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 This paper presents the adaptive neuro-fuzzy inference system-maximum 

power point tracking (ANFIS-MPPT) approach for optimizing power flow in 

a water system powered by a permanent magnet synchronous generator 

(PMSG)-wind turbine. The system uses a PMSG-based wind energy 

conversion system (WECS) with an ANFIS for MPPT, enabling efficient 

power extraction under variable wind conditions. A bidirectional SEPIC-

Zeta converter interfaces a battery energy storage system (BESS) to regulate 

the DC-bus voltage and maintain continuous power supply to a three-phase 

induction motor driving the water pump. An artificial neural network 

(ANN)-based controller is used to manage the charging and discharging of 

the battery based on real-time voltage deviation. The entire system, 

including wind turbine, PMSG, converters, and intelligent control 

algorithms, is modeled and simulated in MATLAB/Simulink. Comparative 

analysis with conventional MPPT techniques highlights the superior 

performance of the proposed hybrid ANFIS-based control in terms of power 

flow regulation, voltage stability, and operational reliability. The results 

confirm that the proposed approach significantly enhances energy 

management and system resilience, making it suitable for standalone or 

remote water pumping applications powered by renewable energy sources. 
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1. INTRODUCTION 

Renewable energy technologies have become essential in solving global energy demands and 

environmental concerns. Among these, wind energy has gained significant attention recently because of its 

widespread availability and ability to reduce carbon emissions [1], [2]. The increasing penetration of wind 

energy in modern power systems presents various challenges, particularly in protection, control, and 

integration aspects [3], [4]. With the surge in wind turbine installations, to achieve higher energy efficiency, 

it is essential to improve the performance of wind energy conversion system (WECS), especially in terms of 

reliability, energy storage, and operational efficiency [5], [6]. Permanent magnet synchronous generators 

(PMSGs) have emerged as a preferred solution for medium as well as large-scale wind turbines, which offer 

high efficiency and a compact structure, low maintenance, and ability to operate without external excitation 

https://creativecommons.org/licenses/by-sa/4.0/


                ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 15, No. 1, March 2026: 141-152 

142 

systems [7], [8]. Compared to doubly fed induction generators (DFIGs), which involve slip-ring assemblies 

and exhibit greater copper losses and maintenance concerns [9], [10], PMSGs offer superior performance, 

particularly under fluctuating wind conditions [11]. 

However, the control and modeling of permanent magnet synchronous generator (PMSG)-based 

WECS is still complex due to nonlinear behavior, wind speed variability, and load changes [12]. Researchers 

have explored various control strategies to optimize the power extraction and ensure system stability [13]. 

Techniques such as discrete-time direct torque control [14], space-vector-modulated sensorless control [15], 

and model predictive control (MPC) for bidirectional converters have been investigated for improving system 

response [16]. 

Incorporating energy storage systems such as batteries into WECS is another crucial area of research 

[17]. Proper coordination between the generator, load, and storage units ensures uninterrupted power 

delivery, voltage regulation, and frequency support [18], [19]. Bidirectional converter configurations like 

SEPIC-Zeta play a key role in managing power flows between the generator, battery, and the load [20]. 

Furthermore, efficient control mechanisms using advanced control approaches like fuzzy logic and adaptive 

neuro-fuzzy inference system (ANFIS), and AI-based techniques have demonstrated promising results in 

enhancing microgrid resilience and load-following performance [21]. 

Despite these advancements, there remain significant gaps in the seamless integration of maximum 

power point tracking (MPPT), battery energy storage system (BESS), and intelligent control techniques in a 

unified system for applications such as water pumping [22], [23]. Specifically, most prior works lack 

comparative evaluations under dynamic wind conditions and do not fully exploit hybrid control schemes to 

manage both energy capture and storage [24], [25]. To address these limitations, the present work proposes 

an integrated control strategy using an ANFIS-based MPPT approach, supported by a bidirectional SEPIC-

Zeta converter and a battery energy storage system (BESS). The proposed system targets a practical 

application: reliable water pumping using wind energy while ensuring voltage stability and optimized energy 

utilization under varying wind profiles. 

