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Abstract: Isolated microgrid (IMG) power systems face the significant challenge of achieving fast
power sharing and stable performance. This paper presents an innovative solution to this challenge
through the introduction of a new droop control technique. The conventional droop controller
technique used in inverter-based IMG systems is unable to provide satisfactory performance easily, as
selecting a high droop controller gain to achieve fast power sharing can reduce the system’s stability.
This paper addresses this dilemma by proposing a modified droop control for inverter-based IMGs
that effectively dampens low-frequency oscillations, even at higher droop gain values that would
typically lead to instability. The design is described step-by-step, and the proposed controller’s
effectiveness is validated through time domain simulation analysis. The results demonstrate the
significant improvement in stability and fast power sharing achieved with the proposed controller.
This innovative technique presents a promising solution for achieving fast power sharing and stable
performance in IMG power systems.

Keywords: microgrid; droop control; power sharing; renewable energies

1. Introduction

Microgrids are quickly emerging as a key tool for reducing our dependence on fossil
fuels while improving the efficiency and reliability of our power grids. By using localized
power generation and distribution, microgrids are able to offer greater independence from
central power grids, reducing the risk of blackouts and other disruptions [1]. Additionally,
the development and implementation of microgrids require expertise from a wide range
of scientific disciplines, including electrical engineering, power electronics, and computer
science, to ensure that they operate efficiently and effectively. As we continue to explore
new approaches to energy generation and distribution, microgrids will undoubtedly play a
crucial role in our transition toward a more sustainable and resilient energy system that is
better equipped to meet the needs of society, while also helping to mitigate the harmful
impacts of climate change [2].

A microgrid (MG) is a small-scale power system that comprises renewable and nonre-
newable distributed generation (DG), power electronic devices, energy storage systems,
and different loads. An MG may be a grid-connected or isolated power system. Due to
nonlinear power electronic devices and DG power sources, it has several concerns with
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power quality [3,4]. In order to have a smooth connection between DGs and MGs, DC/DC
converters and DC/AC inverters have a major role in power flow management [5]. The
droop controller has been widely used to achieve power sharing in both direct current (DC)
and alternating current AC MGs. Also, it has been used to coordinate between two AC and
DC MGs [6].

The droop controller comprises series-connected different linear control loops which
are the current control loop, voltage control loop, and filter control loop [7,8]. It simulates
the power-sharing characteristics of a synchronous generator based on the frequency
of output voltage correlated to real power, reactive power, and magnitude of output
voltage [9,10]. The droop control approach is an interesting technique for regulating the
load-sharing between two inverters or more in an isolated microgrid (IMG). It organizes
the fundamental frequency management without a communication link. The absence of
a communication link between inverters simplifies the controller’s design, decreases the
system’s complexity, and reduces the board’s graphical area [11–15]. The primary role of
the inverter controller is to regulate both system voltage and frequency as well as to share
active and reactive power in an IMG. A popular solution is to employ a frequency droop
controller, which allows the parallel converters to be regulated locally to supply the system
with the necessary active and reactive power by controlling the magnitude and frequency
which are two independent quantities [16]. The droop controller uses the measured values
of output currents and voltages at an inverter’s terminal to calculate the inverter’s active
and reactive power. Two cascaded inner-loop voltage and current controllers are regulated
to maintain the voltage and frequency steady while servicing loads in an MG [17].

Since the system has no inertial portion, the transient characteristics of the inverter
connected to the MG are crucial. Therefore, the controller design is critical in the IMG
on which the system’s stability depends [18]. The authors in Refs. [19–23] propose a
comprehensive small signal model design for a droop-controlled inverter connected to an
IMG. The authors determined that the system’s low-frequency modes are mostly responsive
to the droop controller’s settings. Consequently, even slight changes in the controller
parameters will influence the overall MG’s stability. Reference [24] presents an energy
supervision system in the IMG considering stability limits because of droop control. Then,
several studies were performed to provide the small signal model in the presence of
load dynamics. Reference [25] investigates the transient stability behavior of a power
system integrated with several distributed generators through power electronic converters.
In [26], structured singular values are used to examine the effectiveness of voltage and
current controllers in enhancing the stability of a stand-alone distributed generation (DG)
unit. Consequently, a current controller based on discrete-time sliding mode has been
produced. Load-sharing control of several DG systems has been studied based on new
droop and average power approach for isolated power systems [27–29]. The preceding
studies concluded that the stability of the IMG primarily depends on the controller. A fast
sharing for the load changes is necessary to prevent the inverter from being overloaded to
avoid voltage collapse at the inverter terminal.

