance is emphasized to increase the amount of active
power but decrease the reactive power. In contrast, the more
resistive behavior of the complex impedance is emphasized to
increase the amount of reactive power but decrease the active
power. Because of this case, it can be concluded that the
output power behavior of parallel inverters systems with
complex impedance is entirely different from the other two
conventional situations with inductive and resistive feeder
impedances.

2.2.4. Inaccurate Power Sharing Due to Line Impedance
Mismatches

The same voltage and frequency across the AC bus in an
AC MG promotes precise active power sharing under P-o
control. However, challenges arise with Q-V droop control
due to potential discrepancies in terminal voltages among
parallel connected Inverter-based DG units because of line
impedance-induced voltage drops.
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When the line impedances between the inverters and the
point of common coupling are different, it could result in a
considerable circulating current and low precision of power
sharing among inverters. Consequently, the reactive power
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control delineated in specifications (2) and (10) may incur
errors. As illustrated in Figure 7, variations in line impedance
can lead to differential voltages across DG units,
compromising power sharing accuracy[7, 24, 25, 58].
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2.3. Simulation Studies

In this section, we use MATLAB/SIMULINK to analyse
the performance of the CDC method under various operational
scenarios, including inductive feeders with high X/R ratios,
resistive feeders with low X/R ratios, mismatched line
impedances, and conditions involving high droop gains.
Figure 8 illustrates a circuit diagram of the system, which was
modeled and simulated using MATLAB/Simulink. The
simulation uses an MG configuration where two inverters of
equal capacities are connected in parallel within an isolated
islanded system. The MG model incorporates constant
resistive and inductive loads, distribution lines with varying
resistance-to-reactance ratios, and unequal output impedances
among the inverters.

Each inverter employs a standard cascaded control
architecture with an internal voltage controller and an internal
current controller. The droop coefficients were designed to
have an allowable voltage droop in the system of 5% and an
allowable frequency droop of 0.5%. Details of the simulation
parameters for the controllers are listed in Table 1 Att =20, a
load of 40 + j30 kVA is connected, and at t = 1 s, an identical
load is added to evaluate the dynamic performance of the
CDC.

Figures 9 to 11 illustrate the active and reactive power
sharing under inductive, resistive, and complex (mixed

inductive and
respectively.

Table 1. Simulation parameters

resistive) feeder

impedance conditions,

Parameter Value
R¢ 0.1Q
Inverter Filter Ls 2.5mH
Cr 50uF
Frequency (f) 50Hz
System Parameters
Voltage 240V
Load 1 P+jQ kVA 40+j30 kVA
Load 2 P+jQ kVA 40+j30 kVA
Dp 1.57x 10-rad/W.s
CDC
D, 2x10*V/VAr
) ) Dp 6.28x 10~ rad/W.s
CDC High Droop Gain
D, 8x10*V/VAr
. . . . R Ry, + jXi4 0.004+j0.2356 Q
Line Parameters with mismatched and inductive line impedance - -
. . . o R, + jXi4 1.1+j0.2356 Q
Line Parameters with mismatched and resistive line impedance - -
RL2+ ]XLZ 11+J0.1571 Q
. . . L R, + jXi4 0.2356+j0.2356 Q
Line Parameters with mismatched and complex line impedance - -
a0F I I I o 40 T T T
30h | ﬁ—f | 30+ | |
20 . . . 20+ ____ g
10k | | | —<P1>| | 1ol —<P1>||
0 i i i CP2 0 i i I =)
0 0.5 1 1.5 2 0 0.5 1 1.5 2
40 = ! 1! 1! 15 T T T
301 i f ‘ 10F . 5
20 T —<Q1>[ 5F —<Q1>]
L e ; ; ; —<of] . . _ —<Q2>|
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Fig. 9 Real and reactive power sharing of CDC with mismatched and
inductive feeder impedance
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Fig. 10 Real and reactive power sharing of CDC with mismatched and
resistive feeder impedance
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Figure 12 to 14 indicate the power sharing, voltage and
frequency responses with high droop gains. Tables 2 and 3
provide quantitative metrics for real and reactive power
sharing, including the percentage error compared to the ideal
power-sharing scenario for parallel-connected inverters in an
islanded MG under all the examined conditions.

The powers are measured at t =0.9 sec when the system
attains the steady state condition. It can be seen from Table 2
that CDC accuracy in power sharing varies significantly
depending on the type of feeder impedance and the chosen
droop gain. With inductive line impedance, active power
sharing is fairly accurate among the parallel inverters, with Inv
1 supplying 21.95 kW, 9.75% more than the ideal 20 kW, and
Inv 2 providing 22.01 kW, representing a 10% increase.

However, the impact of mismatched line impedances on
reactive power sharing is evident in Figure 9. Although both
inverters have equal capacity, the terminal voltage
discrepancies result in Inv 1 supplying 15.61 kVAr, which is
4.07% more than the ideal 15 kVAr, and Inv 2 providing 21.09
kVAr, representing a 40.6% increase. This imbalance
highlights the significant influence of line impedance
variations on reactive power distribution, even under identical
inverter ratings. In MG, characterized by resistive and
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Fig. 14 Frequency and voltage response of CDC with mismatched and
inductive feeder impedance with High droop gains

complex feeder impedances, the power coupling inherent in
CDC methods leads to degraded power-sharing performance.

