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Abstract: The proposed islanded hybrid renewable energy system integrates a photovoltaic array, a wind turbine, and a Battery at the
Point of Common Coupling. Initially, the PV and wind inverters are controlled using a Fuzzy Logic Controller, which utilizes the DC-link
voltage, DC power, and AC power as input variables to generate PWM gating signals for the inverters. These signals controls the inverter
output voltage, frequency, and power delivered to the PCC. However, the performance of the conventional FLC depends heavily on
predefined membership functions and expert-designed fuzzy rules, limiting its adaptability under varying operating conditions. To
overcome these limitations, an Adaptive Neuro-Fuzzy Inference System is proposed. The ANFIS is trained with the backpropagation
algorithm with FLC generated data, enabling automatic tuning of the controller parameters. Consequently, the proposed ANFIS based
controller improves control accuracy, enhances active power transfer from the PV array, wind turbine, and BESS, and significantly
reduces total harmonic distortion, resulting in superior power distribution and under varying operating conditions of the environment.
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Nomenclature
IMS Islanded microgrid system
FLC Fuzzy logic controller
MPPT Maximum power point tracking
PV Photo voltaic
ANFIS | Adaptive neuro fuzzy inference system
PCC Point of common coupling
P& O Perturb & Observe
BESS Battery energy storage system
PMSG Permanent magnet synchronous generator
VSI Voltage source inverter

1. Introduction

As renewable energy sources are being used more widely in
electrical power systems, advanced control strategies are
required to keep hybrid energy systems operating reliably and
efficiently. In this context, islanded microgrids have emerged
as a significant solution for modern power systems. By
operating independently of the main utility grid, they can
provide a continuous and reliable power supply to local loads
using distributed energy resources [1,2]. Islanded microgrids
provide an efficient platform for integrating hybrid energy
resources such as PV array, wind turbines and battery. Clean
energy contributes to lowering fossil fuel consumption while
supporting sustainable power generation. Islanded microgrid
systems (IMS) are particularly beneficial in remote and rural
regions where extending the conventional utility grid is
technically difficult and economically costly [3,4]. By
generating electricity close to the point of consumption, they
offer a reliable, practical, and cost-effective solution for
supplying power to isolated communities [5,6].
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Figure 1: Schematic diagram of Islanded Microgrid system

Bauery System

The hybrid system integrates a PV array, wind turbine, and
battery energy storage system (BESS) at the point of common
coupling (PCC) as shown in Fig.1 [7,8]. The PV array is
interfaced with the boost converter and a voltage source
inverter (VSI) [9,10]. A perturb & observe (P & O) based
maximum power point tracking (MPPT) algorithm is used to
extract maximum solar power [11]. A fuzzy logic controller
(FLC) utilizes the DC-link voltage (Vdc) and active power
variation (AP) as input variables. Based on a predefined rule
base, the controller generates the reference AC voltage (Vac)
and frequency signals for inverter operation.

The wind turbine is mechanically coupled to a permanent
magnet synchronous generator (PMSG) to produce variable-
frequency AC power [12,13]. The rectifier converts AC
output voltage into DC output voltage. A P&O based
algorithm is employed to extract the maximum power from
the wind turbine. The MPPT controller generates the
switching signal for the boost converter, which regulates the
DC-link voltage. The inverter is controlled by a FLC, which
uses the DC-link voltage (Vdc), DC power (Pdc), and AC
power (Pac) as input signals. Based on these inputs, the FLC
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produces PWM gating pulses for the inverter to deliver the
required voltage and active power to the point of PCC.

The BESS is connected to a bidirectional boost converter,
whose output is fed to the inverter [14,15]. A PID controller
is employed to regulate the inverter operation by generating
the required switching signals. The inverter supplies the
required AC voltage and active power to the PCC. The BESS
supports the microgrid by maintaining voltage stability,
compensating for power variations, and sharing the load
demand.

The hybrid microgrid produces variable power due to
changing renewable energy availability, changing solar
irradiance, wind conditions, and battery operating limits. An
energy management system coordinates the PV array, wind
turbine, and battery to maintain a balanced power supply
[15,16]. Excess renewable energy is stored in the battery
during high-generation periods, while stored energy is
utilized during power shortages. The coordinated control of
PV, wind, and battery systems enables efficient power sharing
and stable microgrid operation. Intelligent control techniques
maintain voltage and frequency within acceptable limits
while minimizing power quality issues.