Many studies have proposed various controllers for improving dynamic performance.
Paper [30] improves transient responsiveness by including a derivative-integral term in a
traditional droop controller. Paper [31] proposes a three-stage auxiliary controller based on
a power system stabilizer (PSS). In [32], an adaptive derivative droop control is developed
that enhances the MG’s dynamic performance without affecting its steady-state response.
Reference [33] proposes a feed-forward adjustment to improve the resilience of MG stability
to droop factors. Reference [34] proposes a PSS-based damping controller for a hybrid
inverter and synchronous machine-based distributed generator MG’s. Although previous
solutions improved MG stability, most techniques are challenging to implement due to the
numerous tuning parameters required. Furthermore, many controllers eliminate the decou-
pling between real and reactive power, affecting the system’s analysis and performance.

Achieving adequate load-sharing requires substantial angle droop gains, especially for
a weak grid. However, the system’s overall stability is negatively influenced by high droop



Sustainability 2023, 15, 11220 3 of 19

gains, as demonstrated by eigenvalue analysis and simulations. PSS-based controllers
are developed to stabilize the primary droop control loop. PSS-based controllers can
provide further dampening to low-frequency oscillations. Compared with earlier efforts,
the proposed technique only modifies the power controller in order to provide the necessary
dampening. The technique described here can be designed and applied in any inverter MG
setup (radial/mesh). Decoupling between active and reactive loops is essential for easier
analysis. The new proposed techniques also do not need optimization algorithms compared
to the traditional PSS, which leads to unsatisfactory performance. Furthermore, optimizing
several parameters might be time-consuming. The optimization techniques primarily
depend on calculating the exact phase lag delay caused by the output filter. Moreover,
compared to the droop controller technique in [29–34], the proposed controller is a single
stage, reducing the number of parameters to calculate and streamline the controller’s
design process.

In this paper, a novel lead compensator is introduced, specifically designed for use
with the conventional droop controller utilized in inverter-based autonomous microgrids.
The proposed controller addresses the trade-off between quicker power sharing and system
stability at higher droop coefficients, a significant breakthrough in this field. A step-by-
step approach for developing the auxiliary controller is presented, with careful selection
of two key parameters (T1, T2) to achieve optimal performance. By incorporating an
auxiliary signal that compensates for the filter delay, the low-frequency modes can be
effectively dampened out. The proposed controller enhances the microgrid’s stability limit
while ensuring rapid power sharing at both lower and higher droop coefficients. This
guarantees that large steady-state frequency deviations and frequency/power oscillations
are prevented without sacrificing power sharing. Simulation results are presented under
various operating conditions to validate the controller’s effectiveness, and an eigenvalue
analysis of the modified system is provided to demonstrate how the critical low-frequency
mode shifts from the right to the left half of the s-plane.

The primary contributions of this study are highlighted below:

• Development of a modified droop controller-based inverter for isolated microgrid
(IMG) systems.

• Calculation of the new control parameters without the use of optimization techniques,
making the proposed approach a generic strategy that is easy to implement in any
system while maintaining active and reactive power decoupling.

• Achievement of fast power sharing for load changes even at lower droop coefficient levels.

These contributions represent significant advancements in the design of IMG power
systems, offering a simple yet effective solution for improving stability and power-
sharing capabilities.

This paper is organized as follows. Section 1 provides the introduction and literature
review. Section 2 presents the conventional droop control technique. The design of the
proposed PSS is discussed in Section 3, followed by the presentation of simulation results
in Section 4. Finally, this paper concludes in Section 5.