For a resistive MG, the sharing of active and reactive
power significantly deviates from ideal values, as indicated by
the high percentage of errors. In a complex impedance
scenario, while active power allocation may improve, reactive
power sharing remains notably imprecise. When comparing
the inductive scenario to the inductive scenario with high
droop gain, as shown in Figures 12, 13 and 14, it becomes
clear that increasing the droop gain significantly improves
active power-sharing accuracy.

Under purely inductive conditions, active power (P1 and
P2) deviates from the ideal value by about 10%, while reactive
power sharing-particularly Q2-shows a large 40.60% error. In
contrast, when high droop gain is applied, the error in active
power sharing is reduced to less than 1%, and the reactive
power error, although still present, is also lowered for Q1. This
enhanced precision, however, comes at a cost to power
quality. Although low droop gains maintain voltage and
frequency within 1-2% and 0.12% of their nominal values,
higher gains cause voltage to drop by about 5-7% and
frequency to deviate by around 0.4%.
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Table 2. Real and reactive sharing comparison

MG Type P1(kW) | P2(kW) | Q1(kVAr) | Q2(kVAr) | Pi(%error) | P2(%error) | Qi(%error) | Q2(%error)
Inductive 21.95 22.01 15.61 21.09 9.75% 10.05% 4.07% 40.60%
Resistive 18.33 19.30 10.40 9.74 -8.35% -3.50% -30.67% -35.07%
Complex 21.29 21.89 14.21 18.75 6.45% 9.45% -5.27% 25.00%
High Droo Gain 20.06 20.08 15.27 18.16 0.30% 0.40% 1.80% 21.07%
Table 3. Voltage and frequency response comparison
. . V2in . Viin . V2in .
MG Type Viin Volts | f1in Hz Volts f2 in Hz Volts fiin Hz Volts f>in Hz
Inductive with Low o o - o
Droop Gain 216.9 49.94 215.8 49.94 -1.41% -0.12% 1.91% -0.12%
Inductive with High i N i o - ) o
Droop Gain 207.8 49.8 205.6 49.8 5.55% 0.40% 6.55% 0.40%
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Fig. 15 Block diagram of reverse droop control

Thus, while higher droop gains can bolster power-sharing
performance, they may simultaneously diminish overall
power quality. The above discussion shows that the CDC
struggles to maintain accurate power sharing under various
feeder impedances and operating conditions. These challenges
highlight the need for advanced droop control methods to
handle complex, resistive, and mixed line conditions
effectively. Such methods must offer better decoupling of
power components, adapt to changing network parameters,
and ensure both active and reactive power are shared with
greater precision and stability. The following section explores
these advanced methodologies and their potential to overcome
the drawbacks of CDC.

3. Improvement in CDC for Accurate Power
Sharing

The advanced droop control methods used to overcome
CDC drawbacks, as discussed in an earlier section, are
presented below. The synopsis of each method, including the
improvement over CDC and the advantages and
disadvantages, is presented in Table 4.
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3.1. Improved CDC Control Under Resistive Feeder
Impedance Condition

In resistive networks, the precision of active power
sharing may be reduced when using CDC. To overcome this,
before deploying CDC strategies, decoupling methods like
linear transformation and the addition of virtual impedance are
used [18, 24, 26, 63]. Moreover, reverse droop control
strategies are often applied to attain equivalent active power
sharing in environments with resistive feeder impedances [47,
50]. These are detailed in the following section.

3.1.1. Reverse Droop Control Method

Figure 15 depicts the conceptual representation of the
reverse droop control method. The CDC is mainly suitable for
feeders with pure inductive line impedances. In LVMG, the
feeder impedance is predominantly resistive, causing
inaccurate real power sharing among parallel inverters with
CDC. The reverse droop control strategy is proposed in
references [7, 20, 64] to address this issue. In this control, an
increase in real power is associated with the voltage variation
W, = Vy) Moreover, an increase in reactive power is
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associated with the change in power angle (8) respectively
[65].

V,

Pi= 5 Wi=Vo) (13)

_ Vi, (16)
Q= — 8;

L
Frequency regulation is achieved by managing the power
angle by controlling reactive power consumption. Similarly,
controlling the active power regulates the voltage as given in
the control equations [62, 64, 66, 67] -

fi—f* = Dpi(Q: = Q) an
V;—V* = =Dgi(P, - P}) (18)

This approach enhances control effectiveness in LV AC
MGs characterized by predominately resistive transmission
lines [62]. However, the performance of this method is heavily
dependent upon the accurate knowledge of system parameters,
which can considerably limit its practical deployment.
Additionally, this strategy fails to address proper active load
current distribution.