The main contributions of this paper are: development of an ANFIS-based MPPT control for 

efficient power extraction from the wind turbine. Design and implementation of a power-sharing strategy 

between the PMSG, battery, and water pump. Integration of a fuzzy logic controller for BESS to manage 

power flow and support microgrid stability. Simulation-based validation of the proposed system's 

performance in terms of efficiency, voltage stability, and load support under fluctuating wind conditions. 

The rest of the paper is organized as follows: Section 2 presents the proposed system configuration 

and control structure. Section 3 describes the modeling and methodology. Section 4 discusses simulation 

results and performance evaluation. Finally, Section 5 concludes the paper with key findings and suggestions 

for future work. In the future, the techniques and methodologies developed in this paper can serve as a 

foundational framework for advanced research in intelligent control, fault-tolerant design, and grid stability 

for renewable energy systems. They may also come in handy in hybrid energy systems where wind energy is 

integrated with solar or battery storage solutions, opening avenues for smarter and more resilient energy 

infrastructure. 

 

 

2. SYSTEM DESCRIPTION 

The block diagram of the proposed work is shown in Figure 1. It represents a PMSG-based wind 

energy conversion system integrated with intelligent control strategies. The wind turbine drives a PMSG, 

whose output is regulated by a machine-side converter using ANFIS-based MPPT to extract maximum 

power. The regulated DC output powers a three-phase induction motor through a motor pump inverter. A 

bidirectional SEPIC-Zeta converter, controlled by an ANN-based controller, manages battery charging and 

discharging based on system voltage and load demand. Pulse width modulation (PWM) generators control all 

converters and inverters, ensuring efficient power flow and system voltage stability throughout. 

The proposed methodology involves the detailed modeling and simulation of a PMSG-based WECS 

integrated with intelligent control strategies for maximum power extraction and energy management. The 

system includes a back-to-back converter configuration, where the machine-side converter regulates the 

PMSG output and maintains the DC link voltage. An ANFIS-based MPPT algorithm is implemented to 

improve power capture under varying wind conditions. 

The ANFIS controller uses wind voltage and current as inputs to generate control signals for the 

machine-side PWM generator. This intelligent method is compared with conventional MPPT algorithms like 

perturb and observe (P&O) and incremental conductance (INC) to validate its superiority in dynamic wind 

conditions. The regulated DC output feeds a load-side inverter that supplies power to a three-phase induction 

motor driving a mechanical pump. Power calculations based on voltage and current feedback determine the 

PWM signals for the inverter. To ensure power balance and DC link stability, a bidirectional SEPIC-Zeta 
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converter is interfaced with a battery storage unit. An artificial neural network (ANN) based controller 

governs the converter operation based on reference and actual voltage levels, generating precise PWM 

signals to control charging and discharging according to battery SOC and load demand. 

The entire system is implemented in MATLAB/Simulink, where both standard components and 

novel algorithms are modeled to enable replication and further analysis. The selection of ANFIS for MPPT 

and ANN for energy management is justified based on their ability to adapt to nonlinear dynamics and 

improve control accuracy compared to traditional approaches. This methodology enables a reliable, efficient, 

and intelligent energy conversion system capable of addressing the operational challenges of modern wind-

based renewable energy systems.  

 

 

 
 

Figure 1. Block schematic for the suggested system 

 

 

3. SYSTEM MODELLING 

This section presents a detailed, step-by-step account of the system design and experimental 

procedures used in this study. Both standard and novel approaches are described with theoretical 

justifications and mathematical formulations to enable replication and validation. 