2. Conventional Droop Control for Power Sharing

The proposed strategy is introduced by a single-line diagram as introduced in Figure 1.
It comprises three inverters with four loads. The inverters are assumed to have a constant
direct current (DC) source. In the IMG, the inverters maintain the frequency, voltages,
and load demand. All three inverters are assumed to provide the MG’s entire power
demand. The system can easily extend to additional inverters and loads. The inverter
power controller regulates the active power based on the frequency and the reactive power
based on the output voltage. To investigate the performance of the proposed controller for
quicker power sharing and stability, the active power and frequency relationship has been
monitored. The inverter system’s control methodology has three cascaded control levels
(voltage, current, and droop (Figure 2)) and is discussed in detail in the following sections.
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2.1. Droop Controller

The primary droop control is the first stage of the inverter control strategy. The droop
controller regulates both voltage and frequency based on the present loading circumstances.
It primarily depends on calculating the real and reactive power and inserts a droop coeffi-
cient to produce frequency and voltage Figure 2. The instantaneous power produced at the
output terminals of the inverter could be expressed by Equation (1).

∼
P = vodiod + voqioq (1)

∼
q = −vodiod + voqioq (2)

where vod, iod is the d-axis voltage and current and voq, ioq is the q-axis voltage and current.
A low-pass filter operating at a cutoff frequency ωc is used to obtain the fundamental
components P and Q from instantaneous powers as follows:

P =
ωc

S + ωc

∼
P (3)

Q =
ωc

S + ωc

∼
q (4)
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The new operating frequency and output voltage can be estimated based on the droop
gain relations in Figure 2. An intelligent droop coefficient mp represents the f -P drooping
behavior, whereas the droop coefficient nq represents the V-Q droop behavior. Therefore,
the new frequency and voltage values are calculated as follows:

ω = ωn − mpP (5)

v∗od = Vn − nqQ, v∗oq = 0 (6)

where ωn is the operating frequency, Vn is the operating voltage, ω is the new operating
frequency, v*

od is the d-axis reference voltage, and v*
oq is the q-axis reference voltage. The

coefficients mp and nq, also known as droop coefficients, can be calculated using the
following relationships:

mp =
ωmax − ωmin

Pmax
(7)

np =
Vmax − Vmin

Qmax
(8)

where mp and nq are chosen in the autonomous mode, such that the load change is shared
among the parallel inverters in operation based on their rating.

2.2. Voltage and Current Controller

Figure 2 illustrates that the voltage control loop is responsible for the bus voltage
stability, whereas the current loop protects the insulated-gate bipolar transistors against
over-currents. A proportional–integral controller (PI) was devolved to generate the ref-
erence current voltage. The PI controller is standard, with decoupled and feedforward
control loops. The voltage controllers’ dynamics can be given by

i∗d = Kpv(v∗od − vod) + Kiv

∫
(v∗od − vod)dt − ω∗C f voq + Fiod (9)

i∗q = Kpv

(
v∗oq − voq

)
+ Kiv

∫ (
v∗oq − voq

)
dt − ω∗C f vod + Fioq, (10)

where Kpv is the proportional gain; Kiv is the integral gain; C f is the filter capacitance; and
the feed forward gain is represented by F.

Similarly, the voltage across the filter inductor is obtained using a standard PI current
controller. The dynamics are given by

v∗d = Kpi(i∗d − id) + Kii

∫
(i∗d − id)dt − ω∗L f iq + vod (11)

v∗q = Kpi

(
i∗q − iq

)
+ Kii

∫ (
i∗q − iq

)
dt − ω∗L f id + voq, (12)

where proportional and integral gains are represented by Kpi and Kii, respectively.
A small signal dynamic model was developed to study the dynamic behavior of

MG power sharing. The equivalent differential equations model has been linearized to
accurately simulate the MG dynamics of the network and load. This could be represented
by Equation (13).

∆
.
x = A∆x + B∆u. (13)

The state vector in Equation (13) will represent the studied system in Figure 1, contain-
ing three inverters and their loads.