Conventional droop control is a traditional decentralized
primary control technique widely employed in islanded
microgrids to share power among distributed generation (DG)
units [17]. However, it suffers from voltage and frequency
deviations, inaccurate reactive power sharing due to line
impedance mismatches, and slow dynamic response under
load variations [18].To improve system stability and power
quality, virtual impedance-based techniques such as virtual
resistance and virtual conductance are employed [19, 20]. A
Fuzzy Logic Controller (FLC) based control scheme is
proposed to manage fluctuations in generation and load,
providing greater adaptability and superior performance than
conventional PI controllers [21,22].

The subsequent sections of this article are arranged in the
following manner, Section 2 presents the overall concept of
an FLC based voltage, frequency control and power angle
control in IMS, the Section 3 presents proposed model of
ANFIS implementation in IMS, architecture of back
propagation algorithm, training of ANFIS and data sets, the
Section 4 demonstrates results and comparative analysis
fuzzy and ANFIS control strategies, the Section 5
summarizes the conclusion and future scope.

2. Existing Control strategies

The PV generation system employs an MPPT controlled
boost converter to maximize solar energy extraction and
maintain the DC-link voltage as shown in Fig.2. A voltage
source inverter interfaced with a fuzzy logic controller
regulates the PCC wvoltage and system frequency by
dynamically adjusting the inverter control signals using
voltage and frequency control method [23]. Consequently, the
system achieves enhanced voltage stability, frequency
regulation, and power quality under fluctuating solar
irradiance and load conditions.

PCC

Figure 2: Schematic diagram of voltage and frequency
control

The wind system consists of PMSG, Boost converter, and
inverter as shown in Fig.3 [24,25]. The FLC is used to
regulate the power angle during variations in renewable
power generation. The reference power obtained from the
MPPT algorithm is compared with the measured active power
to calculate the power error. This error, along with the
terminal voltage and system frequency, is provided as input
to the controller [23]. Based on these inputs, the controller
generates the reference AC voltage for the inverter, enabling
power sharing under changing environmental conditions.

Figure 3: Schematic diagram power angle control scheme

Fuzzy logic controllers are widely used in renewable energy
systems because they can effectively control nonlinear
systems without requiring an accurate mathematical model.
However, their performance mainly depends on the selection
of membership functions and fuzzy rules, which may not
provide the desired response under changing operating
conditions. To overcome these limitations, an ANFIS is
employed, automatically learns and updates the fuzzy rule
base using training data, reducing the need for manual tuning.
As a result, it improves controller adaptability, enhances
dynamic performance of the system.

3. Development of ANFIS controller for IMS

An Adaptive Neuro-Fuzzy Inference System (ANFIS)
controlled methodology is proposed to use inverters, which
improves voltage regulation, frequency, and power control
under different operating conditions. The ANFIS controller is
trained using system data sets and subsequently employed for
inverter switching and power regulation. Compared with the
traditional FLC, the proposed ANFIS approach provides
faster dynamic response, reduced steady-state error,
improved DC-link voltage regulation, enhanced active and
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reactive power management, and better system stability under
varying renewable energy and load conditions. Therefore,
ANFIS offers a more intelligent and adaptive control solution
for modern hybrid renewable energy systems.

Figure 4: Overall block diagram of the system
3.1 Architecture of ANFIS

The Adaptive Neuro-Fuzzy Inference System (ANFIS)
combines the human-like reasoning capability of fuzzy logic
with the adaptive learning ability of artificial neural networks.
In an islanded microgrid, ANFIS is employed to generate an
appropriate control signal by continuously adapting its
parameters according to system operating conditions. The
controller consists of five computational layers, where each
layer performs a specific function in the fuzzy inference
process as shown in Fig.5.

In the proposed architecture, two input variables are applied
to the ANFIS controller. Each input is represented by three
membership functions, producing nine fuzzy rules. These
rules are evaluated through the network, and the final output
is obtained after aggregation and defuzzification.
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Figure 5: Architecture of ANFIS

Layer 1: Fuzzification Layer

The first layer converts the crisp input values into fuzzy
values using predefined membership functions.

For two inputs x and y,

0} = pA;(x),i=1,2,3

0! = uB;3(Y),i=4,5,6

Where

e xyare the controller inputs,

e A;, B denote fuzzy sets,

¢ L is the membership function.

A commonly used generalized triangular membership
function is

o a=left endpoint

e b =peak point

e ¢ =right endpoint

These parameters are called premise parameters.

