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Abstract—Power flow control is one of the major issues in
parallel connected inverters of an isolated microgrid. Droop
control is considered to be the well-known method for managing
power flows between micro-grid converters in decentralized
manner. In this work, the fuzzy logic based improved droop
control technique is developed to control the power flow between
voltage source inverters connected in wind and solar photovoltaic
(PV) based isolated low voltage AC microgrid. A proportional
resonant (PR) voltage and current controllers are designed to
control the current and voltage output of the voltage source
inverter (VSI) connected with the dc battery. In the proposed
micro-grid model, one battery is associated with wind turbine
generator (WTG) system and another battery with PV system.
The fuzzy logic controller (FLC) adjusts the droop coefficient
values of the VSI connected with each DC battery according to
its state of charge (SOC) and the power difference between total
load and renewable generation. This technique demonstrates the
robustness of the control system even in sudden load change
condition and improves the system frequency response in wind
and PV based isolated microgrid.

Index Terms—Power sharing, Photovoltaic and wind power
sources, Computational intelligent, Fuzzy logic, Isolated mode,
Microgrid

I. INTRODUCTION

Today, an estimated 17 % of the world population, or 1.2 bil-

lion people, live without access to electricity, and 80% of these

people live in rural area [1]. Isolated microgrid with renewable

energy sources and battery storage system is an adequate

solution to supply power in such remote places where access

to a large interconnected grid is limited [2]. Among various

renewables, wind turbine generation (WTG) and Photovoltaic

(PV) systems are expected to play important roles as clean

sources in meeting future demand. The combination of wind

and PV is more economical to run and provide better reliability

[3]. The weakness of one system can be compensated by the

strength of the other. Such combination improves the overall

economy and reliability of renewable power generation. In iso-

lated hybrid system, the renewable sources and energy storage

systems are connected in a common AC bus through power

electronics converters. For inverter based isolated microgrid,

the control objective is to achieve accurate power sharing while

maintaining system frequency and voltage within acceptable

range of operation. The droop control is widely accepted

technique used to obtain accurate load sharing among parallel

inverters, without communication system. Droop control loops

( P - ω and Q - E droops ) have been applied to connect

inverters in parallel in uninterruptible power supply (UPS)

system to obtain good power sharing [4], [5]. Since this

technique does not need any control wire connection, it is often

known as wireless or independent parallel control [6]. With

this technique, however, power sharing is obtained through

voltage and frequency deviation of the system. That means

the output frequency and voltage magnitude drop when the

active and reactive power delivered by the inverter increases

[7]. Thus, the purpose of droops is to keep power balance

and to control the voltage and the frequency in the isolated

microgrid.

A droop control is generally applied for multi-converter

based isolated microgrid system using proportional integral

(PI) controllers in voltage and inner current control loops.

PI controller has several drawbacks. It is not able to track a

sinusoidal reference without steady state error so voltage feed-

forward term is needed to obtain good dynamic response [8].

Synchronous frame PI controller with voltage feed forward

needs d-q transformation which increases the computation

burden. Also, the imperfect compensation action of the feed

forward control ultimately results in high harmonic distortion

of the current. These problems are mitigated by using sta-

tionary frame proportional resonant (PR) controller that easily

tracks reference signals and eliminates steady state errors in

resonant frequency [9]. The complete design guidelines for

PR controller based inner current/voltage loop is presented in

[10].

A comprehensive overview on various computational intel-

ligence (CI) applications in different contexts of power grid

is presented in [11]. Fuzzy logic system is one of the CI

technique that can combine regulation algorithms and logical

reasoning to facilitate the control of complicated and uncertain

system [12]. The fuzzy logic controller (FLC) is developed

to improve the dynamic performance of the isolated wind

and diesel hybrid microgrid in [13]. In this work, FLC is

used to control the thyristor switches of additional sets of

three phase resistive load connected in the network for the

purpose of frequency control. The fuzzy logic based pitch

angle controller is developed in [14] for reducing the output

power fluctuation of WTG system in order to reduce the

frequency fluctuation of isolated microgrid. The optimal load

sharing control between multiple inverters connected in smart



house is achieved in [15] using droop control and fuzzy

control methods. The optimal load sharing is achieved by

changing the droop characteristics of each inverter connected

to PV system, storage battery, and electric vehicle (EV) in

smart home. The proper load current sharing is achieved using

FLC in [16] for parallel DC-DC converter operation in low-

voltage DC microgrid. In this method, the FLC calculates the

virtual resistance instantly, based on output voltage deviation

of converters, providing proper load current sharing, improving

load voltage and decreasing circulating current between the

converters.

