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Abstract -

The focus of the paper is on addressing a crucial aspect of
microgrid operation, namely the need for efficient load sharing. In
microgrids that employ high angle droop control, achieving
optimal load sharing can be challenging and can potentially lead
to instability. To overcome this issue, the paper proposes a
modified adaptive droop control technique that stabilizes the
system while ensuring appropriate load sharing. The technique
involves controlling each distributed generator converter
separately using high angle droop gains and a droop approach that
predicts grid characteristics such as voltage, frequency, and
impedance angle and magnitude. Active and reactive power can
be injected into the grid separately, and a suitable dynamic can be
introduced independent of the grid impedance’'s magnitude and
phase. This ensures that the system remains stable and performs
optimally, even under varying load conditions. Furthermore,
during the load sharing process, the DG units have the potential
to reach their maximum limits, which can lead to the collapse of
the microgrid. To address this issue, a control strategy is
introduced in this paper to alleviate the overloading experienced
by the microgrid’s units. The proposed modified adaptive droop
control loop was tested on a microgrid test system, and simulation
results demonstrate the effectiveness of the technique in achieving
optimal load sharing while maintaining system stability. Overall,
the paper provides valuable insights into the design and
implementation of control strategies for microgrids, which can
enhance their performance and reliability.

Keywords: The adaptive droop control loop - Load sharing- Grid
impedance - Distributed generator

1. INTRODUCTION

An autonomous microgrid is a self-sufficient energy system that
operates independently from the larger centralized power grid.
It is designed to generate, distribute, and store electricity at a
local level, providing reliable and sustainable energy to a
specific area or community [1]. With its advanced control
systems and intelligent technologies, an autonomous microgrid
can seamlessly integrate renewable energy sources such as solar
panels and wind turbines, along with traditional sources like
diesel generators, to ensure a stable and resilient power supply
[1, 2]. This innovative solution not only increases energy

ISSN: 2636 - 3712 (Printed Version)
ISSN: 2636 - 3720 (Online Version)

efficiency but also reduces greenhouse gas emissions, making it
a viable option for remote or off-grid locations. Furthermore, the
autonomous nature of the microgrid allows it to disconnect from
the main grid during power outages or emergencies, providing a
vital lifeline for critical infrastructure, such as hospitals or
emergency response centers. In a world where energy
sustainability and resilience are paramount, autonomous
microgrids offer a powerful solution to meet the evolving energy
needs of the future.

Autonomous microgrids with power sharing capabilities and
distributed generation (DG) play a significant role in
revolutionizing the energy landscape. These microgrids offer a
decentralized approach to energy generation and distribution by
utilizing various sources of DG, such as solar panels, wind
turbines, or small-scale generators. Power sharing in
autonomous microgrids refers to the ability of different energy
sources within the microgrid to share their excess power with
other components or neighboring microgrids [3, 4]. This sharing
can occur through advanced control systems that monitor the
energy production and consumption within the microgrid,
ensuring a balanced supply and demand. The integration of DG
sources into an autonomous microgrid provides several benefits.
Firstly, it reduces the reliance on traditional centralized power
plants and the need for long-distance power transmission,
resulting in lower transmission losses and improved overall
energy efficiency. Moreover, the power sharing capabilities of
autonomous microgrids enable the optimization of energy
resources. For instance, if one source of DG is experiencing low
energy production, the excess power from other sources can be
redirected to compensate for the shortfall, ensuring a continuous
and reliable electricity supply. This ability to share power
enhances the stability and resilience of the microgrid,
particularly during peak energy demand or unforeseen
disruptions. Furthermore, power sharing in autonomous
microgrids supports the concept of energy islands, where
communities or facilities can operate independently from the
main power grid. This autonomy helps in enhancing energy
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security, especially in remote areas or during emergencies when
the main grid may be inaccessible or unreliable [5-7].