The mathematical expression is

0, x<a
x—a
b a’ a<x<bh
px) =4¢—x
—, b<x<c
kC—b
0, X=c

where
o u(x)is the membership grade,
 xis the input value.

The membership grade always lies between 0 and 1

Layer 2: Rule Layer
Each node represents one fuzzy rule.

The firing strength of each rule is calculated by multiplying
the corresponding membership grades.

wi = pa, (X) X g, (¥)
This layer performs the fuzzy AND operation.

Layer 3: Normalization Layer
Each rule firing strength is normalized as

_ Wi

W, = =
Wi
1=1
Where
e 1 is the total number of fuzzy rules.
The normalized firing strengths satisfy
n

Zwi =1
i=1

Layer 4: Consequent Layer

Each node computes the rule output.

For a first-order Sugeno model,
fi=pix+qy+r;

Where
e Dp;, q;, 1;are consequent parameters.
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Backpropagation Algorithm for ANFIS
Backpropagation is used to update the premise parameters . e .
of the membership functions so that the output error is Figure 6: Membership functions for two input variables
minimized.
Table 1: Rule set for Delp:
Step 1: Initialize Parameters Rulel If (delP is H) and (VdC is H) then (Vac is H)
Initialize Membership function parameters a, b, ¢ and Rule2 If (delP i.s H) and (Vdc i.s M) then (Vac .iS M)
consequent parameters p;, g;, T. Rule3 If (delP is H) and (Vdc is L) then (Vac is M)
Rule4 If (delP is M) and (Vdc is H) then (Vac is M)
. Rule5 If (delP is M) and (Vdc is M) then (Vac is M)
Step 2: Forward Pass . Rule6 If (delP is M) and (Vdc is L) then (Vac is L)
For each training sample, Calculate membership values, - - -
C te firi ¢ ths. N lize firi ¢ th Rule? If (delP is L) and (Vdc is H) then (Vac is L)
ompute Lring strengihs, Normalize Hrng strengins, Rule8 If (delP is L) and (Vdc is M) then (Vac is L)
Calculate rule outputs. Rulc9 If (delP is L) and (Vdc is L) then (Vac is L)

Obtain ANFIS output §
Table 2: Rule set for Vdc:

Step 3: Compute Error Rulel If (delP is H) and (Vdc is H) then (Vac is H)
The error is Rule2 If (delP is H) and (Vdc is M) then (Vac is M)
E= l (y— }A,)z Rule3 If (delP is H) and (Vdc is L) then (Vac is M)
2 Rule4 If (delP is M) and (Vdc is H) then (Vac is M)
Where Rule5 If (delP is M) and (Vdc is M) then (Vac is M)
e yis the desired output, Rule6 If (delP is M) and (Vdc is L) then (Vac is L)
e ¥ is the ANFIS output. Rule7 If (delP is L) and (Vdc is H) then (Vac is L)
Rule8 If (delP is L) and (Vdc is M) then (Vac is L)
Step 4: Backward Pass Rule9 If (delP is L) and (Vdc is L) then (Vac is L)
The gradient of the error with respect to each premise
parameter is calculated using the chain rule. 3.3 The proposed ANFIS Data sets:
For any parameter 6, Input 1: V4.(DC-link Voltage), Input 2: AP(Change in Power)
JE OE 9y dw;du and three separate outputs are ANFIS-1 V.., ANFIS-2 f,
20 99 dw; ap 00 ANFIS-3 P.Proposed system has three training datasets, each
where 6 € {a,b,c} having the same inputs but a different target output. Below is
a typical dataset values are shown in table.3,4 and 5. The
Step 5: Parameter Update values are physically consistent with a hybrid PV—-wind—
The parameters are updated using gradient descent. battery inverter operating around a 700 V DC bus.
JE
gnew = gold — ET) Table 3: Dataset for ANFIS-1 (Output = AC Voltage)
Where Sample (Vao) (V) (AP) (kW) Target (Vac) (V)
e 1 is the learning rate. 1 650 -1.5 215
2 660 -1.2 218
Step 6: Repeat 3 670 -0.8 221
. 4 680 -0.5 224
Repeat the forward and bac!(ward passes until 5 690 02 227
e The error reaches the desired toler.ance, or 6 200 00 230
o The maximum number of epochs is achieved. 7 705 02 230
8 710 0.4 231
3.2 Training of ANFIS: 9 715 0.6 232
10 720 0.8 233
Training of ANFIS membership functions for two input 11 725 1.0 234
variables as shown in fig.6. The two input variables are delp 12 730 1.2 235
and V.. For each input variable having the three membership 13 695 -0.4 228
functions and the rules for two input variables as shown in 14 705 -0.3 229
table.1 and 2. 15 710 0.1 230
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Table 4: Dataset for ANFIS-2 (Output = Frequency):

