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Abstract: The contribution of Renewable Energy Resources (RER) in the process
of power generation is significantly high in the recent days since it paves the way
for overcoming the issues like serious energy crisis and natural contamination.
This paper deals with the renewable energy based micro-grid as it is regarded
as the apt solution for integrating the RER with the electrical frameworks. As
the fixed droop coefficients in conventional droop control approaches have caused
various limitations like low power-sharing and sudden drops of grid voltage in the
Direct Current (DC) side, the Harmonized Membership Fuzzy Logic (MFL)
droop control is employed in this present study. This proposed droop control
for the hybrid PV-wind-battery system with MFL assists in achieving proper
power-sharing and minimizing Total Harmonic Distortion (THD) in the emer-
gency micro-grid. It eradicates the deviations in voltage and frequency with its
flexible and robust operation. The THD is reduced and attains the value of
3.1% compared to the traditional droop control. The simulation results of harmo-
nized MFL droop control are analogized with the conventional approaches to vali-
date the performance of the proposed method. In addition, the experimental
results provided by the Field Programmable Gate Array (FPGA) based laboratory
setup built using a solar photovoltaic (PV) and wind Permanent Magnet Synchro-
nous Generator (PMSG) reaffirms the design.

Keywords: Micro-grid; harmonized droop control; fuzzy; power-sharing; total
harmonic distortion

1 Introduction

The extensive usage of traditional energy sources and fossil fuel has increased the emission of
greenhouse gases like CO2 and CH4, which spoils the environment to a greater extent. Because of these
reasons, the demand of RER like wind, solar and thermal energies has been increased in the current
scenario. The combination of PV, wind, battery storage and fuel cells in the inverter-based distributed
generators (DGs) has gained much attention. In the integration of DGs, the Micro-grid plays a vital role
as it includes various advantageous impacts like eco-friendliness, high efficiency, good power-sharing
capacity and flexible operation [1,2]. The operating mode of micro-grid is subdivided into grid-tied and
islanded modes. In normal conditions, the micro-grid is connected to the main distribution grid. When the
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disturbances or faults are occurred in the main DG, the main network forces the micro-grid to operate in the
emergency mode [3]. It is highly complex to control the electrical power network of micro-grid since the
inverter-based DGs is connected to the grid [4]. In the micro-grid, power electronic converter is crucial
because it allow RE resources and energy storage devices to be connected to micro-grids. This allows
adjustable control of real and reactive electricity input into the micro-grid as well as Maximum Power
Point Tracking (MPPT) of solar PV and wind turbines (WTs). An interface converter connects an
Alternating Current (AC) micro-grid and a DC micro-grid to form a hybrid AC/DC micro-grid. When the
utility grid is linked to the AC bus, the micro-grid operates in grid-connected mode and when the utility
grid is unplugged, it operates in stand-alone mode. It is used in a DC micro-grid to convert AC or DC
power with varying voltages into DC electricity with the same voltage as the DC micro-DC grid’s bus
[5]. Power electronic converters are classed as DC/DC or DC/AC converters based on the input and
output power. When a micro-grid is connected to the utility grid, converters in the micro-grid function in
grid-connected mode, supplying real and reactive electricity to the micro-grid from DGs [6]. When a
micro-grid is disconnected from the utility grid in an emergency mode, converters in the micro-grid
function in grid-connected mode to provide AC voltage and frequency support [7]. According to the
status of the micro-grid and DGs, converters in the micro-grid has to flip between different operating
modes [8].