3.1.2. Virtual Frame Transformation Methods

A modification is suggested by the CDC to overcome the
drawback for low X/R ratio lines [17] in the form of the
Virtual Frame Transformation (VFT) method in the form of
either P-Q or w — V [24]. Virtual P-Q Frame Transformation
[18, 26] is based on converting power components from the
time domain into a virtual frame of reference. It is achieved
using the orthogonal linear rotational transformation method,
decouples active and reactive power, simplifying the control
strategy. Under the assumption of mixed line impedance
characteristics, the powers equations of i"" DG inverter are
expressed as:

V.
P, = 7" [(V; — V,) cos 6; + V;8;sin6;]  (19)
L
V.
Q= 5 (Vi = Vo) sin 6, — V;dcos6]  (20)
L
The decoupled powers are calculated as ,
! P sin@ —cos#@ [P]
= = 21
[Q'] T[Q] [COSH sin @ ] Q @h
p=2p =
-z 7z ¢
=2yl
Q=7 7 @
Like P-Q frame transformation, the virtual

frequency/voltage frame ®'-V' can be expressed as [28-30]:

[ = Leoss mal 0] = mely] @2
W' = ;“)_EV (23)
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R X
—w+ =V (24
z0tzV
These methods achieve PQ decoupling even in complex
line impedance conditions. The transformed variables P’,Q’
and w’, V' are decoupled from each other. Generally, the
precise R/X ratio may not be available; however, an estimated

R/X ratio can often be adequate to apply the method [24, 68]

Vl

3.1.3. Virtual Impedance Based Methods

Introducing virtual impedance can adapt droop control for
resistive lines. An enhanced droop control technique is
designed by adding a virtual negative impedance with the
CDC approach [31]. However, virtual impedance may lead to
great voltage drop and harmonic amplification. Therefore,
offsetting part of the line resistance with the virtual negative
resistance can achieve equivalent performance with a smaller
virtual impedance, improving voltage quality. In reference [7],
avirtual inductor is proposed to estimate the voltage drops due
to mismatched line impedance. This method improves the
power sharing accuracy, specifically for LVMG with low X/R
ratios. Specifically, the virtual inductance can effectively
prevent the coupling between the real and reactive powers by
introducing a predominantly inductive impedance, even in an
LV network with resistive line impedances. The reactive
power sharing algorithm functions by estimating the
impedance voltage drops and significantly improves the
reactive power control and sharing accuracy.

3.2. Improved CDC Control Under Complex and Unknown
Feeder Impedance Condition

In a mixed resistive-inductive transmission line, adjusting
the active power can impact the reactive power and vice versa,
making independent control of each more challenging.

321.(P—-Q)-f/(P+ Q) -V Method

Considering the impact of complex impedance, PQ
decoupling can be achieved by the method suggested in [18,
19]. The control equations are given as

fi— = =Dp{(P; — Q) (25)
- (P =Qi)

Vi = V" = =Doi{(P; + Q)
— (P + QD) 2

Compared to the conventional droop method, this method
offers efficient dynamic performance even in the case of MV
MGs, where the transmission line R/X ratio is nearly one [68].

3.2.2. Adaptive Virtual Flux Droop (AVFD) Control Strategy
The AVFD control strategy proposed in [69] is a
modification of the Virtua Flux Droop method to address
issues arising from unequal line impedances, which can lead
to inaccurate power sharing among DG units. It incorporates
the idea of virtual impedance to mitigate the effects of
mismatched line impedances, enabling accurate power sharing
proportional to the ratings of the sources despite line
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impedance mismatches. The control equations are given as

[69].

51 = 8 = Dpu(P = P) — ki [ (P = Pt @7)

il = il = D@ = @) kg [ (@i = Qe (29)

ki, and k;, are compensatory coefficients for active and
reactive powers, respectively, P* and Q*are active power and
reactive power setpoints received from the Energy
Management system of secondary control. The terms
ki, J(P; — P*)dt and k;, [(Q; — Q*)dt account for long-
term correction over real power imbalances and reactive
power errors accumulated over time and Dp;(P; — P;) and
Dyi(Q; — Q;) accounts for immediate droop response. The
block diagram in Figure 16 illustrates the addition of integral
control loops to manage active and reactive power in the
system [69]. AVFD indirectly offsets the issues caused by
mismatched line impedances using the compensatory terms in
Equations (27) and (28), which mimic the impact of a
theoretical virtual impedance. This technique ensures precise
power distribution that aligns with the capacities of the
different power sources.

to system changes and uses frame transformation to decouple
active and reactive powers. DG inverter output powers P; and
Q; are decoupled from the grid impedance and transformed
into novel variables (P,; and Q.;) The droop control equations
for phase angle control and voltage magnitude control are
given as

§ = —G,()Zy[ (P, — P}) sin§,

— (@i - Q) cos6,] 2
V=V"—Gy(s)Zy[(P, — P}) cos B,
+(Q; — Q) sin6,] (30)

Gp(s) and G,(s) represent the transfer functions that
achieve decoupling via orthogonal frame transformation,
explicitly designed for P-f and Q-V droop, respectively, with
Z4 and 6, denoting grid impedance and its phase angle. V*
stands as the amplitude voltage reference, adapting to grid and
load dynamics. The controller design facilitates the dynamic
modification of the DG inverter's output to align with shifts in
power demand or other conditions, ensuring stability and
efficiency. The transfer function of the controller is given as

2
m; + mys +mgys

= 31
3.2.3. Adaptive Droop with Frame Transformation Gp (5) s GL
Reference [24] presents a novel adaptive droop with a n; + nys
frame transformation control strategy for DG inverters that Gq(s) = S 2 (32)
allows for isolated and grid-tied operation. The strategy adapts
r——— - - — — — 7 /7 7 = I
*
| P P -6 Droop |
| ' {5 |
I + S |
"B |
I _ N _
Ins. Power ” AN
Ei —> . I ' —> DPI —>| - + —I-> 1
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Calculation | 175 5 —+ hl
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I

Fig. 16 Block diagram of adaptive virtual flux droop control
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Fig. 17 Block diagram of adaptive FT based droop control

The conceptual representation of this method is depicted
in Figure 17. The method described delivers precise and
independent control over the injection of active and reactive
power into the grid, optimizing performance without being
influenced by the grid impedance magnitude or phase shifts.