Table 5: Dataset for ANFIS-3 (Output = Active Power)

Sample | (Va) (V) | (AP) (kW) | Target Frequency (Hz) Sample | (Vao) (V) | (AP) (kW) | Target Power (kW)
1 650 -1.5 49.30 1 650 -1.5 3.5
2 660 -1.2 49.45 2 660 -1.2 3.8
3 670 -0.8 49.60 3 670 -0.8 4.1
4 680 -0.5 49.75 4 680 -0.5 43
5 690 -0.2 49.90 5 690 -0.2 4.6
6 700 0.0 50.00 6 700 0.0 5.0
7 705 0.2 50.01 7 705 0.2 5.2
8 710 0.4 50.03 8 710 0.4 5.4
9 715 0.6 50.05 9 715 0.6 5.6
10 720 0.8 50.08 10 720 0.8 5.8
11 725 1.0 50.10 11 725 1.0 6.0
12 730 1.2 50.12 12 730 1.2 6.2
13 695 -0.4 49.95 13 695 -04 4.8
14 705 -0.3 49.98 14 705 -0.3 4.9
15 710 0.1 50.00 15 710 0.1 5.1

Table 6: Typical hybrid renewable energy System parameters
PV Aarry Wind Turbine Battery
Power 2.4 Kw Power 2.4 Kw Rating 9 Kwh
Irs 1000 W/m? Density 1.25 Kg/m3 Ly, 0.1e3
Q 1.602x 1071° C radius 1.3l m Cp 12000 e~©
0 298 K Vi 12m/s Lifecycle | > 10,000
Isrc 8.12 A Ngear 1 Lifetime | 5- 8 Years
N; (series Strings) 12 P(Pole Pairs) 4 Q rated 30 Ah
Ny (Parallel Strings) 1 w rated 2300 rpm SOC 60%

Table.6 presents the parameters used for modelling the
proposed hybrid renewable energy system. The simulation
model is developed using these specifications, and all the
results are obtained based on the parameter values listed in
Table. 6. The selected parameters represent practical
operating conditions and ensure reliable evaluation of the
proposed ANFIS-based energy management and harmonic
reduction strategy under islanded microgrid operation.

4. Simulation Results and Discussion

The typical proposed system is simulated for a duration of 1.3
s. Fig. 7(a), Fig. 7(b), and Fig. 7(c) present the maximum
output voltage, maximum current, and maximum power
extracted from the PV array using the perturb and observe
(P&0O) MPPT algorithm, respectively. Similarly, Fig. 7(d),
Fig. 7(e), and Fig. 7(f) illustrate the maximum output voltage,
maximum output current, and maximum power obtained from
the wind energy conversion system using the same MPPT
technique.
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Figure 7: (a) PV array maximum voltage, (b) PV array maximum current, (¢) PV array maximum power, (d)
Wind turbine maximum voltage, (¢ ) Wind turbine maximum current, (f) Wind turbine maximum power

Comparision of PV Vdc Fuzzy Vs ANFIS Comparision of Wind Vdc Fuzzy Vs ANFIS
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Figure 8: (a) Comparison pv array DC voltage with Fuzzy and ANFIS , (b) Comparison wind turbine DC
voltage with Fuzzy and ANFIS

A comparative analysis is carried out between the fuzzy logic controller and the Adaptive Neuro-Fuzzy Inference System.
Comparison of PV array DC voltage with fuzzy and ANFIS as shown in in Fig. 8(a) and comparison of wind turbine DC voltage
with fuzzy and ANFIS as shown in Fig. 8(b).
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Figure 9: (a)PV array output voltage of inverter, (b) PV array output current of inverter, (c) Zoomed version of PV

array output voltage of inverter, (d) Zoomed version of PV array output current of inverter
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The Fig.9 (a) and Fig.9 (b) shows the PV array inverter output voltage, current and Fig. 9(c) and Fig.9 (d) shows the enlarged
view of inverter output voltage and current. Both waveforms exhibit a smooth sinusoidal behaviour, indicating improved power

quality with reduced harmonic distortion.
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Figure 10: (a)Wind turbine output voltage of inverter, (b) Wind turbine output current of inverter, (¢) Zoomed version of
Wind turbine output voltage of inverter, (d) Zoomed version of Wind turbine output current of inverter