The increasing penetration of renewable energy sources in the
power sector has led to a growing need for effective integration
and control of these sources into the existing electrical grid.
Power electronics devices, such as DC/AC converters, are
playing a vital role in this process by regulating voltage stability
in both islanded and grid-connected systems. In islanded
systems, where communities or facilities operate independently
from the main power grid, DC/AC converters are used to
convert the direct current (DC) generated by renewable sources,
such as solar panels or wind turbines, into alternating current
(AC) suitable for consumption. These converters ensure that the
voltage supplied to the local distribution grid remains stable,
regardless of the fluctuating nature of renewable energy
generation. Similarly, in grid-connected systems, where
renewable energy sources are integrated into the main power
grid, DC/AC converters known as voltage source inverters
(VSIs) are employed. VSIs convert the DC power from
renewable sources into AC power, which is synchronized and in
phase with the grid's voltage. This synchronization, along with
voltage regulation capabilities, helps maintain grid stability and
allows for the seamless injection of renewable energy into the
existing power infrastructure. The use of power electronics
devices, such as DC/AC converters and VSIs, not only
facilitates the integration of renewable energy sources but also
provides additional benefits. These include improved power
quality, enhanced grid reliability, and the ability to control and
manage power flows effectively. Moreover, the flexible nature
of power electronics devices enables the smooth integration of
various renewable energy technologies and allows for the
optimal use of available resources [8-10].

VSils are considered the basic component in the DG applications
because they do not need any external loops to maintain the
synchronization. In addition, they can be connected in parallel
with other inverters to create isolated or independent microgrids
using frequency and voltage droops [11, 12]. Furthermore, ride-
through capability and power equality capability are very
essential issues in the modern power production systems which
can be given by the control of the VSIs that make it practical
solution [13]. The ability of the switching from voltage source
to current source in case of working in the grid- connected mode
is another merit of the VSls. The imported and exported power
to the flexibility of the microgrid to work in both isolated and
grid-connected is considered a challenge to the VSIs control
[14]. Droop control technique is considered a well-established
control technique to supply the active and reactive power from
the converter to the grid [15-21]. Droop control is depending
mainly on varying the frequency and amplitude of the output
voltage according to the grid requirements. However, some of
the grid parameters are needed to be measured or estimated in

the typical droop control technique to regulate the active and
reactive power. Many research techniques in the literatures
focus on the determination of the grid characteristics for both
islanded or grid-connected mode [13-15, 22, 23].
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Fig.1 Power versus frequency droop and voltage versus reactive power
droop.

In this paper, we introduce a control scheme based on the
modified adaptive droop method. The droop control modifies
the grid parameters using a grid impedance approximation
technique, relying on measurements of voltage and current
variations at the point of common coupling (PCC). The Voltage
Source Inverter (VSI) seamlessly switches between grid-
connected and islanded operation modes.

During the load sharing process, there is a potential risk of
the DG units reaching their maximum limits, which can lead to
the collapse of the microgrid. To address this issue, a control
strategy is proposed in this paper to alleviate the overloading
experienced by the microgrid's units.

The structure of this paper is as follows:

e Section Il discusses the derivation of grid
parameters using an estimation technique.
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e In Section 11, an adaptive droop control approach
is presented, which decouples the flow of active
and reactive power using predicted parameters.

e Section V showcases simulation results that
demonstrate the viability of the suggested
controller.

e Finally, Section VI provides the conclusions.

approach utilized in this paper. Such voltage and current
phasors were observed using a second-order generalized
integrator-based frequency locked loop (SOGI-FLL). The
observation and analysis of voltage and current phasors were
carried out utilizing a second-order generalized integrator-
based frequency locked loop (SOGI-FLL). This advanced
control technique allowed for accurate tracking and
synchronization of the phasors within the electrical system. The
SOGI-FLL employed a second-order integrator to ensure

SOGI ®

R v

J >

-

& | v — i Z 5
ol
A4 — v, Vy >

Ve, >

Fig. 2 Block diagram of the SOGI-FLL for grid parameter estimation algorithm.