3.3. Improved CDC Control Under Dynamic Loading
Conditions

CDC offers inferior dynamic performance. The modified
droop control strategies to improve the dynamic performance
of the controller are discussed in the following section.

3.3.1. Adaptive P—6 Droop Control Strategies

In the Adaptive P—5 / Q-V Strategy, basic power-sharing
is achieved using CDC, and supplementary adaptive control is
used for enhanced stability and dynamic response [34]. Higher
droop gains lead to larger changes in voltage or frequency for
a given change in power, which can improve load sharing
among multiple DG units. However, high droop gains can also
make the system more sensitive to disturbances, potentially
affecting system stability. The proposed supplementary
controller addresses this challenge by ensuring system
stability and power sharing accuracy even when high droop
gains are used.

The control equations are given as.
8; =6 = —Dp; (Pi — Pi") + AG; (33)

Vi =V = —=Dgi(Qf — Q) + AV; (34)
A8; and AV, are the voltage magnitude and voltage angle
correction by the adaptive controller. The block diagram of the
control structure is depicted in Figure 18. The controller's
parameters, such as gains and time constants, are optimized to
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ensure stability and to accommodate the range of operating
conditions.

3.3.2. Derivative Term Based Adaptive Droop

In a relatively small AC MG, large load changes can be
expected. The adaptive derivative term approach in [41, 42,
70] incorporates static and transient droop gains and aims to
stabilise the low-frequency modes critical for power-sharing
and improving the system's dynamic response. Transient
droop gains, denoted as Dp and Dg, are implemented to
attenuate effectively damping fluctuations in power
distribution among Distributed Generation (DG) units. The
control equations are given by

dp,

fi= "= Du(P~ ) = Dp (35)
do.

V-V = D@ — @) — Dy % 36

dt

Once the system has settled to its new equilibrium after
transient, derivative terms no longer influence the control
output. They are valid only for the system's dynamic
behaviour; they are not used under steady-state conditions.
Integrating a derivative term into the standard droop control
effectively mitigates power fluctuations.

3.4. Improved CDC Control for Accurate Steady State
Reactive Power Sharing

Unknown, unequal, complex line impedances cause
inaccurate reactive power sharing among parallel DG units in
CDC. Numerous CDC adaptations have been developed to
address this problem and improve reactive power distribution
among parallel inverters. These adaptations are detailed as
follows:
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3.4.1. The P-f/ Q-V dot

The method proposed in [15, 36] is designed to make

active power distribution among DG units in

this method is depicted in Figure 19. The control equations are

an MG

independent of the line impedance. A key characteristic of this
approach is that its effectiveness relies upon the system's

initial conditions, which must

be considered when

implementing the control strategy. The control architecture for
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given by —

fizfi*_Dpi(Pi_Pi*)

V, =V = Dgi(Q; — Q)

(37

(38)
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VizVi*+J-V;dT

Where, V;* is the nominal value of V, which is set to 0 V/s.
After any transient change, V, is set to zero to ensure stable
operation. Due to the differences in the restoration processes
among various DGs [68], each DG might have a different set
point for voltage or reactive power. Hence, power sharing
accuracy is not completely improved in this method. A
modified Voltage restoration loop is proposed in [71] to
address the problem of setpoint deviation. Q — V' method’s
performance is degraded when the equivalent impedance is
complex. Little attention has been paid to purely resistive
cases compared to purely inducive cases [62, 72]. In [62], the
output impedance of parallel DGs is shaped to be resistive,
where the Q — V' droop equation is replaced by the P — V~
droop control equation. The resistive output impedance makes
the overall system more damped and automatically shares the
harmonic current [72]. However, if the mismatch of feeder
impedance is ignored, it will have great limitations in real
applications. A virtual complex impedance-based P — V-
droop method, which combines the advantages of both the
virtual impedance-based method [23] and the Q — V" droop
method [36], is proposed in [73] to solve the power-sharing
problem of LVMG.

3.4.2. Virtual Impedance (V1) Method

Innovative and fast control loops to generate output
impedance by simulating the effects of ideal (lossless)
resistors or reactors, named virtual output impedance, are
discussed in [74, 75]. The virtual impedance emulates the line
impedance characteristics. A plethora of literature suggests
improvements in CDC using the virtual output impedance
method [18, 32, 63, 66, 74-79]. Figure 18 illustrates the
schematic of the virtual impedance method. The reference
voltage (V,..r) with fast VI droop control is calculated by
deducting the VI voltage drop (Z,1,) from the reference
voltage obtained from the droop controller (V*) and given as:

Vref = V* - Zvlo (39)

In real time implementations, virtual inductive output
impedance is realized by first calculating the time derivative
of sensed fundamental output current, and then output voltage
reference characteristics are drooped in proportion to that
current. Figure 21 (a) and (b) depict the VI method's
equivalent circuit and phasor diagram. The voltage drops due
to virtual impedance and line impedance are R, I and jX, I and
R, I and jX,I respectively. The DG output voltage is E, and the
voltage at PCC is Vpc making an angle of o and ¢. I is the
inverter output current. Usually, the virtual output impedance
values will be higher than the line impedance [79].

