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Abstract— The limited capacity of a single inverter has led
to the implementation of parallel inverters for interconnecting
renewable energy generation systems. Droop control is
commonly used for operating parallel inverters; however,
conventional droop control has a low conversion efficiency
under heavy loads. Therefore, this paper designed an efficient
control strategy to enhance the conversion efficiency of parallel
inverters. The employed method incorporates an internal
current and voltage control loop based on a synchronous
reference frame, along with conventional PI controllers.
Additionally, Particle Swarm Optimization (PSO) is utilized to
determine the optimal conversion efficiency of the parallel
inverters. In this approach, the distributed generation (DG) unit
adjusts its control mode to modify system voltage and frequency
in response to dynamic load conditions. Efficiency
improvements were observed in the range of 0.19% to 0.41%
across various initial power distribution ratios, highlighting the
efficacy of optimized droop parameters in maintaining robust
and efficient power systems. Simulation results using
MATLAB/SIMULINK demonstrate that the proposed control
system improves system efficiency

Keywords— microgrid, parallel inverters, droop control,
particle swarm optimization (PSO), efficiency improvement

1. INTRODUCTION

A microgrid generally includes local distributed
generators (DGs), energy storage systems, and different
thermal and electric loads. It works alongside the conventional
power grid to handle rising load demands and can function in
both grid-connected and islanded modes [1], [2].

Integrating of micro-sources like photovoltaics, wind
turbines, hydropower, and fuel cells provides scalable green
energy alternatives. These sources are often connected via
Pulse Width Modulation Voltage Source Inverters (PWM-
VSIs). The semiconductor components of these inverters
exhibit non-linear voltage-current characteristics and operate
at high switching frequencies, thereby enhancing power
quality for end users [3], [4].

Achieving high efficiency, desired power quality, and
seamless DG integration in microgrids requires a robust
control system. The droop control technique is an essential
component of PWM-VSIs systems, ensures accurate current
compensation. Droop controllers like P-f and Q-V employ
predictive control or Proportional Integral (PI), alongside

Universiti Teknikal Malaysia Melaka
Melaka, Malaysia
hossain33-2682@diu.edu.bd

Jenn Hwai Leong
Faculty of Electrical Engineering and
Technology
Universiti Malaysia Perlis
Perlis, Malaysia
jhleong@unimap.edu.my

Universiti Malaysia Perlis
Perlis, Malaysia
mazrik@unimap.edu.my

Ahmad Afif Nazib
Faculty of Electrical Engineering and
Technology
Universiti Malaysia Perlis
Perlis, Malaysia
ahmadafif@unimap.edu.my

Space Vector Pulse Width Modulation (SVPWM), enhancing
performance with stable switching and minimal ripple [5].

Additionally, to produce PWM reference voltage signals,
it is common practice to integrate a current control loop with
an external power control loop. This solution employs a power
control system that ensures satisfactory power quality. An
active-reactive power monitoring technique is employed
during network connection mode. However, when operating
in island mode, a voltage-frequency control approach is
implemented. Based on these circumstances, the DG unit is
required to deliver the highest possible power production
while ensuring the stability of the system [6]. Recent studies
[71, [8], [9] have applied power control strategies to
microgrids, facilitating analysis and comparison. However,
despite considerations for dynamic performance, load sharing,
and controller specifics, these approaches lack automatic
parameter adjustment mechanisms necessary for optimizing
performance during rapid system changes.

Microgrid operation relies on DG units with low power
output, necessitating cooperation among several units for
frequency control. However, DGs like solar and wind cells
cannot contribute due to their uncertain output [10].
Therefore, a voltage source inverter (VSI) serves as a
reference for voltage and frequency, with storage employed
for frequency compensation. The VSI’s performance is
governed by its droop characteristic, wherein more power is
injected into the microgrid as frequency drops, compensating
for load changes [11]. Secondary frequency control requires
adjusting the no-load frequency upwards in the droop method,
typically using a proportional integral (PI) controller [12].