Figure 3 shows the MG system’s eigenvalues, showing that the MG system can be
classified into three primary bandwidths. The power-sharing controllers dictate a low
bandwidth (2–10 Hz), whereas the voltage control loop dictates a medium bandwidth
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(400–600 Hz). The current controller and the LC filters produce a high-frequency bandwidth
(more than 1.5 kHz). The current control loop’s maximum bandwidth depends on the
inverter’s switching frequency. The switching frequency is designed according to the rating
of the inverter and switching losses. However, the resonance frequency should be carefully
designed to avoid the LC filter’s harmonic resonance and low-order harmonics. Therefore,
considering these constraint issues, the design of current controller inverter for medium
and high bandwidth could be within 1–1.5 kHz. Since MG inverters must supply regulated
power, the reference current vector is created frequently for the inner current loop using a
voltage control loop. Figure 3 shows that the MG system’s primary dynamics are derived
by the power-sharing states.
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Figure 3. The eigenvalues of the microgrid studied system.

Figure 4 displays a trace of the dominating low-frequency mode that could be evalu-
ated using eigen-participation analysis. Figure 4 shows that the operating environment
greatly affects the damping behavior of the low-frequency mode. Figure 4 shows that
increasing the inverter unit’s output power can make the operation unstable. Even modest
changes near the operating point significantly affect the relative stability, resulting in power
oscillations. Regarding the droop coefficient value, the MG power-sharing operation and
concept deepen the angular frequency difference between the inverter’s outputs. The power
sharing between sources varies until the new frequency value is defined in Equation (3).

Figure 5 describes the relationship between power changes versus frequency droop
changes, where power P versus the frequency f is linear. Equation (5) shows that as the
term mpP increases, the frequency drop becomes sufficient so that the nearest inverter will
increase its power to share the load. However, the change in frequency is delayed due to
the filter lag time delay causing oscillations in the frequency, which can be overcome by
increasing the coefficient (mp), forcing the inverter to push the power instantly. However,
increasing the coefficient mp should be performed carefully because it affects the system’s
stability. Therefore, a tradeoff occurs between the fast power sharing and the system’s
stability in the conventional technique.
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In a parallel multi-inverter system with droop control, maintaining a stable voltage
level at the PCC is crucial for ensuring a reliable power supply. The droop control method
adjusts the inverter output voltage based on the Q/V curve characteristics and the reactive
power output based on the deviation of the output voltage from the reference voltage.
When the inverter output voltage is higher than the PCC voltage, the droop control causes
the inverter to decrease its output voltage and supply less reactive power to the system.
Conversely, when the inverter output voltage is lower than the PCC voltage, the droop
control causes the inverter to increase its output voltage and supply more reactive power
to the system, which raises the voltage level at the PCC. To achieve optimal performance
in the system, the droop parameters, such as the droop gain and voltage reference, can be
adjusted by the system operator. By doing so, the reactive power output of the inverters
can be controlled and the voltage level at the PCC can be regulated, even in situations
where there are fluctuations in load demand.

3. The Proposed Droop Control for the Microgrid System

The response to load changes in the IMG is delayed due to the lag of the low-frequency
filter; therefore, a lead compensator should be included to compensate for this delay.
The concept of the compensator is standard in the synchronous-based system, but here
it is applied to the inverter-based system. Figure 6 illustrates a block diagram for the
proposed controller, comprising a gain block and an integral lead compensator transfer
function. The original frequency deviation is increased by the signal output of the controller
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to compensate for the delay time from the low-pass filter. The design procedure of the
compensator depends on the delay angle deviation at a higher (mp). Therefore, if the low-
pass filter causes a delay by angle (θ), the lead compensator will be calculated as follows:

−θ +∠
sT1 + 1
sT2 + 1

= 0. (14)
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Therefore, for a defined (θ), one of the time constants (T1, T2) is arbitrarily chosen
and the other calculated. The gain K of the controller in Figure 6 is designed so that the
magnitude of the frequency drop ∆ω = −mpP equals the compensator drop (∆ωpss).