2. GRID PARAMETERS CALCULATION METHOD

Multiple grid-forming sources face challenges due to minor
frequency errors. However, these issues can be effectively
resolved by employing a power vs. frequency droop function,
as shown in Fig. 1. When the microgrid separates from the main
grid, the voltage phase angles at each source undergo changes,
leading to an apparent shift in the local frequency. By
combining this frequency adjustment with an appropriate
power alteration, each source can contribute its fair share of
power. To incorporate a significant number of grid-forming
sources into a microgrid, basic unity power factor controls are
insufficient. It becomes essential to ensure voltage regulation
for local reliability and stability. In the absence of local voltage
control, systems with high penetrations of grid-forming sources
may experience substantial circulating reactive currents
between the sources. If the voltage set points have slight errors,
these circulating currents can surpass the source ratings. To
tackle this issue, a voltage vs. reactive power droop controller
becomes necessary. This controller reduces the local voltage set
point as the reactive power generated by the source becomes
more capacitive. Conversely, as the reactive power becomes
more inductive, the voltage set point is increased.

The voltage and current phasors between the VSI and the grid
were processed at the PCC as part of the grid characterization

precise frequency detection and extraction. By continuously
adjusting the loop parameters, it maintained a stable and
reliable lock on the frequency of the system. This enabled the
extraction of essential information regarding the voltage and
current waveforms, such as their magnitudes, angles, and phase
relationships. The utilization of the SOGI-FLL proved to be an
effective and efficient method for monitoring and analyzing the
behavior of the voltage and current phasors within the electrical
system. The SOGI was implemented using two cascaded
integrators operating in a closed loop, as illustrated in Fig. 2
[24, 25]. The grid monitoring system boasted key features such
as high accuracy, low computational cost, and frequency
adaptability [26, 27].

In addition to the grid parameters estimation, the mentioned
SODI-FLL can be used to measure the current injected at the
PCC from which the current phasor I =i, + ji, can be
calculated. Furthermore the SODI-FLL acts as harmonic filter
on the measured current and voltage [28]. An accurate
estimation of the current and voltage of the grid (Vg and Ig) at
the fundamental frequency can be performed by using SODI-
FLL. After detecting the grid current and voltage, a
transformation to d—q reference frame has been performed to
produce relevant current and voltage phasors.

A linear performance of the grid to which distributed generation
are attached informs the method used to estimate the grid
characteristics [29]. A power generator’s PCC may therefore be



Faculty of Energy Engineering - Aswan University - Aswan - Egypt

used to visualize the grid as a straightforward Thevenin circuit
made up of a voltage Vg and grid impedance Z,. Fig. 3 shows
the relation between the current and the voltage at the PCC. The
figure helps further clarify the impedance help detection
method.
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Fig. 3 The relation between the current and the voltage at the
PCC.

As shown from Fig.2, the linear relation between the current
and voltage at the PCC can help in the calculation of the grid
impedance Zy. By measurement the voltage droop AV and
current droop Alpe, the grid impedance Zy and grid voltage Vg
can be calculated as follows:

R Ao ViV

Zy=Zgt0y=—<=——= €Y
AIpCC 11 - 12

— — - - T]_VZ - 72V1

Vg = Vg4@g = Vpeery = Zglpeey = (2)

LT,
There are fundamental clues to the foundation of the grid
impedance detection methods [28] through [30-33]. In this
paper, the active power (P) and reactive power (Q) variations
produced by a grid-connected converter with a droop controller
were used to predict the grid characteristics. The precision of
the PCC’s online measurements of the voltage and current
phasors, which were carried out on the basis of the SOGI-FLL,
served as the basis of this estimation approach. The technique
employed in this study to determine the grid parameters is
depicted in Fig. 1. It must be noted that with each variation in
the grid parameters, the predicted angle and magnitude values
of the grid voltage impedance, as well as their voltage and
frequency, are momentarily incorrect. Consequently, as seen in
Fig. 1, just the monitored voltage v was used to execute the FLL
block, and the angle was determined by integrating the voltage
frequency.

3. THE PROPOSED ADAPTIVE DROOP CONTROL

The proposed adaptive droop controller is defined in this
section. It is based on the grid parameters identification’s
algorithm. The active and reactive power can be injected to the
grid accurately. From the PCC, the active power P and reactive

power Q injected into the grid by the VSI can be calculated as
follows:

1
P = —[(EVgcos® — V#)cosb,
Zg

+ EV,sin@sin6,]| (3)
1
Q= Z_g [(EVycos® — V?)sinb,
- EVgsin(bcosﬁg] 4)
where

E, @: The VSI magnitude and phase, respectively;
V- The grid voltage.