The control technique of micro-grid faces more challenges like power quality problems, stability,
harmonic issues, and so on. In order to tackle these issues, droop control approaches are developed over
decades. Conventional droop control achieves power sharing by the behaviour of synchronous generators.
The accuracy of power sharing is improved by larger droop gain values but the deviation of voltage and
frequency increases [9]. In addition, conventional droop control approaches face poor reactive power
sharing, unbalanced harmonic current sharing and sluggish dynamic response [10]. Since the
conventional droop control approaches have operated under the basic droop coefficient, the error is
inherent in these methods. To limit the error and to upgrade the transient response, several droop control
methodologies are introduced in the recent decades, which aid in minimizing the fluctuations of voltage
and frequency [11–13]. The virtual flux droop control is presented by sharing the power accuracy
between the active and reactive powers [14,15]. An angle droop controller is employed to limit the
recurrence deviation by drooping the phase angle of inverter output voltage. The adaptive droop control
is utilized, in which the droop coefficient is adjusted by using the characteristics of RERs [16]. In spite of
having various advantages, the application of the existing approaches is limited since these approaches
fail to consider the THD at Point of Common Coupling (PCC). In [17], the resistive active power filter
control is employed, which has many acceptable impacts. However, it is very difficult to maintain this
system as it has the complex structure. The power-sharing is improvised with the help of the resistive-
inductive virtual impedance method [18–20]. It regulates the output impedance of the inverters by
calculating the output current and voltage. Due to the output filter of the surge impedances and the
variations of time, this approach is not practically applicable.

The Harmonic virtual impedance for emergency micro-grid is utilized in various approaches to transfer
the harmonic power between the inverter interfaced DGs [21]. It is used for rectifying the power quality
problems in the parallel-connected DGs [22]. The droop control has some stability problems like lack of
proper sharing, voltage deviation, harmonic unbalance and power variations. To rectify these limitations,
the line impedance and virtual output impedance are preferred in the conventional droop controllers,
which provide a frequency restoration loop [23,24]. In the conventional droop controllers, the Fuzzy
Logic Control (FLC) is utilized to elevate the transient response [25].

The present paper proposes a RER based emergency micro-grid using harmonized MFL droop control.
The chief objective of this study is to design an MFL controller by using a Mamdani design model. The
primary droop control and harmonic virtual impedance are used to eradicate the surge impedance and the
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harmonics at PCC. The exploration of micro-grid design is presented in Section 2, the harmonized droop
control concept and harmonic virtual impedance are presented in Section 3. The proposed MFL with
harmonized droop control is elucidated in Section 4 and the results of the proposed work are validated in
Section 5. Eventually, the summary of this study is provided in Section 6.

2 Exploration of Micro-Grid Structural Design

This paper proposes the harmonized MFL droop control based micro-grid, in which three different DGs
like solar PV, wind and battery energy storage system (BESS) are utilized as illustrated in Fig. 1. The
permanent magnet synchronous generator (PMSG) is utilized in the wind energy system to eliminate
the uncertainties of wind power generation. In normal conditions, the micro-grid is directly linked to the
main grid since there is no occurrence of faults or deviations. During the occurrence of fault in the main
grid, the micro-grid is switched from the ordinary mode to emergency mode to deliver uninterrupted
power-sharing.

The droop control operation is highly mandatory for the power-sharing of DGs in emergency mode. The
present paper analyzes the emergency operation on the inverter-based DG with droop control technique. To
regulate the power-sharing of DGs, the harmonized MFL droop control is employed in this study. In addition,
the optional control using proportional integral (PI) controller is used to eliminate the fluctuations in voltage
and frequency. For confiscating the influence of line impedance, the compensated frequency and voltage are

Figure 1: Exploration of micro-grid structural design
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then fed to the virtual impedance loop. Hence, the stability and power-sharing of the system is enhanced with
the assistance of this approach.