In this paper, FLC adjusts the droop coefficient values of

the VSI connected to each DC battery of PV and WTG

systems of an isolated microgrid. As a result, VSI connected

to each battery system share the load according to the SOC

of the battery, renewable generation and load profile. In this

case, the FLC calculates the adjustment factor that is used

to update droop coefficient value. The batteries connected to

each renewable generation share the load according to their

updated droop coefficients. This method is tested in a low

voltage AC connected wind and PV based isolated microgrid.

The simulation results validate the advantages and importance

of FLC for the better performance of wind and PV based

isolated microgrid.

The rest of the paper is organized as follows: Section II

describes the microgrid system model with renewable energy

sources. The microgrid control system structure along with

FLC is explained in section III. The simulation result is

presented and discussed in section IV. Finally, the conclusion

is drawn based on result.

II. SYSTEM MODEL WITH RENEWABLE ENERGY SOURCES

The system block diagram of an AC isolated microgrid

model is depicted in Figure 1, which consists of WTG and

solar PV generation system along with inverter interfaced

batteries. Each renewable source is connected to the common

AC bus through power electronics converters. As the WTG and

solar PV sources operate under maximum power point tracking

(MPPT), they can be emulated as three-phase current sources

feeding directly to the loads, and the inverter interfaced battery

acts as a voltage source that controls the AC bus voltage.

Each battery is associated with each renewable generation.

One battery is connected to PV generation and another is

connected to WTG system. Each configuration (PV+ESS or

WTG+ESS) is connected to a common AC bus. The different

droop coefficients are assigned to different batteries in order

to share the load differently. The VSI control mechanism

regulates the magnitude and frequency of the system voltage.

In this system model, batteries play important role to guar-

antee a continuous supply of power. A battery is charged when

total renewable generation is higher than total load demand.

Whereas, it is discharged when total renewable generation is

lower than total load demand.

Fig. 1. Hybrid wind and solar PV based stand-alone microgrid model with
battery

A. Renewable Energy Sources Modeling

The output power from renewable energy sources depends

on the weather conditions. The power from WTG mainly

depends on wind speed, whereas power from solar PV depends

on the intensity of incident radiation. These renewable energy

sources can be emulated as controlled current sources. In our

system model, WTG and solar PV systems are modeled using

three controlled current sources that have no inertial response

and thus providing easier implementation and faster simulation

processes.

The inputs to the wind module are the wind speed values

followed by wind turbine power curve and instantaneous

values of the reference three-phase voltage.

Fig. 2. Per Phase Wind System Model

Similarly, the inputs to the PV module are the percentage

of normalized irradiance value, the peak PV size, and the

instantaneous value of the reference three phase voltage.

Fig. 3. Per Phase PV System Model

In both modules, the efficiency of the system is assumed to

be 100% and reference voltage is the common AC bus voltage

of the microgrid system to which WTG and solar PV have to



be connected. This voltage provides the phase information for

the WTG and PV solar system, so that the output voltage (or

current) of both modules are in the same phase as the reference

voltage. The phase information can be obtained with the help

of phase locked loop (PLL).

III. CONTROL SYSTEM DESIGN

The battery is connected to a common AC bus through a

bidirectional converter known as voltage source inverter (VSI).

VSI can generate the sinusoidal voltage waveform of desired

frequency and voltage magnitude. The block diagram of VSI

controller with droop control loop is shown in Figure 4.

Fig. 4. Control block diagram for VSI with droop control

The VSI controller consists of three control loops: current

control loop, voltage control loop and droop control loop.

Current control loop is the loop around the filter inductor and

VSI, which acts as control current source and regulates the

output current from the VSI. Voltage control loop is around

the filter capacitor and VSI, which behaves like a controlled

voltage source and controls the output voltage from VSI. The

droop control loop generates voltage magnitude and frequency

reference set points for generation of the reference three-

phase voltage. The three-phase system is modeled as two in-

dependent single phase systems using Clarke’s transformation

principle (abc to αβ). The LC filter is connected to the output

of VSI to eliminate the current ripples caused by switching of

the inverter.

1) Droop Loop Design: According to the droop principle,

control of frequency dynamically controls the power angle,

and, thus, the real power flow. The principle also states that

control of difference in voltage magnitude controls the reactive

power flow from the inverter. When the load increases in a

micro-grid, active power and reactive power output from the

inverter has to be increased. As a result, the system frequency

and voltage level drops due to droop characteristics. The droop

lines for active and reactive power control is illustrated in Fig.