Main
PCC | swit

Other Parallel Inverter Based
DG Units

fmmmmmm—mmmm oo LC Filter
l o
Micro-{1 | i
|
Source| ! T u 4 ! VO_L]‘
T I
L _________ ﬂ____:L______T__
Vo—>| Voltage and
lo—{ current Loop > PWM
Vref
D A 1

A

Vrefl

V2Vsin(wt) Vi +

*

ol

P&Q

Q | Calculation

V, Droop Control

Fig. 20 Block diagram of virtual impedance droop control
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Fig. 21 Virtual impedance method (a) Equivalent circuit, and (b) Block diagram.

This is called the summation approach [27].
Vdropl = (le + ZVI)III = Vdropz
= (Zp + Zy2)l (40)
Where, Zy,; and Z,, are output impedance of inverters
and Z;; and Z,, are impedances to connecting lines to inverters
1 and 2, respectively. To determine the virtual impedance of
inverter 1, which emulates the line impedance, the virtual
impedance of inverter 2 is assumed to be zero. Zy, can be
fixed to zero if Z;, > Z;;. Then Zy4can be calculated as

Zy1=2Zn — Zp 1)

The above discussed summation method may reduce the
virtual output impedance but improves reactive power sharing
among grid inverters. Active and reactive powers can be
decoupled by adequately adjusting the virtual impedance for
either mainly inductive or restive distribution lines.
Modifications have been reported in the Virtual output
impedance strategy in literature for voltage unbalance

coupling compensation [81] to achieve better reactive power
and harmonic sharing [82].

3.4.3. Adaptive Virtual Impedance Based Droop Methods
The controller in [83] modifies the output impedance by
tracking the power transfer difference between the inverter
terminal and the PCC. The adaptive nature of the control
allows for adjustment of the inverter output impedance
autonomously. It provides improved damping and power-
sharing performance across different MG types. Figure 22
shows the equivalent circuit of MG used for the analysis. The
mismatched line impedances cause unequal voltage drops
across two feeders (AVyy, AVy,), hence AVyy # AVy,. Voltage
drop in MG feeder 1, AVf,; can be considered to be comprised

of two components: voltage drop in the feeder (4Vf;) and
mismtch voltege drop (8V;) wherein the voltage drop in feeder

2 due to feeder impedance is only AV

compensatiqn [80] to improve react_ive power compensation AVp = A_Vfl + 8V, (42)
and dynamic performance by active and reactive power
Table 4. Synopsis of modified CDC power sharing techniques
Control Method Concept / Improves CDC on Advantages Disadvantages
o Adjusts power sharing in .
. . e Requires accurate system
predominantly resistive MGs. .
Reverse Droop ) o Tailored for parameter knowledge
e Problem Addressed: CDC's .
Control . . . . resistive MGs e Poor Voltage and frequency
ineffectiveness in resistive reoulation
environments with low X/R ratios. &
e Decouples P-Q via the virtual e Variability in  the  virtual
Virtual P-Q frame. e Simplified control, transformation angle can cause
Frame Structure | ® Problem Addressed: Strong P-Q decouples P and Q, issues.
Transformation coupling in mixed impedance enhancing power | e Implementation complexity;
lines causing inaccurate power sharing accuracy. e requires virtual frame
sharing. transformation.
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Decouples P-Q via virtual frame

e Facilitates

e Variations in virtual transformation

. Vir t“;tl m-tV Problem Addressed: Addresses indepelnd;lll)t q angles can cause impedance
rame Structure CDC's poor handling of control of P an Q. mismatches and disrupt
Transformation impedance mismatches and power 1mproving synchronization.
sharing inaccuracies. stability.
Incorporates line impedance
characteristics for power sharing. o accurately  shares
Decouples P-Q in mixed ey Complex control strategy
(P-Q). f/ (P+Q). V impedance lines power in MV MGs Detailed line impedance
Problem Addressed: CDC's * ignlil rl(;\tfizsn' voltage knowledge is needed.
inability to effectively decouple & ’
P-Q in mixed impedance lines
Introduces a voltage restoration . .. o
- e Improves reactive Sensitive  to  initial  system
loop to stabilize voltage over o
time power conditions
P-f/ Q-V dot ' . ind d - i
Q ° Problem Addressed: Reactive . ;Iia;ﬁ?;leseni/eol tage gdz;ceady state solution may not
power sharing challenges due to fluctuations & Easv to destabili
line impedance in CDC. asy to destabriize
Simulates line impedance for : Enhanied stability
Virtual improved power sharing. a}clcqra © power Increased control complexity,
Impedance Problem Addressed: Addresses Siaring | challenges in transient response
Method inaccurate reactive power sharing * Harmonic power and voltage regulation
due to mismatched impedances sharing is possible .
P ) with its variants
Modifies DG inverter output
. . i ki . .
Adaptive Virtual impedance by tracking power e Improved power- Requires detailed knowledge of

Impedance Based
Droop Controller

transfer differences.

Problem Addressed: Enhances
damping and power-sharing
performance.

sharing and system
stability.

system parameters for optimal
tuning.