2.1 Solar PV Modelling

A PV cell is regarded as the fundamental unit, which converts the solar irradiation into DC power by
absorbing the electrons and photons in the sunlight. In this present study, one diode model is used since it
is simple and accurate. Fig. 2 illustrates the equivalent circuit of one diode model. The saturation current
of the diode [26–28] is given as,

I0 ¼ ISC;n þ K1DT

exp VOC;nþKVDT
aV t

� � (1)

The mathematical formulation of one diode model is specified as,

IPV ¼ Np � NpIs exp
q

nkT

� � VPV

Ns
þ IPVRs

NP

� �� �
� 1

� �
� NP

RP

VPV

Ns
þ IPVRs

NP

� �
(2)

2.2 Wind Turbine Modelling

Wind power is used to generate torque in the PMSG wind turbine. The torque is delivered to the
generator rotor via the generator shaft. The difference between the mechanical torque generated by the
WT and the electrical torque generated by the generator determines whether the mechanical system
accelerates, decelerates, or stays at a constant speed [29]. As it lacks a gearbox and excitation elements,
the PMSG is employed in wind power conversion systems. The WT converts wind kinetic energy to
mechanical energy with the help of the aerodynamic force generated by the rotor blades. The value of Pm

of the aerodynamic power equation can be stated as,

Pm ¼ 0:5qAv3Cp k; bð Þ (3)

Here, ρ is the air density, A ¼ pR2 represents the swept turbine blades, v represents the wind speed,
Cp k;bð Þ represents the power coefficient, which indicates the relationship between the tip speed ratio λ
and the pitch angle β. The power coefficient Cp k; bð Þ is as,

Cp k;bð Þ ¼ 0:22
116

c
� 0:4:b� 5

� �
exp � 12:5

c

� �
(4)

With
1

c
¼ 1

kþ0:089
� 0:035

b3þ1
(5)

Figure 2: Equivalent circuit of one diode model
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The tip speed ratio λ is the connection between the wind speed and the rotor speed is given by,

k ¼ xR
v

(6)

Where, x is the blades angular velocity and R is the rotor radius. It is calculated using the difference
between the generator’s real power output and the mechanical strength output without any losses as,

1

2
Jx2 ¼

Z
Pm � Peð Þdt (7)

It is feasible to calculate the value of the torque Tm operating on the shaft using the value of the
rotation.

Tm ¼ Pm

x
(8)

PMSG’s generator model is totally implemented in dq-coordinates. It denotes that the model has no AC
states [30].

usd ¼ �Rsisd � Ld
disd
dt

þ xsLqisq (9)

usq ¼ �Rsisq � Lq
disd
dt

� xsLdisd þ xswf (10)

The torque formulae for PMSG as well as the output active power of PMSG are as follows:

Te ¼ 3

2
piq id Ld � Lq

� 	þ wf

h i
(11)

Pe ¼ usqisq þ usdisd (12)

The d-axis and q-axis current and voltages respectively, are represented by isd, isq, usd, and usq. The
generator’s electrical angular frequency is xs; the inductance is Ld, Lq; the permanent flux is wf ; the
stator resistance is Rs; and the number of poles is p.

2.3 FLC for MPPT from PV System

The maximum power extraction for varying temperature and input irradiance conditions is performed by
the FLC logic which is efficient when compared to conventional algorithms for complicated approaches.
During fuzzification, the input crisp data is converted to fuzzy set using linguistic variables and
membership functions. Further IF-THEN rules are proposed with appropriate conditions and conclusions.
Finally, defuzzification is performed for the control of non-fuzzy values.

Fig. 3 represents the MPPT control approach for PV system. The maximum power point is maintained
with zero value of error signal E. The temperature and irradiance are mentioned as T and G. The disparity in
the error signal is considered as DE. The error and change in error are given by,

E ið Þ ¼ PPV ið Þ � PPV i� 1ð Þ
VPV ið Þ � VPV i� 1ð Þ (13)

DE ið Þ ¼ E ið Þ � Eði� 1Þ (14)

Here VPV and PPV denote the photovoltaic voltage and power respectively. The duty cycle of the
converter is controlled by the fuzzy factor for obtaining maximum power from the PV system.
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3 The Concept of Droop Control and Harmonic Virtual Impedance

As the conventional droop control approaches have failed to eradicate the deviations in voltage and
frequency, the harmonized MFL droop control is proposed in this paper. A 3� Pulse Width Modulation
(PWM) inverter is used in this approach. Initially, the harmonized MFL droop control acts as the primary
controller, which assists in enhancing the power-sharing ability of the DGs. Though the power-sharing is
enhanced, the deviation of voltage and frequency is not eliminated. Thus, the secondary optional
controller is utilized to fix all the voltage and current loop controllers. The P/Q theory is used to calculate
the frequency and duty ratio of primary and optional controllers.