 

3.1.  Wind energy conversion systems 

The wind energy conversion system (WECS) transforms wind energy into mechanical energy via a 

wind turbine, which is then converted to electrical energy using a generator. The inherent variability of wind 

introduces fluctuations in output frequency and voltage. These are stabilized using a power electronics 

interface consisting of a rectifier, DC-DC converter, and inverter to ensure grid-compatible output [23]. A 

wind turbine converts the kinetic energy of the wind into rotating motion. The generator converts mechanical 

energy into electrical energy. A rectifier converts AC voltage into dc. A manageable DC-DC converter 

suggests the maximum power point. All of these components work together to produce the wind power 

system. The symbol for generated power is (1). 

 

𝑃 =
1

2
 𝜌𝐴𝑣3𝐶𝑝(𝜆, 𝜃)𝑅

2𝑉3 (1) 

 

In which, 𝑃𝑚–power taken through wind turbine, 𝜌–air density, 𝜃–pitch angle, R–blade radius, and V–wind 

speed. The ratio of tip speed in (2). 

 

𝜆) =
𝛺𝑅

𝑉
 (2) 

 

Here, R is rotor speed. Power coefficient (𝐶𝑝) is given as (3) and (4). 

 

𝐶𝑝 =
1

2
(
116

𝜆1
− 0.4𝛽 − 5) 𝑒 (

−16.5

𝜆1
) (3) 
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𝜆1 =
1

1

𝜆+0.089
−
0.035

𝛽3+1

 (4) 

 

Here, 𝜆1 is constant. TSR as tip-speed fraction represented as (5). 

 

𝑇𝑆𝑅 =
𝜔𝑚𝑅

𝑉
 (5) 

 

Here, R-turbine radius and 𝜔𝑚 - mechanical angular speed in (6). 

 

𝜔𝑜𝑝𝑡 =
𝑇𝑆𝑅𝑜𝑝𝑡𝑉

𝑅
 (6) 

 

The output torque is obtained from (2) and (6). 

 

𝑇 =
1

2

𝜌𝐴𝐶𝑃𝑚𝑎𝑥

𝜔𝑜𝑝𝑡
{
𝑅𝜔𝑜𝑝𝑡

𝑇𝑆𝑅𝑜𝑝𝑡
}
3

 (7) 

 

3.2.  Modelling of DFIG 

The DFIG is modeled in the d-q reference frame, and both stator and rotor equations are provided. 

The voltage equations of stator as well as rotor are expressed as (8). 

 

{
 
 

 
 𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +

𝑑

𝑑𝑡
𝜙𝑑𝑠 − 𝜔𝑠𝜙𝑞𝑠

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑

𝑑𝑡
𝜙𝑞𝑠 + 𝜔𝑠𝜙𝑑𝑠

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑

𝑑𝑡
𝜙𝑑𝑟 − 𝜔𝑟𝜙𝑞𝑟

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑

𝑑𝑡
𝜙𝑞𝑟 + 𝜔𝑟𝜙𝑑𝑟

 (8) 

 

Where the parts of the synchronised reference framework are designated as d as well as q, the stator and rotor 

are designated as s as well as r, the voltage is designated as v, the current is designated as i, the amount of 

flux is designated as ϕ, its frequency is designated as ω, and the resistance is designated as r. 

The flux equations of stator as well as rotor are expressed as (9). Here, the inductance is defined as 

L and the mutual inductance as M. 

 

{
 

 
𝜙𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 +𝑀𝑖𝑑𝑟
𝜙𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 +𝑀𝑖𝑞𝑟
𝜙𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 +𝑀𝑖𝑑𝑠
𝜙𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 +𝑀𝑖𝑞𝑠

 (9) 

 

The mechanical equation for WECS based on DFIG is represented as (10). 

 

𝑗
𝑑Ω

𝑑𝑡
= 𝑇𝑎 − 𝑇𝑒𝑚 − 𝑓Ω (10) 

 

When this generator's electromagnetic torque is given as T em, the coefficient of damping is given as f, the 

turbine's total inertia is given as J, and the DFIG speed is given as Ω. The DFIG electromagnetic torque, 

which is expressed as (11). 