Adaptive Virtual
Flux Droop
(AVFD) Control

Adjusts virtual flux for power
sharing, incorporating virtual
impedance for mismatch
compensation.

Problem Addressed: Addresses
power sharing issues due to
mismatched line impedances.

e Accurate
sharing
proportional to DG
ratings;

e mitigates mismatch
impacts

power

Complex control strategy;
potential challenges with rapid
system changes.

Adaptive Droop
Control based on
Derivative
Integral Terms

Incorporates static and transient
droop gains to stabilize low-
frequency modes and improve
system dynamics.

Problem Addressed: The static
nature of traditional droop fails to
compensate for fluctuating loads
and varying line impedances.

e Stabilizes power
sharing and
enhances the

dynamic response
of the system.

Complex control strategy,
requiring tuning of derivative and
integral terms.

The magnitude and phasor angle of
output impedance are challenging
to control because the virtual
reactance is too dependent on
voltage bandwidth.

Adaptive P-0/V—
Q Droop

Uses CDC with supplementary
adaptive control for enhanced
stability and dynamic response.

Problem Addressed: Sensitivity to
disturbances and instability due to
high droop gains.

e Ensures system
stability with high
droop gains,

responsive to rapid
power changes.

It necessitates additional control

actions and has  potential
complexity in control
implementation.
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Fig. 22 Equivalent circuit of islanded MG with parallel inverters for adaptive virtual impedance droop control

Line impedance mismatches and their resulting unequal
voltage drops are not considered in the voltage reference
(Vi1 & Vinye) by CDC. The voltage references are given as

Vi:WI = V;JCC + Av}‘l + 5Vf (43)
Viz;wz = Vpcc + AV}‘Z (44)

The VI control loop introduced in [83] will generate the
reference voltage command such as 8V cancels the effect of

mismatched line impedance, 8Vy = 8V;.

“Figure 10 depicts the graphical representation of the
control method.” The modified output impedance (Z;) to
counter the effect of mismatched line impedance is the sum of

virtual impedance (Z,) and the converter's inherent output
impedance (Z,) [83]:

Zy=2y+12,

w k;
A (R
+ (Qinv - Qpcc)

k.
(K4 )

The difference between active and reactive powers at the
inverter terminal and PCC is AP = (Pim, - Ppcc) and AQ =
(Qm,, — Qpcc). Kpp, Kip, Kpy, kiy, are gains of controllers, w,
is the cutoff frequency of the lowpass filter. This method
improves damping and power-sharing performance across
different MG DGs. Significant research has been devoted to
implementing adaptive Virtual Impedance (VI) based

(46)
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strategies for enhancing the functionality of MGs. For
example, an adaptive decentralized control technique based on
virtual impedance proportional to DG output current to
mitigate the effects of mismatched impedance is discussed in
[84]. When the (R/X) ratio is low, CDC is applied, leading to
equal sharing of real power but uneven distribution of reactive
power. When the (R/X) ratio is high, the reverse droop control
is employed, resulting in equal reactive power sharing at the
expense of inaccurate real power distribution. In [85], an AVI
control loop is proposed to improve power distribution in
islanded MGs by addressing unbalance and harmonics. This
method injects a small AC signal into each inverter's output
voltage, achieving accurate real, reactive, and harmonic power
sharing without needing a communication network or prior
knowledge of system parameters. In [86], using the AVI
method, a technique is proposed to improve the accuracy of
reactive power distribution in isolated MGs. This approach
adjusts Virtual Impedances (VIs) through communication to
compensate for feeder impedance mismatches, ensuring
accurate reactive power sharing despite communication
delays and disruptions. Resistive, inductive and complex line
impedances were utilized in [32, 37, 62] to improve the power
sharing performance. It also alleviates the impact of feeder
impedance mismatch; however, an accurate estimation of
feeder impedance is required. The adaptive VI method [87] is
proposed to achieve good power sharing performance, which
works based on the difference between the active powers of
DGs and average active powers. The method applies to
parallel MGs only. In [88, 89], the AVI concept is used to get
accurate reactive power sharing, which does not require prior
knowledge of feeder impedances, but this method requires
high bandwidth communication. The line current and PCC
voltage are used in the feedback loop of the reference voltage
to regulate the virtual impedance in [90, 91] to improve the
power sharing accuracy with unbalanced and non-linear loads.
It requires a complex neural network setup.
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3.3.4. Additional Reactive Power Management Methods

The signal injection method proposed in [23, 92]
effectively manages reactive power sharing and demonstrates
resilience to changes in line impedances. In reference [23],
each Distributed Generator (DG) injects a small AC voltage
signal into the MG. Reactive power of DG unit, Q; and boost
signal m,,; are used to calculate the reference frequency f and
the small real power p, due to injected AC voltage adjusts the
voltage reference of DG given by the equations

fi = fi* - mqui
Vi = Vi* — NypiPq

(47)

(48)

However, this method suffers from the drawbacks of
control complexity, higher losses and degraded power quality.
Reference [25] introduces a novel method that improves the
precision of reactive power sharing by utilizing small real
power disturbances to estimate control errors in reactive
power. Additionally, a slow integration term is added to the
traditional Q-V droop control to rectify discrepancies in
reactive power sharing.