It can be observed that both equations are dependent on the grid
impedance Zg, 8,. Thus, we can transform these equations to a

form independent of the grid impedance magnitude and phase,
i.e., Pcand Q, as follows:

P. = Zg(PsinGg - Qcong) 5)
Qc = Zy(Pcosb — Qsinby) (6)
By substituting Egs. (3) and (4) into Egs. (5) and (6),
P. = EVsin® @)
Qc = EVycos® — V2 (8)

Itis observed from Eq.7 and Eq.8 that the injected active power
Pc is dependent on the phase angle @ and the injected reactive
power Q. is depending on the voltage difference between E and
V. The adaptive droop control uses these variables (i.e., Pc and
Q.) to inject the active and reactive power to the grid.

The objective of the droop control was to inject active and
reactive power (i.e., P* and Q*). The block diagram of the
adaptive droop control is shown in Fig. 4. The angle @ and
voltage magnitude E can be obtained from Egs. (3) and (4) as
follows:

0 = —G,(s)Zg[(P — P*)sinfy — (Q — Q*)cosby] 9
E=E" -G, (s)Zg[(P — P")cosb,
+(Q — Q9)sinf,] (10)

where E™ is the voltage reference’s magnitude that can be
estimated from the grid voltage Vq. The compensator transfer
functions G, G, can be defined as follows:

m; + m,s + mys®

Gp(s) = - (11)
on + nps

Gals) = ——2 (12)

Where;
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m;: Integral droop constant

P Proportional droop constant
my: Derivative droop constant
n;: Integral amplitude droop
n;: Derivative amplitude droop

Equation (12) represents the transfer function of the
compensator controller denoted as Gq(s). Its type is
Proportional-Integral-Derivative (PID) controllers.

Q* Zg eg E*
¢ —————
|
Q, é , 0!
—:} Gq(s)
PIQ ! E
p* Decoupling I I y
transformation p | | (I’ Vvef*
P % 3 II; 6,9 : > Esin(wt-9) Ly

| I |
Droop function

Fig. 4 The adaptive droop control block diagram.

The adaptive droop control method is a technique commonly
used in power systems for regulating and controlling the
operation of distributed energy resources (DERs). It offers
several advantages and disadvantages, which are discussed

below.

Improved stability: The adaptive droop control
method enhances the stability of the system by
adjusting the droop slope based on the system
conditions. This allows for better regulation of
voltage and frequency fluctuations.

Enhanced power sharing: By dynamically adapting
the droop settings, the adaptive droop control
method ensures a balanced power flow among
distributed energy resources, resulting in optimal
power sharing.

Flexibility in different operating conditions: The
method can adapt to varying load conditions and
grid configurations, making it suitable for different
scenarios and improving overall  system
performance.

Reduced communication requirements: The
adaptive droop control method relies less on
communication infrastructure  compared to
centralized control methods, reducing
dependencies and costs.

Disadvantages

Complexity: Implementing adaptive droop control
requires more complex algorithms and control
strategies compared to traditional droop control

methods. This complexity can lead to increased
system deployment and maintenance costs.

2. Parameter tuning: Adaptive droop control
algorithms require accurate parameter tuning to
ensure optimal performance. This process can be
time-consuming and challenging, requiring
expertise and careful calibration.

3. Limited scalability: As the system size increases
and the number of DERs grows, the effectiveness
of adaptive droop control may diminish. It may
struggle to handle large-scale integration or face
challenges in achieving precise sharing of power.
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Fig. 5 DG boundary control technique.

4. CONTROL STRUCTURE

In Fig. 5, a control technique is depicted wherein the surplus
load from one source is seamlessly transferred to the other
without the need for communication. This technique relies on
the utilization of power equations for two Distributed
Generation (DG) units. In the event that one of the DGs reaches
its maximum load capacity, such as DG1 (P1), the controller
illustrated in Fig. 5 will initiate a frequency reduction.

vZ . iV, .
P, = -Lsina;; + =2sin(8;, — aq3) (13)
Z11 Z12

Vi W, |
PZ = ——sina,, + —sm(512 + alZ) (14)
Zzz ZlZ
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812 = [(w; — w;)dt (15)

By decreasing the frequency, the phase difference (612)
between the two sources increases, resulting in a decrease in the
output power according to Eq. 15. This process continues until

| A
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a steady-state point is reached, ensuring effective load
redistribution between the DG units.
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Fig. 6 The proposed adaptive droop control block diagram.