Small signal analysis can effectively analyze dynamic performance and design control
systems. The MG system’s state–space model is derived to study the proposed controller
technique’s dynamic performance. Figure 7 illustrates a block diagram of the individual
blocks of the system including an inverter, filter, droop control, current control, and voltage
control. The mathematical procedures of obtaining the state–space model are abbreviated to
obtain the relevant equations. The system equations (Equations (1)–(12)) can be linearized,
yielding the following state–space model which presents a single inverter unit,

d
dt

∆δ
∆P
∆Q

 = Ap

∆δ
∆P
∆Q

+ Bpωre f

[
∆ωre f

]
+ Bp∆ fiv (15)

where
∆ fiv =

[
∆ild ∆ilq ∆vod∆voq ∆iod ∆ioq

]T
. (16)

Equations (15) and (16) present the linearized state–space model for the inverter
unit. The model has three states: ∆δ, ∆P, and ∆Q, which represent the deviations in the
phase angle, active power, and reactive power, respectively. The matrix Ap and vector
Bp represent the coefficients of the linearized equations. The input to the system is the
reference frequency ωref, and the disturbance is represented by the vector ∆ fiv, which
consists of deviations in the inverter unit’s voltage and current variables.

One more state will be added to the conventional state–space model (i.e., ∆ωpss),

∆ωpss =
∼
P ∗ K ∗

(
sT1 + 1
sT2 + 1

)
. (17)

Equation (17) adds a new state to the state–space model, which is ∆ωpss, representing
the deviation in the power system stabilizer (PSS) output. The equation describes the
dynamics of the PSS output as a function of an input fini and a set of parameters K, T1, and
T2. The PSS output is used to control the inverter unit’s output frequency.
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The state–space Equation (15) is then linearized around its operating point,

.
∆ωpss =

(
−1
T2

)
∆ωpss +

(
K
T2

)
fini∆ fi f +

(
KT1

T2

)
fini ∗

d
dt

∆ fi f (18)

Equation (18) linearizes Equation (15) around its operating point to obtain the dynam-
ics of the new state ∆ωpss. The equation shows that ∆ωpss is a function of the input fini and
the time derivative of the input d/dt∆ f _i f .
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Therefore, the first state ∆δ in Equation (18) will be modified according to the new
controller state as;

∆ω = −mpP − ∆ωpss and (19)

∆
.
δ = −mpP − ∆ωpss − ∆ωre f (20)

Equations (19) and (20) modify the first state ∆δ in Equation (18) according to the new
controller state, which is ∆ω. Equation (19) shows that ∆ω is a function of the product of
the controller gain mp and the input power P, and the deviation in the PSS output ∆ωpss.
Equation (20) shows that the time derivative of ∆δ is a function of ∆ω, ∆ωre f , the product
of the controller gain mp, and the input power P.

The modified system’s state–space will be formed by integrating the conventional
model’s state–space with the proposed controller model,

∆
.

xP = AP∆xP + BPre f ∆ωre f + BP1∆ fiv + BP2 ∗
d
dt

∆ fiv, (21)

where ∆xP =
[
∆δ ∆P ∆Q ∆ωpss

]T .
Equation (21) presents the modified system’s state–space model, which integrates

the conventional state–space model with the proposed controller model. The state vector
∆xP represents the deviations in the phase angle, active power, reactive power, and power
system stabilizer output, respectively. The matrices AP, BPre f , BP1, and BP2 represent the
coefficients of the linearized equations, where BPre f and BP1 are functions of the input
∆ωre f and the disturbance ∆ fiv, respectively, and BP2 is a function of the time derivative of
the disturbance d/dt∆ f _iv. The state–space model can be used to design a control system
that stabilizes the inverter unit’s output voltage and frequency.
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Due to space limits, the numerous coefficients used in the preceding equations are not
provided in this study. The complete MG’s small signal model is created once the revised
equations and necessary coefficients are established.

In the context of power systems, eigenvalues are used to analyze the stability of the
system. Eigenvalues are the solutions to the characteristic equation of the system, which is
obtained by linearizing the system equations around an operating point. The eigenvalues
determine the behavior of the system in response to disturbances and are used to assess the
system’s stability. In the case of an inverter-based microgrid, the eigenvalues can be used
to assess the stability of the system under different control schemes, such as conventional
and modified droop controls that are proposed in this paper.