However, this adjustment may compromise the accuracy
of active power sharing. A decentralized, self-regulating
control scheme is presented in Reference [93] to control
reactive power and prevent its circulation among DG units,
especially in the case of unequal feeder impedance. Reference
[94] details a robust nonlinear distributed controller that
stabilises powers, ensuring a quicker response under varying
MG conditions such as three-phase short-circuit faults and
load changes.

4. Comparative Evaluation

This section is divided into two parts, and the first section
presents a comparative analysis of various advanced droop
control methods based on various parameters such as the X/R
ratio of line, system parameter sensitivity for control method,
power sharing accuracy in mismatched line impedance
scenarios, transient response, reactive power sharing precision
and harmonic distortion management by the control. The
second section performs a comparative assessment of various
droop techniques, such as CDC, VI Droop, and Adaptive FT
Droop, using the models of the controls developed in
MATLAB/ Simulink.

Table 6. Performance Matrix

Suitable for X/R System Suitable for Transient Reactive Power;  Harmonic
Control Method . Parameter | Mismatched Line Sharing Distortion
Ratio e Response
Sensitivity Impedances Accuracy Management
CDC High (Inductive) Yes No Sluggish Inaccurate No
Reverse Droop . .

Control Low (Resistive) Yes No Sluggish Inaccurate No
Vlrtuzl(l\/PF(?r)I? rame Low (Resistive) Yes No Sluggish Inaccurate No
Virtual ®-V Frame | Low (Resistive) Yes No Sluggish Inaccurate No

All (Resistive +
(P-Q). f/ (P+Q). V |Inductive + Resistive Yes No Sluggish Improved No
Inductive)
P-f/ Q-V dot High (Inductive) Yes Yes Sluggish Accurate No
Virtual Impedance All (Resistive +
P Inductive + Resistive No Yes Sluggish Accurate No
Droop Control .
Inductive)
. . All (Resistive +
Adaptive Virtual Inductive + Resistive No Yes Sluggish Accurate No
Impedance Control .
Inductive)
. . All (Resistive +
Adaptive Virtual Inductive + Resistive Yes Yes Sluggish Inaccurate No
Flux Droop (AVFD) .
Inductive)
Adaptive Droop
Control with High (Inductive) Yes No Improved Inaccurate No
Derivative Term
Adaptg:ol;;)ﬁ/V—Q High (Inductive) Yes No Sluggish Inaccurate No
Adaptive Droop with A1 (Resistive +
. Inductive + Resistive Yes No Sluggish Inaccurate No
Transformation Inductive)
(ADFT)
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Fig. 23 Real Power Distribution among parallel inverters (a) CDC, (b) Virtual Impedance droop, and (c) Adaptive droop with frame transformation.

40,

30
20

—

j== Real Power Inverter 1

10
0

(== Real Power Inverter 2
1 1

40

30
20

1 |}

10
0

—

4
30

20

10

1 1 1

0

0 0.2 0.4 0.6 0.8 1

1.2 1.4

Fig. 24 Reactive power distribution among parallel inverters (a) CDC, (b) Virtual impedance droop, and (c) Adaptive droop with frame
transformation.

4.1. Comparative Analysis Based on Key Performance
Metrics

Lines with high R/X ratios, such as LV networks, are
predominantly resistive, making power-sharing more
challenging for CDC methods due to the strong coupling
between active and reactive power. Conversely, lines with low
R/X ratios, such as HV networks, are predominantly
inductive, where CDC performs better as active and reactive
power are naturally decoupled. For mixed R/X ratios, e.g., MV
networks, advanced droop control methods are often
necessary to address the complexities of power decoupling
and impedance mismatches. Typical line impedance values
for LV, MV, and HV lines are presented in Table 5,
highlighting the differences in R/X ratios for different network
types [95]. System parameter sensitivity indicates the reliance
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of a droop control method on accurate knowledge of system
parameters such as line impedance, inverter output
impedances and load conditions. High-sensitivity methods,
such as CDC, require precise data for effective performance,
while advanced methods like virtual impedance or adaptive
droop reduce this dependency, offering more robust
performance in dynamic or uncertain conditions. Transient
response determines how quickly and smoothly a control
method reacts to dynamic changes, such as load variations or
faults. Methods with improved transient response stabilize the
system faster and reduce oscillations than CDC. Reactive
power sharing precision evaluates the ability of the control
method to distribute reactive power proportionally among
inverters, with advanced methods often achieving higher
accuracy than traditional approaches.
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Lastly, harmonic distortion management assesses the
method’s capability to mitigate or evenly share harmonics
caused by nonlinear loads. Table 2 details the performance
matrix of each method. CDC and its response stabilize the
system faster and reduce oscillations compared to CDC.
Reactive power sharing precision evaluates the ability of the
control method to distribute reactive power proportionally
among inverters, with advanced methods often achieving
higher accuracy than traditional approaches. Lastly, harmonic
distortion management assesses the method’s capability to
mitigate or evenly share harmonics caused by nonlinear loads.
Table 2 details the performance matrix of each method. CDC
and its basic variants, such as reverse droop and virtual frame
transformations, perform well in specific conditions (e.g., high
inductive or resistive X/R ratios) but show significant
limitations in handling mismatched impedances, accurate
reactive power sharing and transient response. Advanced
methods like virtual impedance and adaptive virtual
impedance controls demonstrate improved capabilities in
managing mismatched line impedances and achieving
accurate reactive power sharing, making them more robust for
diverse line conditions. However, methods like adaptive droop
with derivative terms show improved transient response but
remain limited in reactive power sharing precision. Notably,
harmonic distortion management is generally not addressed
across most methods, highlighting a common limitation. This
comparison underscores the need to choose droop control
strategies based on specific network conditions and
performance requirements.