In accordance with the current analysis, the injected power of the utility grid is given as,

S ¼ P þ jQ (15)

The real and reactive powers of the DG are specified as,

P ¼ EDGVPCC

Z
cosf� VPCC

2

Z

� �
cos hþ EDGVPCC

Z
sinf sin h (16)

Q ¼ EDGVPCC

Z
cosf� VPCC

2

Z

� �
sin h� EDGVPCC

Z
sinf cos h (17)

In Z ¼ Rþ jX , the inductance (X) is superior to the resistive value (R), which means X>>R. Thus, the
Eqs. (20) and (21) are written as,

P ¼ EDGVPCC sinf
X

(18)

Q ¼ EDGVPCC sinf� VPCC
2

X
(19)

In conditions (18) and (19), the difference between the phase angle (f) is extremely less as sinf = f and
cosf = 1. Therefore, the real and reactive power are analogized with each other. The relation between
frequency and real power is expressed as,

x ¼ xo
� � mpP (20)

Figure 3: MPPT for PV system
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The relation between voltage and reactive power is given by,

EDG ¼ EDG
� � nqQ (21)

The reference voltage, which is sent through the virtual impedance loop is explained as,

vodi;ref ¼ v�odi;ref � RVi:iodi � XVi:ioqi
� 	

(22)

voqi;ref ¼ v�oqi;ref � RVi:ioqi þ XVi:iodi
� 	

(23)

The virtual harmonic impedance is given by,

V �
DG h sð Þ ¼ �Zk h:IDG h sð Þ (24)

The harmonic virtual impedance of DG at the PCC is given by,

IDG h ¼ VDG h � VPCC hð Þ
ZDG h

(25)

ZDG h equið Þ ¼ �VPCC h

IDG h
(26)

3.1 Primary Controller

Primary controller comprises of inner loops of DC/DC converters and AC/DC converters whereas droop
control consists of basic power-sharing in power electronic converters. Inner loops regulate the AC current in
synchronous rotating frame in AC/ DC converters using 3� Voltage Source Inverter (VSI) based on vector
control (dq-frame). The linear controllers modify current in the dq domain and output dq voltage needs after
converting observed currents from three phase stationary frame to synchronous rotating frame. The block
diagram of the inner loop of voltage and current regulation is shown in Fig. 4.

Figure 4: Block diagram of inner loop control
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As a result, the VSI is capable to control real and reactive power. The voltage and current control modes
are two different types of DC/DC converters. The voltage control mode establishes a voltage reference and
functions as a variable voltage source whereas the current control mode acts as a controllable current source.
The output current is regulated to match the reference value.

3.2 Secondary Controller

The ability of power-sharing is enhanced by the primary control but it fails to eradicate the deviations in
frequency and voltage. To eliminate this fluctuation, the secondary control is instigated in this approach. The
ultimate aim of this controller is to re-establish the voltage and frequency level with the aid of the droop
control operation. As all the DG units are in a consistent level, the system is operated by the reference
value through the DG units. The common multi-agent system is expressed as,

x�
:

i
¼

X
j2 G;við Þ

aij x
�
j � x�i

� 	
(27)

4 Proposed Harmonized MFL Droop Control Method

The harmonized MFL droop control is employed to improvise the power-sharing of DGs in real time. As
adaptive PI controllers are hard to calculate multi-input variables with multi-objective control, the
harmonized MFL is used in technical applications. It operates based on equal power-sharing as,

mp1 ¼ mp2 ¼ . . . :: ¼ constant (28)