5 and described by equations (6 and 2). The acceptable range

for frequency and voltage drop can be defined to maintain

the frequency and voltage of such remote micro-grid within

pre-defined limits.

ωref = ωnL +mP (1)

Vref = VnL − nQ (2)

where ωref and Vref are angular frequency and voltage

magnitude references respectively, ωnL and VnL are no load

angular frequency and no load voltage, respectively. P0 and Q0

are output active and reactive power respectively, and m and

n are the active and reactive droop coefficients respectively.

Fig. 5. Droop lines for active and reactive power

When two inverters are connected in parallel, they share the

portion of the active power according to their droop coefficient

values. The active droop lines for two parallel inverter is shown

in 5. Let’s assume that the slope of droop line of active power

for the first inverter (m1) is higher than that of the slope of

the second inverter (m2). The active power shared by these

inverters can be expressed as:

ΔP1 = P
′
1 − P1 =

Δf

m1
(3)

and

ΔP2 = P
′
2 − P2 =

Δf

m2
(4)

Therefore,
ΔP1

ΔP2
=

m2

m1
(5)

Equation 5 shows the droop coefficient ratio of the two

inverters is inversely proportional to their power sharing ratio.

Thus, the inverter with lower droop value would take large

amount of load and inverter with higher droop value would

take less amount of load.

The basic operation of the droop control block is to provide

voltage magnitude and frequency reference. First, output volt-

age and current of the inverter are used to compute instanta-

neous active power (P) and instantaneous reactive power (Q) in

α β reference frame. Next, average active and reactive power

corresponding to the fundamental component are obtained by

means of low pass filter. Finally, the droop equations (6 and

2) are used to compute reference parameters to generate three

phase reference voltage. All the steps are shown in Figure 7.

Fig. 6. Droop controller block diagram



The three-phase reference voltage signal is generated from

voltage magnitude and frequency reference obtained from the

droop controller loop. It is then compared with the measured

three-phase voltage signal. The compared value fed into the

controller to obtain the sinusoidal control signal for the PWM

of the inverter.
2) Fuzzy Logic Controller: Fuzzy logic is a precise problem

solving methodology that is based on how human thinks. The

FLC converts a linguistic control strategy based on expert

knowledge into an automatic control strategy [17]. FLC is

able to simultaneously handle the numerical data and linguistic

knowledge. It facilitates the control of complicated system

without knowledge of its mathematical description [18]. Fuzzy

logic consists of four main parts: fuzzification, rules, inference

engine and defuzzification. First step is fuzzification in which a

crisp set of input data are collected and converted into a fuzzy

set using fuzzy linguistic terms and membership functions.

Second step is to make an inference using set of rules. The

rule is constructed to control the output variable of FLC. A

fuzzy rule is simply IF-THEN rules with the condition and

conclusion. Last step is defuzzification in which the resulting

fuzzy output is mapped to a crisp output using the membership

functions [19]. Defuzification can be performed according

to the membership functions of output variables. There are

various method of defuzzification such as center of gravity,

center of gravity for singletons, left most maximum and right

most maximum. Among them center of gravity method is

highly popular.
In this case, FLC adjusts the droop coefficient values of

the VSI controller based on SOC of the battery and the

power difference between total renewable generation and load

demand.

Fig. 7. Fuzzy Logic controller

The FLC has five input triangular membership functions

for SOC of the battery: very small (VS), small (S), medium

(M), big (B), very big (VB). Also, for input normalized power

deviation has seven triangular membership functions: negative

big (NB), negative small (NS), zero (ZR), positive small (PS),

positive medium (PM), positive big (PB). The output also has

seven membership functions: NB, NM, NS, ZR, PS, PM, PB.
The FLC provides the seven different thirty five output

values which adjusts the droop coefficients values of two

different inverters so that they can share the load according

to their SOC and the power deviation in micro-grid. The FLC

output is represented by β whose values range between -1 and

1. This adjustment factor can be incorporated in the droop

Fig. 8. Membership function for SOC

Fig. 9. Membership function for power deviation

equation so that active droop equation can be modified as

follows:

ωref = ωnL + (
m

β
)P (6)

Thus, the amount of power shared by battery in each

renewable source depends on the value of β . The battery is

charged when β is positive and discharged when β is negative.