The suggested block design of the entire control system for the
Voltage Source Inverter (VSI) converter is presented in Figure
6. This comprehensive design incorporates various control
loops that have been discussed earlier in the context of the
system. The control system includes multiple control loops
responsible for regulating different aspects of the VSI
converter's operation. The internal control loops specifically
focus on maintaining precise control over the inverter's output
voltage and output current. These internal control loops play a
crucial role in ensuring the stability, accuracy, and desired
performance of the VSI converter. By carefully monitoring and
adjusting the output voltage and current, the control system
enables the VSI converter to meet the requirements and
demands of the connected load or grid. The suggested block
design provides a structured and systematic approach to
controlling the VSI converter, enabling efficient and reliable
power conversion. The voltage, frequency, and grid
impedance’s magnitude and angle (Vg ©g, Zg and 0y,
respectively) may all be estimated using the SOGI-FLL loop
and a related method. The adaptive droop controller uses these
parameters to inject the necessary active and reactive power
into the grid from the VSI. The calculation of the grid
impedance can also aid in the identification of the islanded
mode. The VSI is in island mode if Zy is more than 1.75 or
varies by more than 0.5 in 55s. In scenarios where islanding
occurs unexpectedly or is not planned, the detection of
islanding becomes crucial to facilitate a seamless transition

I
I
[€— transformation |
I
I

between the grid-connected and islanding modes. Islanding
detection refers to the process of identifying when a distributed
generation (DG) system becomes electrically isolated from the
main grid and operates in islanding mode. This detection
mechanism plays a vital role in ensuring the safety and stability
of the overall power system.

The VSI delivers the local load as soon as the islanding mode
is activated. By disconnecting the bypass switch, the VSI must
begin synchronizing with the grid’s phase, frequency, and
amplitude when it is available. Achieving the synchronization
of frequency and phase was accomplished by the output of the
multiplication of the quadrature component of the VSI and grid
voltage. Then, the output is processed through low-pass filter
before sending it to the phase control loop (PCL). The rms
voltage error between the VSI and the grid voltages must be
calculated and proceeds by Pl controller before passed to
control loop to change the voltage amplitude. The VSI will
therefore be synced with the grid after several line cycles, and
the bypass can link the VSI and grid. At this point, the grid may
be given the required P and Q.

5. RESULTS

In order to validate the effectiveness and viability of the
suggested control approach, extensive simulations were
conducted. The proposed controller was tested using
appropriate simulation techniques on a single-phase Voltage
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Source Inverter (VSI) system. The simulations incorporated the
control parameters and system parameters outlined in Table I.
The VSI was modeled using ideal semiconductor switch blocks
to accurately represent its behavior. The single-line diagram of
the system under study is depicted in Fig. 7. The system
configuration consisted of two distribution generators, namely
DGl and DG2. Additionally, a switchable load was
incorporated into the system to demonstrate and evaluate the
efficacy of the proposed control technique. The simulations
allowed for a comprehensive analysis of the control system's

Load #1

Switchable load
75 kW ,380 Vrms

J__ Eins i | rrvrr— Wy
T_{ m | PF 0.95
50 kW ,380 Vrms
DG, 1 PF 0.95
Load #2 §
I f Ein fl;wrrnwzﬂ rrr—Wy !
T
75 kW ,380 Vrms
DG '
2 I PF 0.95

Fig. 7 Single line diagram of the studied microgrid.

response to various operating conditions, load variations, and
grid disturbances. The results obtained from these simulations
provided valuable insights into the viability and effectiveness
of the suggested control approach for the VSI system.