Here, P1, P2 are the s power output of RERs

During the occurrence of sudden power decrease in the RERs, the harmonized droop coefficient has to
be tuned to compensate the output power. The power deviation (ΔP), which reflects power fluctuation, and
the power balance (η) that represents the stability and power-sharing of the emergency micro-grid are the two
most important factors in choosing a droop coefficient (mp). It is possible to design MFL by requiring the
power deviation (ΔP), power balance (η), updating the droop coefficient (mp). Because of its simplicity,
the triangular Membership Function (MF) is commonly employed in fuzzy logic systems. The result of
triangle MF is almost certainly a point value, in which a given input value correlates to a different
inaccurate output value. In contrast, the trapezoidal MF allows different input intervals to correspond to
different outcomes that are ideal for droop coefficient regulation because it is impossible to frequently
adjust the droop coefficient. The design of harmonized MFL droop control is shown in Fig. 5.

Figure 5: Design of harmonized MFL droop control method
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Two input variables, such as power deviation (ΔP) and power balance factor (η), are chosen in this
diagram. The expression for the power balance factor (η), is:

g ¼
Pn

i�1 PGNi

PL
(29)

The expression of power deviation (ΔP) is given by,

DPG ¼ PN ;tþ1 � PN ;t

PN ;t
(30)

The linguistic variables are noted as negative high (NH), negative medium (NM), negative low (NL),
zero (Z), positive low (PL), positive medium (PM) and positive high (PH). For example, the trapezoidal
MF for power deviation (ΔP) of negative high (NH) is written as,

0;DPG � DPGmin
DPG�DPGmin

DPGNHmin�DPGmin
;DPGmin ,DPG,DPGNHmin

1;DPGNHmin ,DPG,DPGNHmax
DPGmax�DPG

DPGmax�DPGNHmax
;DPGNHmax ,DPG,DPGmax

0;DPGmax .DPG

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(31)

The proposed fuzzy inference system is represented in Fig. 6. It has two input variables (power deviation
(ΔP) and power balance factor (η)) and one output variable (droop coefficients (mp)).

With the aid of fuzzy inference system, the defuzzification Dmp is developed. This is added to the droop
coefficient as,

mp;function ¼ mp0 þ Dmp (32)

Figure 6: Proposed fuzzy logic inference system
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From these figures, the MF values for the input variables of power deviations are noted as DPmin = −0.9,
DPNHmin = −0.6, DPNHmax = −0.5, DPmax = −0.4 and the MF values of the power balance factor are noted as
gmin = 0.1, gNHmin = 0.2, gNHmax = 0.3, gmax = 1.

The Output variable of droop coefficient MF is clearly portrayed in Fig. 7. Fig. 8 shows the control
surface of the proposed MFL, which summarizes the behavior of the fuzzy inference system, where
droop coefficient is adjusted based on the power balance factor (η) and power deviation (ΔP). It makes
evident that the power deviation (ΔP) takes an important role into the performance of the system that is
why the fuzzy inference system tries to reduce the power deviation (ΔP) but it does not try to eliminate
the power deviation (ΔP).

The droop coefficient (mp) is increased or lowered depending on the power balance (η) and the power
deviation (ΔP). The droop coefficient (mp) has to be reduced when the power balance (η) is low so that the
RER can deliver higher power output since the output power can be as high as the maximum value.
Otherwise, the system may be stable when the power balance (η) is high, and the droop coefficient (mp)
should be changed mostly based on the power deviation (ΔP). When the power balance (η) is in the
middle (0.4 < η < 0.6), both of these parameters will influence the mp adjustment. Tab. 1 denotes the
rules of fuzzy inference system.

Figure 7: Output variable of droop coefficient MF

Figure 8: The surface of MFL
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By substituting the Eq. (33) in (22), it is written as,

x ¼ x�
o � mp;functionP (33)

Therefore, it is applied to regulate the output of the real power-sharing.