Artificial intelligence (AI) algorithms have become
essential in the power system, offering unparalleled
advantages in control, modelling, operation, and analysis,
replacing traditional methods and becoming the primary
solution approach [13]. In [14], utilized the consistency
algorithm and genetic algorithm (GA) to optimize the
characteristics of a microgrid. This optimization led to
enhanced dynamic performance and provided guidance for the
design of droop control in low voltage microgrids. However,
neglecting line impedance effects on DG and system power
allocation was a limitation. In [15], [16] enhanced droop
control parameter optimization using improved particle
swarm optimization, enhancing microgrid power allocation
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Fig. 1. The circuit configuration of islanded AC microgrid.

accuracy. Yet, centralized control structures increased system
complexity and communication demands. Modifying the
inertia weights and learning factors in the particle swarm
optimization algorithm enhanced the convergence and search
speed [17]. However, the issue of parameter diversity still
remains a challenge.

Therefore, this article presents an optimized droop control
approach that enhances the efficiency of microgrid operations
without relying on communication facilities. The primary
contributions are discussed as follows: (i) Initially examines
the microgrid configuration and the impact of line parameters
on conventional droop control. (ii) Design an efficient control
strategy that enhances the conversion efficiency of parallel
inverters. (iii) The PSO algorithm is utilized to determine the
optimal conversion efficiency. Results from simulation
conclusively show that the implemented droop control method
enhances power allocation accuracy, stability and efficiency
in microgrids.

The structure of this paper is as follows: Section II
introduces system configuration, Section III details efficiency
modelling and analysis for single bus AC microgrid, Section
IV discusses optimization techniques. In Section V and VI, the
optimization droop control strategy and simulation results are
provided to validate the proposed control strategy.
Conclusions are drawn in Section VII.

II. SYSTEM CONFIGURATION

The circuit layout of an islanded microgrid with n-parallel
inverters is shown in Fig. 1. This configuration employs a
droop control technique to achieve proportional power
distribution, which is determined by the power ratings of the
inverters. Droop control strategies play a vital role in
achieving proportional power distribution among the
paralleled inverters in islanded microgrids. The traditional
strategy for controlling active power-frequency (P-0) and
reactive power-voltage (Q-V) droop is represented by Eq. (1)
and (2) [18].

w. — Wmi
w: = w, —m.P,,m, = ( max mm) (l)
Pmax?c
Vinax = Vi
Vc* _ Vo _ anc n, = ( max mm) (2)
Qmax_c

where, w; and V" are the reference commands for angular
frequency and output voltage amplitude. P, and Q. denote the
output active and reactive power of the c-th converter, while
Prax ¢ and Qg  indicate its active and reactive power
ratings. The no-load angular frequency and output voltage are
w, and V, . The coefficients m, and n., based on power
ratings, serve as droop coefficients. w4, and w,,;, define
the allowable range for angular frequency, while 1,,,, and
Vinin specify the upper and lower limits for voltage amplitude,
respectively.

The power-sharing relationship among paralleled inverters
can be determined from Eq. (1) and (2) as follows:

{m1P1 =myP, = - = myh,

3)
nQ; =nyQ; = = nyQy

Eq. (3) shows that proportional power sharing is
automatically achieved by the conventional droop control
approach based on the defined droop coefficients. However,
in an AC microgrid, this method fails to produce the highest
efficiency when utilizing the specific power sharing ratio [19],
[20].

ITI. EFFICIENCY ASSESSMENT AND MODELLING FOR SINGLE
BUSs AC MICROGRID

This section presents an efficiency model for the microgrid
and details the power loss calculation methodology for the
inverter. The electrical conversion efficiency (y) of a
converter is the ratio of output power (P,.,) to input power
(Pin), with the loss (Piss) consumed by internal components.
These losses are influenced by voltage, current, temperature,
and device age. The PSO Method is used to optimize the
efficiency model, determining optimal operating conditions.