The results show that the system without any controller has two low-frequency modes,
or oscillations, with eigenvalues of 0.00154 ± 165.56 i and −12.43 ± 122.832 i. These
eigenvalues are in the right half of the complex plane, which indicates that the modes
are poorly damped and unstable. However, when the modified droop control is applied,
the eigenvalues of the system shift to the left half of the complex plane. The system
now exhibits two new low-frequency modes with eigenvalues of −14.87 ± 96.98 i and
−17.987 ± 187.965 i. These eigenvalues are in the left half of the complex plane, which
indicates that the modes are well-damped and stable. The shift in the eigenvalues to the left
half of the complex plane is due to the proposed controller’s ability to effectively dampen
the low-frequency modes and improve the system’s stability. By moving the roots to the
left half side of the complex plane, the critical case, which was previously poorly damped
and unstable, becomes stable.

We summarize the results of the eigenvalue analysis of the microgrid system under
conventional and modified droop controls. The results show that the modified droop
control improves the system’s stability by effectively damping the low-frequency modes
and shifting the eigenvalues to the left half of the complex plane.

Thus, the proposed controller design can be concluded in the following steps:

• In an inverter-based system, the low-frequency filter introduces a time delay in the
system’s response to changes in the load.

• The delay can cause the system to respond slowly to changes in the load, leading to
undesirable performance.

• To compensate for the delay and improve the system’s response time, a lead compen-
sator can be added to the system.

• A lead compensator introduces a phase advance in the system’s response, reducing
the time delay and improving the response time.

• The concept of the lead compensator is standard in synchronous-based systems but
can also be applied to inverter-based systems.

• The compensator’s parameters are chosen to meet the desired performance specifica-
tions, such as stability, overshoot, settling time, and steady-state error.

4. Simulation Results

A 220 V, 50 Hz, three-phase, three-inverter radial MG system is simulated using MAT-
LAB/Simulink Version 9.12 (R2022a) software. Table 1 shows the system’s parameters. All
three inverters use the droop control technique with equal droop coefficients to guarantee
equal power sharing. Assuming the inverter’s input to be a constant DC source, we ne-
glected its dynamics. However, it’s worth noting that the DC source may remain relatively
constant, as is the case with a battery-powered system. The three inverters are operated
in a decentralized manner, demonstrating that no communication between the inverters
is required.
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Table 1. The test system parameters.

Parameter Notation Value

Filter inductance L f 1.35 mH

Dc voltage Vdc 700 V

Filter capacitance C f 50 µF

Droop coefficient constraints mp_min
mp_max

1 × 10−4

65 × 10−4

Coupling inductance Ll 0.35 mH

Line reactance Xij 4.71
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Cutoff frequency of the filter ωc 31.4 rad/s

Load power P1,P2,
P3, P4

5.8 KW
2.3 KW

The proposed system, illustrated in Figure 1, was subjected to simulation analysis
to evaluate its performance with and without the proposed controller. At time t = 1 s,
a load change occurred, and the system’s performance was analyzed and compared in
both cases. The simulation results of the system without the proposed controller are
presented in Figures 8–11. The droop coefficient used in the simulation is depicted in
Figures 8 and 9 and has a value of 5 × 10−4. Figure 8 shows that the load-sharing and
frequency deviation performances are steady. However, due to the slow sharing of power,
there would be a frequency mismatch between the inverters for an extended period. This
finding highlights the limitations of the conventional droop controller technique in inverter-
based IMG systems, which struggles to ensure fast power sharing without compromising
system stability. To further analyze the system’s performance, Figure 9 displays the system’s
reactive power and voltage waveforms of the three inverters. This waveform analysis is
used to verify the reactive power control operation, which is a critical aspect of the system’s
performance. The results show that the reactive power control operation is functioning
as intended, but the slow power-sharing performance remains a persistent issue. These
findings lead to the conclusion that the proposed controller is necessary to improve the
performance of the system, particularly in terms of power sharing and frequency deviation.
The controller is designed to effectively dampen low-frequency oscillations, even at higher
droop gain values, which would typically lead to instability. This approach offers a
promising solution to the challenge of achieving fast power sharing and stable performance
in inverter-based IMG systems.