5 Results and Discussion

A harmonized MFL droop control based micro-grid system is introduced in this work for enhancing the
power-sharing of DGs in the emergency mode. The implementation of PMSG aids in eliminating the
disruptions in the process of wind power generation whereas the implementation of PI controller assists
in excluding the oscillations in voltage and frequency. The entire system is validated in MATLAB
simulink and the outcomes are evidently portrayed in the subsequent section. The parameter
specifications are listed out in Tab. 2.

Table 1: Optimized rule-based fuzzy logic

Power balance factor

Power deviation

Droop coefficient NH NM NL Z PL PM PH

NH PH PH PH PM PM PL Z

NM PH PM PM PM PL Z NL

NL PH PM NH PL Z NL NM

Z PM PM PL Z NL NM NH

PL PM PL Z NL NL NM NH

PM PL Z NL NM NM NM NH

PH Z NL NM NM NH NH NH

Table 2: Parameter specifications

Parameters Specifications

Maximum power voltage (IMAX Þ 2:11A

No. of cells in parallel (NP) 17

Open circuit voltage (VOC) 21:5V

Maximum power voltage (VMAX ) 17:1V

No. of cells in series (NS) 3

Short circuit current (ISC) 2:55A

Maximum power (PMAX ) 36W

mp1, mp2 2.18 e−5, 2.18 e−5

Kp1, Kp2 1, 50

Rvi, Lvi 0.1 Ω, 1.8e−3 mH
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In consideration with the irradiation level, the PVoutput voltage gets varied because the fluctuations in
the solar irradiations greatly affect the process of power generation. Fig. 9 clearly depicts the oscillations in
the irradiance level of solar energy.

The aforementioned waveforms in Fig. 10 portrays the output current and voltage of converter. The
waveforms validate that the initial fluctuations in the output voltage is eliminated after 1:2 s and further a
constant voltage of 600V is maintained. Consequently, the current faces initial oscillations in the output
and after the time of 1:2 s, a constant current is maintained with the value of 0:9A.

The proposed approach enables the constant regulation of DC link voltage by the fuzzy MPPT control
approach and the link voltage is maintained stable as portrayed in Fig. 11. Thus, it is validated that a constant
voltage of 600V is attained after the time of 1:2 s which enables effective grid synchronization.

Figure 9: Irradiance of PV

Figure 10: Performance of system under converter ratings (a) Output voltage (b) Output current
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The waveforms in Fig. 12 have highlighted the output voltage of both the PMSG and wind rectifier and it
is proven from this figure that the voltage of PMSG differs from þ600V to� 600V whereas the initial
disruptions in voltage of wind rectifier is settled at 600V after the period of 1:2 s.

The waveform representing the inverter output voltage is evidently illustrated in Fig. 13 and it is noted
from this figure that the waveform gets fluctuated in the initial stage but it turns as constant and the voltage of
600V is attained after the period of 1:2 s. Thus, it is clear that the constant output is obtained with the aid of
the proposed approach.

The waveforms indicating the current and voltage of load are significantly displayed in Fig. 14, which
shows the current in transition from grid-connected to emergency mode and voltage in transition from
emergency mode to grid-connected mode. Also highlighted that the current gets varied
from þ2:5V to 2:5V and the spike in the initial period is settled after 1 s whereas the voltage gets varied
from þ350V to� 350V .

Figure 11: DC link voltage

Figure 12: (a) Output voltage of PMSG (b) Wind rectifier
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The compensation of real and reactive power is remarkably achieved in this study, which is evidently
signified in Fig. 15. The initial disruptions in the reactive power is constantly retained as portrayed in the
waveform whereas the constant real power is achieved without any oscillations.