Wind turbine inverter output voltage, current as shown in Fig.10(a) and Fig.10(b).The zoomed version of wind turbine output
voltage, current as shown in Fig.10(c) and Fig.10(d).The results demonstrates that sinusoidal and power quality is improved.
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Figure 11: (a)Battery output voltage of inverter, (b) Battery output current of inverter, (c) Zoomed version of battery
output voltage of inverter, (d) Zoomed version of battery output current of inverter
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The battery output voltage, current of inverter as shown in Fig.11(a) and Fig.11(b). The magnified version of voltage and current
as shown in Fig.11(c) and Fig.11(d). The results demonstrate that the ANFIS controlled battery inverter maintains sinusoidal
voltage and current.
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Figure 12 (a) Output voltage at PCC, (b) Load current at PCC, (c) Zoomed version of output voltage at PCC, (d) Zoomed
version of load current at PCC
Output voltage at PCC, Load current as shown in Fig.12(a) and Fig.12(b). Fig. 12(c) and Fig. 12(d) provide enlarged views of
the voltage and current waveforms for detailed observation.
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Figure 13: (a) comparison of pv array active power with Fuzzy and ANFIS,(b) comparison of wind turbine active power with
Fuzzy and ANFIS, (c) comparison of battery active power with Fuzzy and ANFIS,(d) Active powers of pv array, wind
turbine, battery and load
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The active power generated by PV array, wind turbine using the ANFIS control strategy as shown in Fig.13(a) Fig.13(b).The
battery charging and discharging power as shown in Fig.13(c) and Fig. 12(d) represents the active power delivered to the PCC
under different operating conditions.
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Figure 14: Comparison of total harmonic distortion in the PV array inverter output voltage under Fuzzy Logic and ANFIS-
based control strategies.

In Fig.14 comparative analysis of output voltage of PV inverter with FLC and ANFIS. The simulation results show that the
inverter output voltage controlled by the FLC has a THD of 4.1%, whereas the proposed ANFIS controller reduces the THD to
1.28%.
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Figure 15: Comparison of total harmonic distortion in the Wind turbine inverter output voltage under Fuzzy Logic and
ANFIS-based control strategies

In Fig.15 comparative analysis of output voltage of wind turbine with FLC and ANFIS. The simulation results show that the
inverter output voltage controlled by the FLC has a THD of 4.17%, whereas the proposed ANFIS controller reduces the THD
to 1.28%.
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Figure 16: Comparison of total harmonic distortion in the PV array inverter output current under Fuzzy Logic and ANFIS-

based control strategies.
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In Fig.16 comparative analysis of output current of PV inverter with FLC and ANFIS. The simulation results show that the
inverter output current controlled by the FLC has a THD of 3.56%, whereas the proposed ANFIS controller reduces the THD

to 1.67%.
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Figure 17: Comparison of total harmonic distortion in the Wind turbine inverter output current under Fuzzy Logic and
ANFIS-based control strategies.

In Fig.16 comparative analysis of output current of wind
turbine with FLC and ANFIS. The simulation results show
that the inverter output current controlled by the FLC has a
THD of 3.6%, whereas the proposed ANFIS controller
reduces the THD to 1.69%.

5. Conclusion and Future scope

The ANFIS controller combines the learning capability of
neural networks with the decision making process of fuzzy
logic. This combination enables the controller to
automatically adjust its response to variations in solar
irradiance, wind speed, and load demand, resulting in
improved adaptability under different operating conditions.
The simulation results indicate that the proposed ANFIS-
based control strategy provides more effective DC-link
voltage regulation, improved active and reactive power
management, quicker dynamic response, and lower power
fluctuations than the conventional fuzzy logic controller. The
battery energy storage system plays an important role in
stabilizing the hybrid renewable energy system by
compensating for renewable power variations, maintaining
power balance, and supporting reliable system operation. The
overall results demonstrate that the proposed ANFIS-based
control approach is an efficient and adaptive solution for
hybrid renewable energy systems, providing reliable
operation and effective integration of renewable energy
sources into modern power systems. The proposed ANFIS-
based control strategy provides a practical solution for future
microgrid and smart grid applications by improving power
quality, ensuring stable system operation, and maximizing the
utilization of renewable energy resources. Further work may
involve testing the proposed ANFIS-based control strategy on
real-time hardware and integrating advanced optimization
techniques to improve control performance, energy
management, and overall system efficiency.
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