A. Inverter Loss Analysis and Modelling

Fig. 2 illustrate the power flow of an inverter, indicating
that inverter power loss is related to the electrical appliance
and transmission cable. Each powered electronic module's
loss specifications are based on its manufacturing
characteristics, requiring manufacturer data and device
datasheets for accurate calculations. To select appropriate
power devices, it is necessary to estimate total inverter power
losses. For a three-phase load, Eq. (4) [19] can be used to
calculate the total power loss of the c-th converter.

Pross.c = ac 'Pc2+ b.-P. + ¢, @

where P, is the output power and a., b,, ¢, are represents
the power loss coefficients of the c-th converter. Power loss
coefficients of each inverter are calculated using PSIM
simulation platform and then MATLAB curve fitting tools in
fitted function by simulation data.

The parasitic resistance is the cause of the power loss in
the transmission line, as represented in Eq. (5) [21].

Pioss ic = Rie I}%MSJC ©)

where R;. represents the parasitic resistance of the
transmission line. Ipys ;- represents the root mean square of
current flowing through the transmission line. This value is
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determined by the network topology and can be calculated
using Eq. (6).

V2
3V, cosqp
Where V;,, represents the amplitude of the output voltage.
By combining Eq. (§) and (6), the relationship between power
loss and output power can be expressed as Eq. (7).
Ploss_lc = Rlc dchz (7)

Considering inverter and transmission line losses, the
overall system power loss is provided by Eq. (8).

N M
Ploss_total = Z Ploss_c + z Ploss_lj (8)
c=1 j=1

Where N and M are the number of converters and
transmission lines, respectively.

P. =dP, (6)

Ipms ic = Irms.c =

B. Inverter Efficiency Modelling for Single-bus Microgrid

A single-bus microgrid is analyzed to examine load
location effects on efficiency. Fig. 3 depicts a microgrid
configuration consisting of multiple inverters connected in
parallel to a common bus. The system efficiency of a
microgrid composed of N-paralleled inverters can be defined
as follows [20]:

n — Pload — Pload (9)
e Pi Pload + Ploss_total
where,
N M
Pioss_totar = Z Pioss ¢ + Z Ploss_lj (10)
c=1 j=1

To maximize system efficiency, the issue is to get optimal
power distribution. Total power loss (Pjyss totar) reduction is
necessary to maximize system efficiency while the load
demand is constant. Therefore, the optimization issue, without
considering power ratings, could be expressed as Eq. (11).

min (Ploss,total)

N N
;ZPC=Pload+ Zploss,lc (11
c=1 c=1

During practical operation, the amount of power loss in
cables is considerably lower than the amount of power needed
by the load. The optimal power-sharing ratio determine by the
inverter’s distance from the common bus. Identical inverters
share power equally due to equivalent loss characteristics,
while different inverters' optimal power-sharing ratios depend
on their loss characteristics [19].

The improved efficiency is defined as:

nimp — Nopt Ncon -100% (12)
con

Where ere 7¢n and 1n,,. are efficiency under

conventional and optimized droop control. Simulation results

show the proposed control strategy improves overall

efficiency across varying load profiles.

IV. OPTIMIZATION TECHNIQUES

The PSO algorithm begins by initializing a set of random
particles (random solutions) in order to search for the optimal
solution through iterative processes. During the optimization
process, particles undergo updates using two extreme values
in each iteration: one is the optimal solution identified by the
particle itself, known as the individual extremum; the other
extreme value is determined by the entire population and is
referred to as the global extremum [22].

In the target search space with d dimensions, there is a
group of n particles. Once the two extreme values mentioned
above are identified, the particles adjust their position and
speed using the following formula [23]:

Vig = @ Vig + 171 (0ig — Xig) + 212 (Pga — Xia) (13)
Xig = Vig T Xiq (14)

The variables c¢; and ¢, denote the learning factors, often
referred to as acceleration constants. The variables r; and 7,
are random numbers uniformly distributed within the interval
[0, 1]. The variable w represents the inertia weight, which
serves to preserve the particles motion inertia and enhance the
exploration of the search space.