Figure 13: Performance of the proposed harmonized MFL droop control with inverter output voltage

Figure 14: Performance of (a) Current in transition from grid-connected to emergency mode (b) Voltage in
transition from emergency mode to grid-connected mode

Figure 15: Real and reactive power-sharing using proposed harmonized MFL droop control
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The ultimate motive of minimizing the THD value is remarkably achieved in this study, which is
significantly highlighted in Fig. 16. The contribution of both the traditional and proposed harmonized
droop control in minimizing the THD is validated through this Figure, which shows that the total THD of
4:65% is attained by the traditional approach whereas the proposed droop control approach delivers the
less THD value of 3:1%:

5.1 Hardware Results

The experimental validation of this entire study is significantly provided in the subsequent section and
the hardware prototype of this work is clearly portrayed in Fig. 17. The hardware program is carried out in
Spartan 6E controller and the outcomes are provided with prior validation.

Based on the irradiation changes, the PV delivers the low output voltage with fluctuations as highlighted
in Fig. 18 and this output is fed as the input of the converter, which assists in maximizing the voltage in a
wider range.

Figure 16: THD at proposed droop control

Figure 17: Hardware prototype
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The converter generates optimum output voltage and the voltage is constantly maintained without any
oscillations, which is significantly portrayed in Fig. 19. Through the figure, it is validated that the
contribution of the proposed converter in the process of maximizing the link voltage is remarkably high.

As depicted in Fig. 20, the output of PMSG is attained with disruptions in consideration with the wind
speed and so the fluctuations in this output have to be constantly maintained for receiving the optimal
outcomes. The disruptions in the wind waveform have to be eliminate to enhance the overall operation of
the system.

The significance this PWM rectifier in the process of regulating the PMSG output is highly remarkable
because it eliminates all the oscillation in the output and retained it as constant as highlighted in Fig. 21. From
the Figure, it is noted that the rectifier delivers the stable output without any disruptions, which in turn
enhances the overall functioning of the system.

Figure 18: Output voltage of PV with fluctuations

Figure 19: Test results for converter output voltage
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The waveform indicating the VSI output is significantly depicted in Fig. 22, which validate that the
obtained outcome is highly optimal since it compensates the grid voltage without any disruptions. Thus,
the enhanced output of VSI is acquired through the implementation of the introduced approach.

Figure 20: Output voltage PMSG with disruptions

Figure 21: Test results for rectifier output voltage

Figure 22: Grid voltage occurs without disruptions
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The waveforms representing the 3� voltage and current are evidently portrayed in Fig. 23, shows the
voltage in transition from emergency mode to grid-connected mode and current in transition from grid-
connected mode to emergency mode. This can significantly proves that both the current and voltage are
constantly retained with the assistance on the proposed methodology. The waveforms are attained without
any fluctuations, which clears that the interruption free outputs are achieved for providing optimal operation.

The process of minimizing the THD value is regarded as one of the prime objectives of this study, which
is effectively accomplished with the aid of the proposed approach since it delivers less THD value of 3.6% as
specified in Fig. 24. The comparative evaluation is carried out between the introduced control method and
other approaches, which evidently validates that the MFL based harmonized droop control effectively
performs in the THD minimization process since it delivers lesser THD value of 3:1% as specified in
Fig. 25. It is comparatively better than the other control approaches and so it is proved that the overall
ability of this approach is significantly high.

Figure 23: Experimental results of (a) Voltage in transition to grid-connected mode (b) Current in transition
to emergency mode

Figure 24: FFT plot of THD reduction using proposed harmonized MFL droop control
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6 Conclusion

The implementation Harmonized MFL based droop control in the micro-grid system for maximizing the
capability of power-sharing and stability as it is enveloped with multiple beneficial measures. The simulation
and experimental results show the improvement of power-sharing with droop control among the DG units
and the following observations have been noted in the analysis.

� Regulating the output power of the RE sources in consideration with the load fluctuations in PCC.

� The implementation of PMSG is preferred for eliminating the disruptions in the generation of wind
power.

� The oscillations in the voltage and frequency are minimized with the aid of PI controller.

� The THD level is 3.1%, which falls within the acceptable limit which is reduced compared to the
traditional droop control.

Therefore, the control strategy has been simulated, which validates that the feasibility of the proposed
droop control is highly effective as it delivers optimal power-sharing with less THD.
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