After analyzing the simulation results of the system without the proposed controller,
this study experimented with increasing the droop value coefficient to improve the power-
sharing performance. The droop value coefficient was increased to 20 × 10−4, as shown in
Figure 10. The results show that increasing the droop value coefficient led to a significant
improvement in power-sharing performance. However, this improvement came at a cost,
as the system’s stability became critically compromised. This instability can be attributed
to the high droop gain values used to achieve fast power sharing, which can lead to
low-frequency oscillations and instability in the system.
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Continuing the testing with different droop coefficient values, the researchers increased
the droop coefficient to 30 × 10−4, as shown in Figure 11. The results reveal that this increase
in the droop coefficient drove the system to become unstable, with high oscillations in
the system frequency. This instability can be attributed to the high droop gain values
used, which can lead to low-frequency oscillations and instability in the system. These
findings highlight the challenge of balancing the system’s fast performance and stability.
The system’s ability to respond to load changes primarily depends on the value of mp,
making it susceptible to instability and oscillations when the droop coefficient is set too
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high. Therefore, a tradeoff in the system’s design between its fast performance and stability
should be carefully chosen to ensure optimal system performance.
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Figure 12 presents the performance of the microgrid (MG) system for the three invert-
ers under the proposed controller. Due to the scope of this paper, only real power sharing
and frequency have been presented. The reactive power and voltage waveforms, although
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relevant to the evaluation of the proposed controller, have been omitted due to space con-
straints and to avoid redundancy. The simulation results show that the proposed controller
is effective in improving the performance of the MG system for a range of droop coefficient
values, from 5 × 10−4 to 30 × 10−4 (beyond its critical value). The settling time for power
sharing and frequency in the system is significantly improved with the introduction of the
controller. The results confirm that the proposed controller offers a promising solution to
the challenge of achieving fast power sharing and stable performance in inverter-based
IMG systems. The proposed controller is designed to effectively dampen low-frequency
oscillations, even at higher droop gain values, thereby improving the system’s stability
without compromising its fast performance. The omission of the reactive power and voltage
waveforms from Figure 12 does not diminish their importance in evaluating the proposed
controller. Reactive power control is a critical aspect of MG system performance, and the
voltage waveform is an essential component of the system’s stability.
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The stability of the system with mp = 30 × 10−4 has been verified, highlighting the
effectiveness of the proposed controller method in achieving system stability regardless
of the droop coefficient value. This finding contrasts with conventional control methods,
which rely heavily on the droop coefficient value to achieve stable performance. The
results demonstrate that when the proposed controller is applied as an auxiliary signal,
power is transferred equitably and correctly between the sources without oscillations, as
shown in Figures 13 and 14. This result is achieved even at lower droop coefficients, which
means that increasing the droop coefficient is not necessary for precise power sharing. The
suggested controller achieves precise power sharing with reduced frequency variations,
making it a more robust solution for large droop gain variations compared to conventional
techniques. The slight oscillations shown in the simulation results have a minimal effect on
the system performance. Therefore, the proposed controller performs better in terms of
damping, offering improved performance compared to conventional control methods. In
conclusion, the simulation analysis results demonstrate the effectiveness of the proposed
controller method in achieving stable and equitable power sharing in inverter-based IMG
systems. The proposed controller offers a more robust solution to the challenge of achieving
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precise power sharing and system stability, even at lower droop coefficients. The results
confirm that the proposed controller outperforms conventional control methods in terms of
damping, making it a more effective solution for inverter-based IMG systems.
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The simulation results show that the proposed controller outperforms conventional
control methods in terms of damping. The slight oscillations shown in the simulation
results have a minimal impact on the system’s performance, demonstrating the robustness
of the controller. The proposed controller offers a more effective solution for inverter-based
IMG systems, as it achieves stable and equitable power sharing, even at lower droop
coefficients. In summary, the proposed controller addresses the challenges of achieving fast
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power sharing and system stability in inverter-based autonomous microgrids. It achieves
this by introducing an auxiliary signal that compensates for filter lag, effectively dampening
low-frequency oscillations in the system. The stability of the system is verified regardless
of the droop coefficient value, making it a more robust solution for large droop gain
variations compared to conventional techniques. The simulation results demonstrate that
the proposed controller outperforms conventional control methods in terms of damping,
making it a more effective solution for inverter-based IMG systems.