The fitness function of the algorithm for PSO is designed
to minimize the total loss in the system, including both
inverter losses and line losses. The fitness function is
evaluated for each particle's position (set of droop
coefficients), and the PSO algorithm iteratively updates the
particles to determine the optimum solution that minimizes
this fitness function.

The fitness function of the PSO algorithm is:

3 3
f(mplr mpz:mp3) = Z Ploss_c + Z Ploss_lc (15)
c=1 c=1

Where P55 . and Py, 4. are the inverters internal and
transmission line losses of the c-th converter respectively.
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Fig. 3. Schematic of a single-bus microgrid configuration.
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V. OPTIMIZED DROOP CONTROL STRATEGY

The flowchart of the PSO algorithm's optimized droop
control, as formulated in this research, is illustrated in Fig. 4.
This figure details the steps of the PSO algorithm employed to
minimize total losses in an inverter system while considering
line impedance. Fig. 5 illustrates the schematic of the droop
controller that has been designed. The power loss coefficients
for every converter are calculated using the PSIM simulation
platform, utilizing the power loss estimation method described
in Section III. Next, in order to achieve optimal power sharing,
these coefficients are integrated into the optimized droop
controller.

Within the microgrid, a DG unit operates, and the droop
controller supplies control signals to its inverter. To enhance
control efficiency and minimize computational demands, a
local controller processes real-time data from each DG unit,
subsequently updating the local inverter.

The calculation module generates variables for the PSO
module, which iteratively optimizes control parameters. The
extreme values derived from these iterations are fed into the
droop control module, continuously updating the droop
coefficients in real-time. The local controller recalculates
power references every 0.5 seconds. When there are changes
in load demand, the optimized droop controller adjusts the
droop coefficients to maintain system stability. As illustrated
in Fig. 1, the designed controller can operate without requiring
a communication facility, thereby enhancing the
dependability and adaptability of the control system.

VI. SIMULATION RESULTS

To validate the effectiveness of the optimized droop
control strategy, simulation verification was conducted using
an AC microgrid with three parallel inverters in the
MATLAB/Simulink platform. In this study, analyze the
performance of an optimized droop control method under 0.8
and 0.85 power factor load condition at the bus bar, with the
simulation run over a period of 1.5 seconds covering load
profiles of 50%, 80%, and 100% of a total 130 kV A load.

The circuit configuration of this simulated AC microgrid
is depicted in Fig. 1. Each inverter comprises a six-pack IGBT
full-bridge power electronics component. System-level
parameters used in the simulation are detailed in Table I.
Comprehensive specifications for these power devices can be
typically found in manufacturer datasheets [24], [25], [26].
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[ Initialize PS? parameters | TABLE L. SYSTEM PARAMETERS
| Generate first swarm | Inverter Specifications
Parameter Inverter 1 Inverter 2 Inverter 3
[ Evaluate the fitness of all particles Manufacturer Powerex Infineon Infineon
Power device CMI100TU-12H FS200R07PE | FS225R120E
— Update the position 4 4
[Record personal best fitness of all particles] of particles Power rating 30KVA 20 KVA 60 KVA
Find olobal best partil DC voltage Vier = 600V Vaez = 600V Vaes = 600V
o 3 T
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of particles coefficients b;=1.36e-2 by=133e2 | bs=125e-2
Swarm met the c;=6.25e-1 c;=6.14¢l c;=2.18e2
termination criteria Circuit and Control Parameters
Filter Ly=L=L;s=1.35mH Phase Vin =325V
YES
S parameters Cy=Cp=C;3=50uF voltage "
|Output optimization results to droop control | Lo=L=L.;=035mH frequency = 1007 rad
reference /s
Line Z=(0.46+j0.53) Q | Switching | fii= a2 ~ins
impedance Z1=(0.33+j0.38) Q frequency =10kHz
7,;7=(0.2+j0.23) Q