4.2. Comparative Simulation Studies
This section performs a comparative assessment of
various droop techniques, such as CDC, VI Droop, and
Adaptive FT Droop. Details of the simulation parameters for
the controllers are listed in Table 6. The model in Figure 8 is
used for simulation. Simulation parameters are modified to
suit advanced controllers like VI and Adaptive FT Droop. The
virtual impedance is calculated using Equation (36) and (37)
and comes out to be
R,, + jX,, = 0.02 + j0.0785Q

Table 5. Line impedance values
Line Type R (22/km) X (©/km) R/X (pu)
LV 0.642 0.083 7.7
MV 0.161 0.190 0.85
HV 0.06 0.191 0.31
Table 6. Simulations parameters
Parameter Value
R¢ 0.1Q
Inverter Filter Le 2.5mH
Cr 50uF
. R+ jX;1 | 0.1+j0.2356 Q
Line Parameters = ¥ jx,, | 0.12+0.1571 Q
System Parameters Freq(L;;ency 50Hz

355

Voltage 240V
Load 1 P+jQKVA |  40+j30 kVA
Load 2 P+jQKVA |  40+j30 kVA
D 1.57x 10
cDC P Srad/W.s
D, 2x10*V/VAr
V'rt”a[')'r’;‘op;dance Ryy + jX, | 0.02+0.0785 Q
Adaptive Droop with 7x1077 W/rad.s,
Frame m;,my, my 0.0015 W/rad,
Transformation 0.0018 W.s/rad

Table 7. Real and reactive power sharing comparison

MG Type | Pi(kW) | P2(kW) | Qi1(kVAr) | Q2(kVAr)
CDC 21.95 22.01 15.61 21.09
VI 21.54 21.48 17.61 17.12
Adaptive 21.55 21.81 19.64 15.25

FT
Table 8. Percentage error power sharing comparison

MG Type P1(% P2(% Q1(% Q2(%
error) error) error) error)

CDC 9.75% 10.05% 4.07% 40.60%
VI 7.70% 7.40% 17.40% 14.13%
Ad;thlve 775% | 9.05% | 3093% | 1.67%

All the advanced strategies are tested using the same
droop parameters and identical simulation setup with
mismatched and inductive line impedance, as indicated in
Table 6. Att =0, the load of 40 +j30 kVA is connected, and at
t = 1 s, an additional load of the same kVA rating is
subsequently connected to simulate dynamic conditions in
MG. Figure 23 depicts each strategy's real power sharing
precision under simulation, whereas Figure 24 depicts reactive
power distribution. The results in Tables 7 and 8 highlight the
performance differences between CDC, VI, and Adaptive FT
droop control methods in terms of real and reactive power-
sharing accuracy.

All methods achieve relatively accurate real power
sharing, with CDC showing slightly higher percentage errors
(9.75% for P1 and 10.05% for P2) compared to VI (7.70% and
7.40%) and Adaptive FT (7.75% and 9.05%). VI and Adaptive
FT methods provide comparable real power sharing
improvements over CDC, reducing errors by approximately 2-
3%.CDC exhibits significant errors in reactive power sharing,
particularly for Q2 (40.60%), highlighting its inability to
handle mismatched line impedances effectively.

VI improves reactive power sharing substantially,
reducing Q2 errors to 14.13% while maintaining a moderate
error for Q1 (17.40%). Adaptive FT demonstrates the lowest
Q2 error (1.67%), indicating excellent performance in
balancing reactive power among inverters. However, Q1
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shows a relatively high error (30.93%), suggesting its
accuracy is scenario-dependent. Despite reasonable accuracy
for real power sharing, the CDC performs poorly in reactive
power sharing, particularly under mismatched line conditions.

V1 droop improves both real and reactive power sharing,
making it a robust choice for systems requiring moderate
precision across both metrics. Adaptive FT excels in reactive
power sharing for Q2, significantly outperforming CDC and
VI, but its higher Q1 error suggests further optimization may
be required for specific scenarios. These results indicate that
advanced droop methods significantly improve power-sharing
performance compared to CDC, with each method offering
unique strengths depending on the application requirements.

5. Critical Discussions and Future Aspects
In light of the comprehensive discussion on control tactics

in the trailing sections for an AC MG, addressing the

following topics could potentially resolve the identified
challenges:

e Harmonic Distortion Management: While some droop
control methods, like a variant of the Virtual Impedance
method, offer potential for harmonic distortion
management, there is a clear gap in integrated harmonic
management across most methods. Hence, these methods
need improvement.

e System Parameter Sensitivity: Many droop control
strategies are highly sensitive to system parameters,
necessitating accurate modeling and parameterization.
Techniques that are less sensitive to system parameters
are needed of the hour.

e Line Impedance Sensitivity: Line impedance mismatches
affect power sharing accuracy in CDC. Robust methods
sensitive to variations in line impedance and do not need
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