Table 2 provides quantitative performance index data analysis, including settling time
and overshooting, for both the conventional and proposed controller methods. The results
demonstrate that at low droop gain, the proposed controller has a faster settling time
compared to the conventional controller. Additionally, when the droop gain is increased
to facilitate power sharing, the conventional droop control method fails to reach a steady
state or becomes unstable, whereas the proposed technique remains stable and reaches the
final steady-state value in less time.

Table 2. Performance index data analysis.

Conventional Droop Control Proposed Control

mp = 5 × 10−4

Overshooting
Active power 3% 2%

Frequency 2% 1%

Settling time
Active power 2.2 s 0.7 s

Frequency 1.5 s 0.54 s

mp = 20 × 10−4

Overshooting
Active power 3.2% 1.5%

Frequency 1.5% 1.2%

Settling time
Active power 1.6 s 0.4 s

Frequency 1.5 s 0.3 s

mp = 30 × 10−4

Overshooting
Active power 4% 2%

Frequency 3% 1%

Settling time
Active power NA (unstable) 0.23 s

Frequency NA (unstable) 0.11 s

In summary, the quantitative performance index data presented in Table 2 highlight
the advantages of the proposed control method over the conventional control method
under varying conditions. The data provide valuable insights into the performance of the
systems and demonstrate the effectiveness of the proposed technique in achieving stable
and efficient power sharing in a multi-inverter system.

In a real application of a droop controller for a microgrid, the choice of control equip-
ment will depend on the specific requirements of the system. If the microgrid is small and
relatively simple, a microcontroller may be sufficient to implement the droop controller.
Microcontrollers are compact and cost-effective and can be programmed to perform a
variety of control tasks. However, for larger and more complex microgrids, an industrial
computer may be a better choice. Industrial computers are designed to handle complex
tasks such as data acquisition, signal processing, and control, and can be programmed
with a variety of software tools. They also offer more processing power and flexibility
than a microcontroller, making them more suitable for larger and more complex control
applications. Ultimately, the choice of control equipment will depend on the specific needs
of the microgrid and the requirements of the droop controller implementation, including
factors such as processing power, flexibility, and cost.
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Although this paper shows the effectiveness of the proposed controller, some related
issues should be studied in future work, such as:

• Investigation of the impact of different types of loads on the performance of the droop
controller in an isolated microgrid and development of load-dependent control strategies.

• Development of a hybrid control strategy that combines droop control with other
control techniques for improved performance in isolated microgrids.

• Investigation of the impact of renewable energy sources on the performance of the
droop controller in an isolated microgrid and development of control strategies that
can accommodate fluctuating renewable energy output.

5. Conclusions

This paper proposes a new controller design for an MG-based conventional droop
control system. The proposed controller compensates for the lag response caused by
the filter delay in the output of the IMG, providing an accurate coefficient for the droop
controller—a design problem for conventional droop controllers. The proposed controller
design is easy to implement by adding a supplementary signal in parallel with the droop
controller loop to dampen the frequency caused by load-sharing between the inverters.
The simulation results demonstrate that the suggested controller significantly improves
the MG’s stability margin at both low and high droop coefficient values while ensuring
faster power sharing. The frequency dynamic and steady-state oscillation were reduced,
whereas the power-sharing quantities between the inverters remained unaffected. Small
signal analysis was also studied to analyze the dynamic performance of the proposed
controller. The simulation results under various operating scenarios have been studied to
verify the proposed controller, and the results show that the proposed PSS-based droop
controller significantly contributes to preserving MG stability and reliability. Overall, the
proposed controller-based droop controller offers a more effective solution to the challenge
of achieving precise power sharing and system stability in inverter-based IMG systems.
The proposed controller improves the system’s stability margins, ensures faster power
sharing, and reduces oscillations and variations in the system frequency. The proposed
controller is easy to implement and demonstrates significant contributions to preserving
MG stability and reliability.
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Abbreviations

MG Microgrid
DG Distributed generation
PI A proportional-integral controller
DC Direct current
AC Alternating current
IMG Isolated microgrid
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