IV. SIMULATION RESULT

The isolated microgrid system model presented in figure 1

was used for the test system. The microgrid model consists of

10 kW of WTG system and 8 kW of PV generation system.

Both renewable energy sources were emulated through three-

phase controlled current sources. The maximum power from

the first inverter and second inverter are assumed to be 7000

Watt and 15000 Watt respectively. The maximum allowable

frequency change is assumed to be ±2% of nominal frequency.

Based on those information, the droop coefficients for both

VSIs can be calculated. The simulation was run for 1 s in

MATLAB/SIMULINK. Load is increased from 19 kW to 22

kW at t= 0.5 sec. Throughout the simulation time, the output

power from the renewable energy sources is assumed to be

constant. The output power from the renewable sources and

the step change in load power is depicted in figure 11. The

red line shows the step change in load. The black and blue

lines show the output power from WTG and PV generation

systems respectively.

A. Case I: Battery 1 with 100% SOC and Battery 2 with 60%
SOC

In this case, the two batteries with PV and WTG systems

are set to have SOC of 100% and 60% respectively. Since,

the available total renewable generation is 18 kW, 1 kW load

is shared by two batteries up to t= 0.5 sec. As the load is

increased to 22 kW after t=0.5 sec, two batteries share 4 kW



Fig. 10. Step change of load and renewable generation

of deficient power. The active power shared by both batteries

is shown in Figure 11. The black and red lines represents

the active power shared by the battery one with 100% SOC

and battery two with 60% SOC during load change condition.

In this condition, the droop adjustment factors are found to

be 0.66 and 0.39 for batteries in the PV and WTG systems

respectively.

Fig. 11. Output power from batteries when battery 1 with 100% SOC and
battery 2 with 60% SOC

The first and second batteries provide 450 W and 550 W

active power during 1 kW of deficit power and 1650 W and

2350 W of deficit power during 4 kW of deficit power in the

microgrid system. The sharing ratio is approximately same in

both cases.

B. Case II: Battery 1 with 60% SOC and Battery 2 with 100%
SOC

In this case, the SOC of first battery is reduced and SOC

of second battery is increased. The SOC of first and second

batteries are set to 60% and 100% respectively. The active

power shared by both batteries is depicted in Figure 12. In this

condition, the output from the FLC (β) is found to be 0. The

active power shared by batteries one and two is represented by

black and red lines respectively. In this case also, the sharing

ratio is found to be approximately equal before and after load

change. The amount of power shared by both batteries is also

provided in 12.

Fig. 12. Output power from batteries when battery 1 with 100% SOC and
battery 2 with 60% SOC

After conducting the simulations for two different cases, the

output power from each battery is compared with different

SOC at different load conditions. Batteries are able to share

the load according to their SOC and deficit amount of power in

the system. Output power from each battery with 100% SOC

and 60% SOC is shown in figure 13 and 15. In this condition,

the values of droop adjustment factors are found to be 0.39 and

0.66 for batteries in the PV and WTG systems respectively.

Since the deficient power is 1 kW before and 4 kW after t=

0.5 sec, the batteries have to supply required amount of power

to balance generation and consumption.

Fig. 13. Output power from battery with PV system

It can be clearly seen that battery with 100% SOC provides

more power than battery with 60% SOC. The designed control

system is able to share the load according to the amount of

deficit power in the system and available energy in the battery.

With the help of fuzzy logic controller the power sharing

between parallel inverters connected to storage systems is

improved. It is observed that the drooping of frequency is

higher if SOC of the batteries and deficient and sufficient

power in the system is not considered. The black line shows

the frequency response without fuzzy logic controller and the



Fig. 14. Output power from battery with WTG system

Fig. 15. Comparison of frequency response with and without fuzzy controller

red line shows the improved frequency response with the help

of droop controller.

V. CONCLUSION

In this paper, the droop coefficients are adjusted in the

storage systems of wind and PV-based isolated microgrid using

FLC. The improved power sharing between storage systems

are achieved considering the SOC of the battery and power

difference between total load and renewable generation. The

FLC is able to adjust the droop coefficient according to the

energy available in the battery and deficient and surplus power

in the system. Batteries can supply high amount of power with

high SOC and low amount of power with low SOC. This

means the SOC level affects the active power contribution

from each battery in order to balance supply and demand.

The FLC adjusted the droop coefficient of PR controller of

storage system thereby improving the frequency response of

the system by 0.067%. In order to improve the accuracy of the

result, multiple test cases could be conducted for frequency

comparison. This technique showed robustness even in the

case of sudden load change conditions.
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