Initialized droop coefficient values
(mpl, mp2, mp3 and nql, nq2, nq3)

A. Case I: Power Factor 0.8

The active power distribution among three units, P;, P,,
and P, is compared between conventional and optimized
droop control methods. Fig. 6 displays the simulation
outcomes of three parallel inverters, each having distinct
power ratings and power devices. The system capacity
experiences time-varying load of 65 kVA, 104 kVA, and 130
kVA during the time intervals of 0-0.5s, 0.5-1.0s, and 1.0-1.5s.
Fig. 6(a)-(b) illustrates the power sharing features of inverterl,
inverter2 and inverter3. The optimized droop control strategy
dynamically regulates the power sharing ratio to enhance
system efficiency. The system efficiency under optimized
droop and conventional droop control is shown in Fig. 6(c).

| Enter a new update cycle (0.55)

|Update droop coefticient values based on load c011diti011|

If current time >= simulation time

System run time completed |

End of operation

Fig. 4. System flowchart for optimized droop control.
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The efficiency improvement ();,,) for the optimized
method is 0.26% at 50% load, 0.38% at 80% load, and 0.26%
at 100% load. The optimized droop control method achieves
more stable and slightly more efficient power distribution
compared to the conventional method, leading to significant
energy savings and reduced operational costs over time,
especially under varying load conditions. Thus, it
demonstrates a clear advantage in maintaining higher system
efficiency and balanced power distribution, making it a

favorable approach for managing power in dynamic load
systems.
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Fig. 6. Simulation results of case 1. (a) Active power sharing under
conventional droop control strategy. (b) Active power sharing under

optimized droop control. (c) System efficiency under conventional and
optimized droop control.

B. Case II: Power Factor 0.85

The active power distribution among three units, P;, P,,
and P; is illustrated for both conventional and optimized
droop control methods. Fig. 7 displays the simulation
outcomes of three inverters that are connected in parallel.
These inverters have varying power ratings and utilize
different power devices. The system capacity undergoes time-
varying load of 65 kVA, 104 kVA, and 130 kVA during the
time intervals of 0-0.5s, 0.5-1.0s, and 1.0-1.5s, respectively.
Fig. 7(a)-(b) illustrates the power sharing characteristics of
inverterl, inverter2 and inverter3.
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Fig. 7. Simulation results of case II. (a) Active power sharing under
conventional droop control strategy. (b) Active power sharing under
optimized droop control. (c) System efficiency under conventional and
optimized droop control.
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The optimized droop control strategy adaptively regulates
the power sharing ratio to enhance system efficiency. Figure
7(c) presents a comparative analysis of the efficiency of the
system using conventional droop control and optimized droop
control. The efficiency improvement (7;,,;,) for the optimized
method is 0.26% at 50% load, 0.19% at 80% load, and 0.41%
at 100% load. The optimized droop control method exhibits a
similar power distribution pattern but with a more balanced
load distribution, reducing stress on individual units. Overall,
the optimized droop control method provides a more stable
and slightly more efficient power distribution compared to the
conventional method. The marginal efficiency improvement
can lead to significant energy savings and reduced operational
costs over time.

VII. CONCLUSION

This paper presents an optimized droop controller
designed to maximize the efficiency of parallel inverter
systems while minimizing inverter and transmission losses.
The algorithm optimizes the traditional droop coefficient in
real time, enhancing system efficiency. Simulation results
demonstrate that the proposed control strategy significantly
improves power allocation accuracy, maintains bus voltage
and system frequency stability, and enables differential
voltage and power adjustments under varying operating
conditions. This effectively enhances the system's dynamic
performance and transient stability. The study focuses on three
DGs connected in parallel to a common AC bus with an
unbalanced load. Future work will extend this research to
microgrids with multiple DGs, considering the output
characteristics of various DGs and refining the algorithm to
improve the control strategy's performance in more complex
experimental environments.
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