 

𝑇𝑒𝑚 = 𝑝
𝑀

𝐿𝑠
(𝜙𝑞𝑠𝑖𝑑𝑟 − 𝜙𝑑𝑠𝑖𝑞𝑟) (11) 

 

Where p denotes the pair of poles of the DFIG. On the stator side, the real and reactive power are expressed 

as (12). 

 

{
𝑃𝑠 =

3

2
(𝑣𝑑𝑠𝑖𝑑𝑠 + 𝑣𝑞𝑠𝑖𝑞𝑠)

𝑄𝑠 =
3

2
(𝑣𝑞𝑠𝑖𝑑𝑠 − 𝑣𝑑𝑠𝑖𝑞𝑠)

 (12) 
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3.3.  SEPIC-Zeta converter 

A dual-mode SEPIC-Zeta converter is proposed for bidirectional energy transfer and ripple current 

reduction. The converter allows step-up/step-down operation with improved efficiency using soft-switching 

techniques. Switches S1 to S4 control SEPIC or Zeta mode operation dynamically [25]. The converter 

reduces current stress and improves efficiency by eliminating inductor current fluctuations, enabling 

bidirectional operation and utilizing single PWM control for seamless mode transitions. 

Step-up and step-down actions are possible independent of power translation guidance, as they were 

in the initial bidirectional SEPIC/Zeta converters. Due of the dualism of SEPIC and Zeta converters, a 

comparable procedure may be conducted in the bilateral orientation. When all accessory valves are switched 

out, the proposed converter performs similarly to the classic bidirectional SEPIC/Zeta converter due to the 

use of a single pulse width variation management. Without using interleaved approaches, the converter may 

eliminate inductor current fluctuations. In Figure 2, S1 is the primary switch in SEPIC operation, S2 is the 

synchronous rectifier, and S3 and S4 are the auxiliary switches. S1 conducts for the synchronous rectifier in 

ZETA operation, S2 is the primary switch, and S3 and S4 are the supplementary switches. The gentle current 

transition amongst switches is induced by La. 

 

 

 
 

Figure 2. SEPIC-ZETA converter 

 

 

3.4.  ANFIS based MPPT 

The ANFIS is employed to perform MPPT under varying wind conditions. The ANFIS receives the 

voltage and current from the wind energy system as inputs, while its output corresponds to the duty cycle of 

the DC–DC converter. The ANFIS model is shown in Figure 3. It takes three inputs—input voltage (Vin), 

input current (Iin), and wind speed—each processed through input membership functions (mf), followed by a 

rule layer that maps fuzzy rules based on combinations of the inputs. These are then passed through output 

membership functions and aggregated to produce a single output value, denoted as D. 

 

 

 
 

Figure 3. ANFIS model structure 

 

 

The outputs are computed as linear combinations of the respective inputs, and the fuzzy rules can be 

formulated as follows: 

- If 𝑎 = 𝑋1 and 𝑏 = 𝑌1, then 𝐹1 = 𝑝1𝑎 + 𝑞1𝑏 + 𝑟1. 

- If 𝑎 = 𝑋2 and 𝑏 = 𝑌2, then 𝐹2 = 𝑝2𝑎 + 𝑞2𝑏 + 𝑟2. 
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Layer 1 contains adaptive nodes that produce membership values corresponding to linguistic terms, based on 

the input signals. These values are determined using a suitably parameterized membership function. 

 

𝑂1𝑝 = 𝜇𝑋𝑝(𝑎) =
1

1+|
𝑎−𝑐𝑝

𝑥𝑝
|
2𝑦𝑝 (13) 

 

Here, 𝑂1𝑝 denotes the output of the 𝑝𝑡ℎ node in the initial layer, and 𝑎represents the input to that node. 