The results are shown in the figures describe the steady state
results of a test system that was used to evaluate the
effectiveness of a proposed control technique in achieving
optimal load distribution in microgrids. The test system was
subjected to a step change in the load power at t=0.5s. This
observation suggests that the proposed control technique is
effective in regulating the voltage and reactive power output of
the system. In Figure 7, the injected active and reactive power
of the system is depicted, comparing the performance of
conventional techniques with the proposed technique. Prior to
t=0.5s, the load demand was expected to be evenly shared
between the two Distributed Generators (DGs), and their
respective dc-link voltages were maintained at 1000 V.
However, at t=0.5s, an additional 75 kW load was introduced
into the microgrid. The graph illustrates the response of the
system under both the conventional and proposed techniques.
It allows us to analyze the effectiveness of the proposed
technique in handling the sudden increase in load. By
comparing the active and reactive power injection curves, we
can assess the performance of the system under different
control strategies. The conventional techniques refer to the
existing control methods employed before the proposed

technique was implemented. These conventional techniques
may include basic power sharing algorithms or other control
strategies that were in place prior to the proposed improvement.
On the other hand, the proposed technique refers to the new
control approach introduced for the system. It aims to optimize
the load sharing between the DGs and maintain stable operation
during the addition of the 75 kW load. By examining the graph,
we can observe and analyze the response of the system to the
load change. It provides insights into how well the conventional
techniques and the proposed technique handle the additional
load and adjust the active and reactive power injections
accordingly. This comparison helps in evaluating the
effectiveness and efficiency of the proposed technique in
achieving improved load sharing, voltage regulation, and
overall system performance when faced with sudden changes
in load demand The results show that the proposed adaptive
droop control technique quickly reached a steady state within
0.1s, indicating good dynamic response. The output active
power and reactive power of each inverter were well regulated,
demonstrating the effectiveness of the proposed control
technique in achieving optimal load distribution. Fig.8 shows
the frequency of the two inverters, which settled to their
nominal value (i.e., 60 Hz) after the step change. This outcome
indicates that the proposed control technique is effective in
regulating the frequency of the system. This results
demonstrates that the proposed control technique is effective in
regulating the voltage of the system, which is essential for
ensuring proper functioning of the loads. Finally, Fig.10 and
Fig.11 show the three-phase voltages and current injected to the
loads, respectively.

The simulation results considering the boundary limits of the
Distributed Generation (DG) units are presented in Fig. 11. The
sudden increase in load by 30 kW is taken into account. In Fig.
11(a), the output of DG1 rises from 5 kW to 20 kW, and DG2's
output increases abruptly from 55 kW to 70 kW following the
load change. However, DG2 has reached its maximum capacity
of 60 kW, triggering the activation of the maximum overload
control technique. As depicted in Fig. 11(b), both frequency
commands f1 and f; initially decrease in accordance with the P
vs. f droop. When DG2's output exceeds 60 kW, f, reduces at a
faster rate compared to f; due to the activation of the overload
mitigation control. In Fig. 11(c), the phase difference &5,
increases from -3.3° to -2.1° as a result of the variations in f;
and f,. With the increase in 8;,, the excess load from DG2
autonomously transfers to DG1 in less than 200 ms. Finally, as
a result of the overload mitigation control, the power flow is
redistributed, with DG2 outputting 60 kW and DG1 outputting
30 kW. Throughout this process, both DG1 and DG2 maintain
their grid-forming characteristics, ensuring the load voltage
remains constant, as illustrated in Fig. 11(d).
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Fig. 8. Comparison between conventional and proposed methods
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Fig. 11 The boundary mechanism simulation for the two
DGs.

6. CONCLUSION

In this study, a novel control approach is introduced for a
Voltage Source Inverter (VSI) that demonstrates effective
operation in both islanding and grid-connected modes. When
the VSI is connected to the grid, it successfully provides the
required active and reactive power. The control system
comprises two key components. Firstly, an estimation
technique is utilized to accurately determine important grid
parameters, such as amplitude, frequency, impedance
magnitude, and phase. This estimation enables the system to
acquire crucial information about the grid. Secondly, a droop
control method is employed to separately inject active and
reactive power into the grid, utilizing the estimated grid
parameters. By incorporating these features, the proposed
droop control system achieves precise regulation of both active
(P) and reactive (Q) power, effectively closing the control loop.
The feedback variables obtained from the estimator play a vital
role in distinguishing the system dynamics from the grid
parameters. The results of the study substantiate the
effectiveness of the proposed control strategy in achieving
precise regulation of DG VSIs for microgrid applications.

Appendix

Table I. System parameters
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