𝑋𝑖refers to the linguistic label derived from 𝑋 = (𝑋1, 𝑋2, 𝑌1, 𝑌2), which defines the fuzzy set. The parameters 

{𝑥𝑝 , 𝑦𝑝, 𝑧𝑝} form the premise parameter set used to modify the shape of the membership function. 

Layer 2 consists of fixed nodes, denoted by Π, which indicate the firing strength of each rule. In this 

layer, the output of every node is obtained by applying the fuzzy AND operation to all input signals. 

 

𝑂2𝑝= 𝑊𝑝 = 𝜇𝑋𝑝(𝑎) 𝜇𝑌𝑝(𝑏), 𝑝 = 1,2, … (14) 

 

Layer 3 produces normalized firing strengths, where the output of the 𝑝𝑡ℎnode is calculated as the ratio of the 

firing strength of the 𝑝𝑡ℎrule to the sum of the firing strengths of all rules. 

 

𝑂3𝑝 = 𝑊𝑝̅̅ ̅̅ =
𝑊𝑝

𝑊1+𝑊2
 (15) 

 

Layer 4 outputs are calculated by the adaptive nodes depending on parameters utilizing. 

 

𝑂4𝑝 = 𝑊𝑝̅̅ ̅̅ 𝐹𝑝 = 𝑊𝑝̅̅ ̅̅ (𝑖𝑝𝑎 + 𝑗𝑝𝑏 + 𝑘𝑝) (16) 

 

Here, 𝑊𝑝̅̅ ̅̅  denotes the firing strength from the third layer and (𝑖𝑝, 𝑗𝑝, 𝑘𝑝) are the nodes consequent parameter 

set. Layer 5 gives the overall output of ANFIS from the total of the inputs of nodes. 

 

𝑂5𝑝 = ∑ 𝑊𝑝̅̅ ̅̅ 𝐹𝑝 =
∑ 𝑊𝑝𝐹𝑝𝑖

∑ 𝑊𝑝𝑖
𝑖  (17) 

 

The ANFIS controller generates the current, power of the PV system, and the duty cycle ratio of the converter 

as outputs. The input labels enable the ANFIS to produce the appropriate control command for the converter, 

ensuring effective power adaptation. 

 

 

4. RESULTS AND DISCUSSION  

The following outcomes are attained following completion of the anticipated tasks in the MATLAB 

simulation. Figures 4 and 5 show the motor side and battery side simulation diagram of a wind energy 

conversion system. The output from the wind turbine generator is fed through a rectifier and a DC-DC 

converter, where an inductor (L) helps control current ripple. Voltage and current compensators are used in 

the feedback loop to regulate battery charging by comparing the actual values with reference levels, ensuring 

stable and controlled energy storage. 

Figure 6 shows the three-phase grid voltage waveform over a 1-second time interval. The waveform 

consists of three sinusoidal voltage signals, each phase-shifted by 120°, maintaining symmetry and balance 

throughout the duration. The voltage oscillates between ±1 V, indicating a well-regulated and stable grid 

connection suitable for power system operations. 

Figure 7 presents the DC link voltage waveform over a time span of 1 second. The voltage remains 

relatively steady around 1100 V with minor ripples, indicating stable operation of the DC link in the power 

conversion stage. This stability is essential for maintaining consistent power flow between the AC-DC and 

DC-AC conversion processes in renewable energy systems. 

Figure 8 illustrates the battery performance results, consisting of (a) battery voltage, (b) battery 

current, and (c) state of charge (SOC) waveforms over 1 second. Battery voltage remains stable around 12 V, 

indicating consistent voltage output during the simulation period. Battery current hovers close to zero, 

suggesting minimal charging/discharging activity, possibly indicating an idle or equilibrium state. Battery 

state of charge (SOC) stays constant at 60%, confirming no significant energy inflow or outflow during the 

simulation timeframe. 
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Figure 4. Motor side simulation diagram 

 

 

 
 

Figure 5. Battery side simulation diagram 

 

 

  
 

Figure 6. Grid voltage waveform 

 

Figure 7. DC voltage waveform 
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(a) (b) 

 
(c) 

 

Figure 8. Battery results: (a) voltage, (b) current, and (c) SOC 

 

 

Figure 9 illustrates the inverter line-to-line (L-L) voltage waveform, showing a consistent voltage 

range oscillating between approximately -1000 V and 1000 V. The waveform remains steady until around 

0.55 seconds, after which noticeable distortions or disturbances appear, indicating a change in system 

conditions or load behavior. Figure 10 presents the motor load waveform, where the applied torque remains 

at 0 N·m until approximately 0.3 seconds. After 0.3 seconds, the torque steps up sharply to 2 N·m and stays 

constant for the remainder of the simulation period, indicating a sudden load application to the motor. 

Figure 11 shows the motor current waveform, where the initial current reaches peak values close to 

±600 A, indicating a high starting current during motor startup. As time progresses, the current amplitude 

gradually decreases and stabilizes, signifying the motor's transition to steady-state operation. Figure 12 

displays the motor torque waveform, which begins at approximately 300 Nm and remains fairly steady with 

slight fluctuations until about 0.65 seconds. After 0.65 seconds, the torque decreases rapidly and eventually 

drops below zero, indicating a reversal or counter-torque applied to the motor. Figure 13 illustrates the motor 

speed waveform, which shows a smooth and continuous rise in speed from 0 to approximately 1350 RPM 

within the first 0.85 seconds. After 0.85 seconds, the speed begins to level off, indicating that the motor is 

approaching its steady-state operating condition. 

Table 1 presents a comparison between the base system using P&O MPPT and the proposed system 

employing ANFIS MPPT in terms of efficiency, settling time, and harmonic distortion. The proposed 

ANFIS-based system demonstrates superior performance with higher MPPT efficiency (94%), reduced 

settling times, and significantly lower total harmonic distortion (THD) (2.1%) compared to the conventional 

P&O method. 

 

 

 
 

Figure 9. Inverter voltage waveform 
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Figure 10. Motor load waveform 

 

 

 
 

Figure 11. Motor current waveform 

 

 

  
 

Figure 12. Motor torque waveform 

 

Figure 13. Motor speed waveform 

 

 

Table 1. Comparison table 
Parameter Base system (P&O MPPT) Proposed system (ANFIS MPPT) 

Efficiency (MPPT) 88% 94% 

Settling time (battery) 0.25 s 0.13 s 
Total harmonic distortion (THD) 4.6% 2.1% 

Settling time (output voltage) 0.21 s 0.10 s 

 

 

5. CONCLUSION 

This paper proposes an ANFIS-MPPT based PMSG-wind Turbine system integrated with water 

pumping and a SEPIC-Zeta bidirectional battery converter for optimal power flow and energy management. 

The ANFIS controller efficiently tracks the maximum power from the wind turbine, achieving an MPPT 

efficiency of 94%, outperforming the conventional P&O MPPT method which achieved only 88%. The 

proposed system significantly reduces power fluctuations and improves dynamic response, with battery 

settling time reduced from 0.25 s (P&O) to 0.13 s (ANFIS) and output voltage settling time improved from 

0.21 s to 0.10 s. Additionally, the THD is minimized from 4.6% to 2.1%, ensuring higher power quality. The 

novel SEPIC-Zeta bidirectional converter contributes to efficient charging/discharging with enhanced voltage 



                ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 15, No. 1, March 2026: 141-152 

150 

gain and minimized losses. Simulation results using MATLAB 2021 and experimental hardware validation 

confirm the effectiveness of the proposed method. Future work will focus on real-time implementation under 

varying wind profiles and expanding the system to grid-connected and hybrid renewable energy applications. 
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